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Preface

This book is intended as a textbook (or reference) for a full year
Master’s level (or senior level undergraduate) course in mathemat-
ical statistics aimed at students in statistics, biostatistics, and re-
lated fields.

This book grew from lecture notes and handouts that I developed
for a course in mathematical statistics that I first taught in 1992-
93 at the University of Toronto. In teaching this course, I realized
that many students viewed the course as largely irrelevant to their
education. To me this seemed strange since much of mathematical
statistics is directly relevant to statistical practice; for example,
what statistician has not used a x? approximation at some point
in their life? At the same time, I could also sympathize with
their point of view. To a student first encountering the subject,
the traditional syllabus of a mathematical statistics course does
seem heavily weighed down with optimality theory of various
flavours that was developed in the 1940s and 1950s; while this is
interesting (and certainly important), it does leave the impression
that mathematical statistics has little to offer beyond some nice
mathematics.

My main objective in writing this book was to provide a set of
useful tools that would allow students to understand the theoretical
underpinnings of statistical methodology. At the same time, 1
wanted to be as mathematically rigorous as possible within certain
constraints. I have devoted a chapter to convergence for sequences
of random variables (and random vectors) since, for better or for
worse, these concepts play an important role in the analysis of
estimation and other inferential procedures in statistics. I have
concentrated on inferential procedures within the framework of
parametric models; however, in recognition of the fact that models
are typically misspecified, estimation is also viewed from a non-
parametric perspective by considering estimation of functional
parameters (or statistical functionals, as they are often called).
This book also places greater emphasis on “classical” (that is,
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Frequentist) methodology than it does on Bayesian methodology
although this should not be interpreted as a claim of superiority
for the Frequentist approach.

The mathematical background necessary for this book is multi-
variate calculus and linear algebra; some exposure to real analysis
(in particular, e-0 proofs) is also useful but not absolutely necessary.
I have tried to make the book as self-contained as possible although
I have also implicitly assumed that the reader has some familiarity
with basic probability theory and, more importantly, has had some
exposure to statistical methodology so as to provide some context
for this book.

In teaching a course based on drafts of this book, I found it very
useful to encourage the use of statistical software packages (such as
S-Plus and SAS) as well as other mathematical software packages
(such as MATLAB, Maple, and Mathematica). When used appro-
priately, these packages can greatly enhance the effectiveness of this
course by increasing the scope of problems that can be considered
by students. To facilitate this to some extent, I have included a few
sections on computational issues, in particular, generating random
variables and numerical computation of estimates. Moreover, some
of the problems given in the book are most easily approached using
some sort of mathematical or statistical software.

Unlike many other textbooks in mathematical statistics, I decided
not to include tables of the commonly-used distributions in statis-
tics (Normal, x2, and so on). My reason for this is simple; most
readers will have access to some statistical software that renders
obsolete even the most detailed set of tables.

My first exposure to mathematical statistics was as a graduate
student at the University of Washington where I was fortunate to
have a number of outstanding and inspiring teachers, including An-
dreas Buja, Peter Guttorp, Doug Martin, Ron Pyke, Paul Sampson,
and Jon Wellner. Since then, I have benefited from the collective
wisdom of many, including David Andrews, Richard Davis, Andrey
Feuerverger, Nancy Heckman, Stephan Morgenthaler, John Petkau,
Peter Phillips, Nancy Reid, Sid Resnick, Rob Tibshirani, and Jim
Zidek.

In preparing successive drafts of this book, I received many useful
comments from anonymous reviewers and from students at the

University of Toronto. I would like to acknowledge the assistance
of the editors at Chapman and Hall/CRC Press in completing this
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project. A particular vote of thanks is due Stephanie Harding for
her tenacity in getting me to finish this book. I would also like to
acknowledge the support of the Natural Sciences and Engineering
Research Council of Canada.

Last, but not least, I would like to thank my wife Luisa for her
patience and her gentle but constructive criticisms of various drafts
of this book.

Keith Knight
Toronto
September, 1999
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CHAPTER 1

Introduction to Probability

1.1 Random experiments

In simple terms, a random experiment (or experiment) is a process
whose outcome is uncertain. It is often useful to think of this
process as being repeatable but, in practice, this is seldom the
case. For example, a football game may be regarded as a random
experiment in the sense that the outcome of the game is uncertain
a priori; however, this experiment (the game) is not repeatable as
we surely could not guarantee that each game would be played
under uniform conditions. Nonetheless, it is often plausible that a
given random experiment is conceptually repeatable; for example,
we might be willing to assume that team A would win 40% of
its games against team B under a certain set of conditions. This
“conceptual repeatability” is important as it allows us to interpret
probabilities in terms of long-run frequencies.

For a given random experiment, we can define the following
terms:

e The sample space is the set of all possible outcomes of a random
experiment. We will denote the sample space by ).

e A subset of the sample space 2 is called an event. We say that an
event A occurs if the true outcome w lies in A (that is, w € A).
An event consisting of no outcomes is called the empty set and

will be denoted by 0.

Operations on events

Let A and B be arbitrary events defined on a sample space 2.

e The union of A and B (denoted by AUB) consists of all outcomes
that belong to at least one of A and B. That is, w € AU B if,
and only if, w € A or w € B.

e The intersection of A and B (denoted by AN B) consists of all
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outcomes that belong to both A and B. That is, w € AN B if,
and only if, w € A and w € B.

e The complement of A (denoted by A°) consists of all outcomes
in 2 that do not belong to A. That is, w € A¢ if, and only if,
w ¢ A

e A and B are disjoint (or mutually exclusive) if AN B = ().

We can also derive the following properties involving union,
intersection and complement.

e AUBUC=(AUB)UC=AU(BUQC).
ANBNC=(ANB)NC=AN(BNC).

e AN(BUC)=(ANB)U(ANC).
AU(BNC)=(AUuB)N(AUQ).

o (AUB)® = A°n B-.

(AN B)¢ = A°U B“.

1.2 Probability measures

Given a random experiment with a sample space €2, we would like to
define a function or measure P(-) on the subsets (events) of 2 that
assigns a real number to each event; this number will represent the
probability that a given event occurs. Clearly, these probabilities
must satisfy certain “consistency” conditions; for example, if A C B
then we should have P(A) < P(B). However, from a mathematical
point of view, some care must be taken in defining probability,
and there have been a number of axiomatic approaches to defining
probability. The approach that we will use in this book is due
to Kolmogorov (1933) and effectively defines probability from a
measure theoretic point of view; see Billingsley (1995) for more
technical details. In fact, Kolmogorov’s treatment was facilitated
by the ideas of von Mises (1931) who introduced the notion of a
sample space.

DEFINITION. P(-) is called a probability measure if the follow-
ing axioms are satisfied:
1. P(A) > 0 for any event A.
2. P(Q) =1.
3. If Ay, Ay, --- are disjoint events then

P (E‘j Ai> 3P4,
i=1 i=1
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There are a number of ways of interpreting probabilities. Perhaps
the easiest to conceptualize is the interpretation of probabilities as
long-run frequencies from a sequence of repeatable experiments. If
we assume that a given random experiment is infinitely repeatable
then we can interpret P(A) as the relative frequency of occurrences
of the event A; that is, if the experiment is repeated N times (where
N is large) and A occurs k times then P(A) ~ k/N. However,
other equally valid interpretations and axiomatic definitions of
probability are possible. For example, P(A) could be defined to be
a person’s degree of belief in the occurrence of the event A; that is,
if B is judged more likely to occur than A, we have P(B) > P(A).
This type of probability is sometimes called subjective probability
or personal probability (Savage, 1972).

Consequences of the axioms

The three axioms given above allow us to derive a number of simple
but useful properties of probability measures.

PROPOSITION 1.1 The following are consequence of the az-
ioms of probability:

(a) P(A°) =1— P(A).

(b) P(AN B) <min(P(A), P(B)).

(¢) P(AUB) = P(A)+ P(B) — P(AN B).

(d) Suppose that {A,} is a nested, increasing sequence of events
(in the sense that A, C Apt1) and let A = Uiz, Ax. Then
P(A,) — P(A) as n — oo.

(e) Let Ay, As,--- be any events. Then

P ([’j Ak) <3 P(ay)
k=1 k=1

Proof. (a) Since AU A = Q and A and A€ are disjoint, it follows
that
1=P(Q)=P(AUA®) = P(A)+ P(A°)

and so P(A°) =1— P(A).
(b) B=(BNA)U(BnNA®. Since BN A and BN A€ are disjoint,
we have

P(B)=P(BNA)+P(BNA°)>P(BNA).
A similar argument gives P(A) > P(AN B).
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(¢c) AUB = AU(BNA°). Since A and BN A are disjoint, we have
P(AUB) = P(A)+ P(BnA°)

and
P(BNA°)=P(B)— P(BnA).

Thus P(AU B) = P(A) + P(B) — P(AN B).
(d) Define By = Ay and By, = AN A{_, for k > 2. Then By, By, - - -
are disjoint and

:UBk and A:UBk.
k=1

k=1

Hence

n—oo

Z (Bk) _nhlroloZPBk = lim P(A,).
k=1 =1

(e) First, it follows from (c) that
P(Al @) Ag) < P(Al) + P(AQ)

and so for any n < oo, we have

p(QAk)gkgi;lpA

Now let B, = Up—; Ak, B = Uj= Ak and note that B,, C Bj1.
Thus applying (d),
n [e.e]
P(B) = lim P(B,) < lim Y P(A;) =Y P(A

n—oo n—oo

k=1 k=1

which completes the proof. O

EXAMPLE 1.1: For any events Ay, As, and Ag, we have
P(A1 UAQUAg) =
—P(Al N Ag) — P(Al N Ag) — P(Ag N Ag)
—|—P(A1 NAsN Ag)

To see this, note that

P(A1UA2UA3) :P(A1 UA2)+P(A3) —P(Agﬂ(Al UAQ))
© 2000 by Chapman & Hall/CRC



Since A3z N (A1 U Az) = (A1 N Ag) U (AQ N Ag), it follows that
P(Agﬂ(A1UA2)) :P(A1 ﬂAg)—FP(AgﬂAg) —P(Al ﬂAQﬂAg)

and the conclusion follows since P(A4; U Ay) = P(A1) + P(Az) —
P(Al N AQ) &

EXAMPLE 1.2: Suppose that A, Ao, - - - is a collection of events.

Then - -
p (ﬂ Ai> >1-) P(4).
i=1

i=1
To see this, note that

A(0x) = (U)

[e.9]

> 1-) P(45).
i=1
This inequality is known as Bonferroni’s inequality. <&

Finite sample spaces

When an experiment has a finite sample space, it is sometimes
possible to assume that each outcome is equally likely. That is, if

Q= {CUl,u)Q,"',WN}

then we may be able to assume that P(wg) = 1/N for k=1,---, N.
This assumption is particularly appropriate in games of chance (for
example, card games and lotteries). However, some care should be
taken before assuming equally likely outcomes.

In the event of equally likely outcomes, for any event A we have

number of outcomes in A

N

In some cases, it may be possible to enumerate all possible out-
comes, but in general such enumeration is physically impossible;
for example, enumerating all possible 5 card poker hands dealt
from a deck of 52 cards would take several months under the most
favourable conditions. Thus we need to develop methods for count-
ing the number of outcomes in a given event A or the sample space
itself.

© 2000 by Chapman & Hall/CRC
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Many experiments can be broken down into a sequence of sub-
experiments for which the number of outcomes is easily counted.
For example, consider dealing 5 cards from a deck of 52 cards.
This particular “experiment” is a sequence of 5 sub-experiments
corresponding to the 5 cards being dealt.

EXAMPLE 1.3: Consider a simple experiment that consists of
rolling a pair of dice. The outcomes can be denoted by an ordered
pair (i,j) with i representing the outcome of the first die and j
representing the outcome of the second; these can be thought of
as the outcome of two sub-experiments. We can then represent the
sample space by

Q= {(1a1)7(172)""7(176)’(27 1)a"'a(276)a"'a(67 1)7"'a(676)}'
For each outcome of the first die, there are 6 outcomes of the second

die. Since there are 6 outcomes for the first die, it follows that the
sample space has 6 x 6 = 36 outcomes. &

Example 1.3 suggests that if an experiment consists of a sequence
of sub-experiments &, - - -, & having, respectively, nq, - - - , ng possi-
ble outcomes then the total number of outcomes is N = nq x- - - Xn.
However, some care should be taken in defining the numbers
ni,--+,NE. In many cases, the outcome of sub-experiment &; de-
pends on the outcome of the previous i — 1 sub-experiments. For
example, if we are dealing 5 cards from a deck of 52 cards, once the
first card is dealt, there are only 51 possible outcomes for the second
card dealt; however, there are in fact 52 possible outcomes for the
second card if we ignore the outcome of the first card. In defining n;
for ¢ > 2, we must take into account the outcomes of the previous
i — 1 sub-experiments. A general rule for counting the number of
outcomes in an experiment can be described as follows: Suppose a
random experiment £ consists of sub-experiments &1, - - -, & where
the outcome of sub-experiment & may depend on the outcomes of
sub-experiments &, ---, &1 but the number of outcomes of &; is
n; independent of the outcomes of &, --,&_1. Then the number
of possible outcomes of £ is

N:nlx---xnk.

This is sometimes called the product rule for determining the
number of outcomes in the sample space.

EXAMPLE 1.4: Consider an urn consisting of the integers 0 to
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9. We will select three integers from the urn to form a three digit
number. The integers can be selected in two possible ways: “with
replacement” or “without replacement”. If the integers are selected
with replacement, an integer is replaced in the urn after it has been
selected and so can be selected again in subsequent draws. On the
other hand, if the integers are selected without replacement, an
integer is removed from the urn after its selection and therefore
cannot be selected subsequently. If we draw the integers with
replacement, we have 10 x 10 x 10 = 1000 possible three digit
numbers since we have 10 choices at each stage. On the other hand,
if the selection is done without replacement, we have 10x9x8 = 720
possible sequences since we have removed one integer from the urn
at the second stage and two integers at the third stage. <&

In many cases, the outcomes of an experiment can be represented
as sets of k elements drawn without replacement from a set of n
elements; such sets are called either permutations or combinations
depending on whether we distinguish between distinct orderings
of the elements of the sets. Using the product rule stated above,
we can determine the number of permutations and combinations.
Consider a set consisting of n distinct elements; for convenience, we
will represent this set by S = {1,2,---,n}. Suppose we look at all
sequences of k£ < n elements drawn (without replacement) from S;
each of these sequences is called a permutation of length k from S.
Using the product rule, it follows that the number of permutations
of length k from S is

|

nxn—1)x---x(n—k+1)= R

We can also consider all subsets of size k in S; such a subset is called
a combination of size k. A combination differs from a permutation in
the sense that the ordering of elements is unimportant; that is, the
sets {1,2,3}, {2,1,3} and {3, 1,2} represent the same combination
but three distinct permutations. Note that for each subset (or
combination) of size k, we have k! permutations of length k& and
so the number of combinations of size k in S is

n! n
Kl(n— k)~ (k:)

We can also think of a combination of size k from S as splitting S
into two disjoint subsets, one of size k and one of size n — k. Thus
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(Z) is the number of ways of splitting .S into two disjoint subsets of
size n and n — k respectively. We can extend the argument above
to the problem of finding the number of ways of splitting S into
m disjoint subsets of size ki, -, k,, where k1 + --- + k,;, = n; this

number is simply
i (o)
kllk‘m'_ kla"'>km .

The quantities defined above are often called binomial and
multinomial coefficients, respectively, due to their presence in the
following theorems.

THEOREM 1.2 (Binomial Theorem) If n is a nonnegative
integer and a, b real numbers then

(a+b)" = Zn: (Z) akpn k.

k=0

THEOREM 1.3 (Multinomial Theorem) If n is a nonnega-

tive integer and ai,- -, ay, Teal numbers then
n
(@ +az+-+an)" = > ay' -
ki, km
the sum above extends over all monnegative integers ki,-- -, km

whose sum s n.

EXAMPLE 1.5: Lotto games typically involve “random” select-
ing k numbers from the integers 1 through n. For example, in the
Canadian Lotto 6/49 game, 6 numbers are chosen from the num-
bers 1 through 49; prizes are awarded if a player selects 3 or more
of the 6 numbers. (A 7th “bonus” is also drawn but does not affect
the probability calculations given below.) The order of selection of
the numbers is not important so the sample space for this “ex-
periment” consists of all combinations of 6 numbers from the set
S ={1,---,49}; there are (469) = 13983816 such combinations. As-
suming that each outcome is equally likely, we can determine the
probability that a given player who has selected 6 numbers has
won a prize. Suppose we want to determine the probability that
a player selects k numbers correctly. By choosing 6 numbers, the
player has split S into two disjoint subsets one of which consists
of the player’s 6 numbers and another consisting of the 43 other
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numbers. Selecting k numbers correctly means that the outcome of
the draw consisted of k of the player’s 6 numbers while the other

6 — k numbers were among the 43 he did not select. There are (2)

combinations of k£ numbers from the player’s selected 6 and (64_3k)
combinations of 6 — k numbers from his unselected 43. Applying the
product rule, we find that the number of outcomes with exactly &

of the selected numbers is

o= (1))

_ _ N
p(k) = P(k correct numbers) = 13933816

and so

Substituting for k, we obtain

p(3) = 1.77x 1072~ 1/57,

p(4) = 9.69 x 107 ~ 1/1032,

p(5) = 1.84 x107° ~ 1/54201
and p(6) = 1/13983816 ~ 7.15 x 107°.

The number of correct selections is an example of a random
variable, which will be formally defined in section 1.4. <&

1.3 Conditional probability and independence

So far in defining probabilities, we have assumed no information
over and above that available from specifying the sample space and
the probability measure on this space. However, knowledge that
a particular event has occurred will change our assessment of the
probabilities of other events.

DEFINITION. Suppose that A and B are events defined on some
sample space Q. If P(B) > 0 then

P(AN B)

P(AIB) = =55

is called the conditional probability of A given B.

The restriction to events B with P(B) > 0 in the definition of
conditional probability may not seem too restrictive at this point
in the discussion. However, as we will see later, it does often make
sense to consider P(A|B) where P(B) = 0 and B # (). One possible
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approach to defining conditional probability in this case would be
to take a sequence of events {B,} decreasing to B (in the sense
that B,+1 C B, and B =(),2, By,) such that P(B,,) > 0 for all n.
We could define P(A|B) by

_ P(ANB,)
P(A|B) = nlgrolo P(B.)

However, it is not clear that the limit (if indeed it exists) is
independent of the sequence of events {B,}. A more fundamental
problem is the fact that this definition fails the most basic test.
Suppose that A = B with P(B) = 0; any reasonable definition of
conditional probability would seem to give P(A|B) = 1. However,
for any sequence of events { B, } with P(B,,) > 0 for all n, we have
P(A|B;,) =0 and so P(A|B,) — 0.

It is easy to see that, for a fixed B, P(-|B) satisfies the axioms of
a probability measure and thus shares the same properties as any
other probability measure.

Given P(A|B), we can write P(A N B) = P(B)P(A|B). This
rearrangement is important because in many situations, it is
convenient to specify conditional probabilities and from these derive
probabilities of given events. For example, as we mentioned earlier,
many experiments can be thought of occurring as a finite (or
countable) number of stages with the outcome of the k-th stage
dependent (or conditional) on the outcome of the previous k — 1
stages. If Ay is some event that refers specifically to the k-th stage
of the experiment, we can write

P(Ain---NA,) = PAIN---NA,_1)P(AJA1N---NA,1)
= P(Al)P(A2|A1) X
XP(An|A1 N---N Anfl).

The following classic example (the “birthday problem”) illustrates
the application of this formula.

EXAMPLE 1.6: Suppose a room is filled with n people who
represent a random sample from the population as a whole. What
is the probability that at least two of the people in the room
share the same birthday? To answer this question, we must first
make a simplifying assumption: we will assume that birthdays are
uniformly distributed over the 365 days of a non-leap year.

Define B,, to be the event where no two people (out of n) share
the same birthday; the probability we want is simply P(Bf) =
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1— P(By). In order to evaluate P(B,,), it is convenient to think of
the people entering the room one at a time; we can then define the
events

As; = 2nd person’s birthday is different from 1st person’s
As = 3rd person’s birthday is different from previous two
A, = n-th person’s birthday is different from previous n — 1.

Clearly now, B, = Ao N---N A, and so
P(AQ)P<A3|A2) s P(An|A2 N---N An—l)-

From our assumption of uniformity of birthdays, it follows that
P(Ay) = 364/365, P(A3|A2) = 363/365, P(A4]A2N As) = 362/365
and, in general,
366 — k
365
since the occurrence of the event Ao N --- N Ag_1 implies that the
first £k — 1 people in the room have k — 1 distinct birthdays and
hence there are 365 — (kK — 1) = 366 — k “unclaimed” birthdays.
Thus
P(Bn):% X 363 X +oe X 366_”.

365 365 365
Substituting into the expression above, it is straightforward to
evaluate the probability of at least one match, namely P(B¢). For
n =>5, P(BS) = 0.027 while for n = 30, P(B¢) = 0.706 and n = 70,
P(BS) = 0.999; in fact, it is easy to verify that P(BS) > 0.5 for
n > 23, a fact that is somewhat counterintuitive to many people.
A useful approximation is

P(B;)~1—exp (_%> 7

which is valid if n/365 is small. <&

P(Ak’AQ N ﬂAk,l) =

Bayes’ Theorem

As mentioned above, conditional probabilities are often naturally
specified by the problem at hand. In many problems, we are given
P(A|By),- -+, P(A|Bg) where By,---, By are disjoint events whose
union is the sample space; however, we would like to compute
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P(Bj|A) for some B;. Provided P(A) > 0, we have

_P(ANnB))
The following result gives a simple formula for P(A).

PROPOSITION 1.4 (Law of total probability)
If By, By, --- are disjoint events with P(By) > 0 for all k and
Ure Br = Q then

P(A) = S P(BLP(AIBY).

k=1
Proof. Since A= AN (Up2; Bx), we have

oo (1)
_ P(k[lemBk>

= Y P(ANBy)
k=1

P(4) =

g

8

3

= Y P(By)P(A|By)

k=1
since AN By, AN By, --- are disjoint. [

A simple corollary of the law of total probability is Bayes’
Theorem.

PROPOSITION 1.5 (Bayes’ Theorem) Suppose that By, Ba,
Bs, - - are disjoint sets with P(By) > 0 for all k and \Ji=; By = .
Then for any event A,

P(B)P(AIB)
> %=1 P(By)P(A|By)
Proof. By definition, P(Bj|A) = P(ANB;)/P(A) and P(ANB;) =
P(B;)P(A|Bj). The conclusion follows by applying the law of total
probability to P(A4). [

EXAMPLE 1.7: Suppose that the incidence of a certain disease
in a population is 0.001. A diagnostic test for this disease exists

P(Bj|A) =
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but has a false positive rate of 0.05 and a false negative rate of
0.01; that is, 5% of tests on non-diseased people will indicate the
presence of the disease while 1% of tests on people with the disease
will not indicate the presence of the disease. If a person drawn at
random from the population tests positive, what is the probability
that that person has the disease?

Define the event D to indicate the presence of disease and A
to indicate a positive test for the disease. Then P(D) = 0.001,
P(A|D¢) = 0.05 and P(A¢|D) = 0.01. By Bayes’ Theorem, we have

P(D)P(A|D)
P(D)P(A|D) + P(D¢)P(A|De)
(0.001)(0.99)
(0.001)(0.99) + (0.999)(0.05)
= 0.0194.

P(D|A) =

This example illustrates the potential danger of mandatory testing
in a population where the false positive rate exceeds the incidence
of the disease; this danger may be particularly acute in situations
where a positive test carries a significant social stigma. &

EXAMPLE 1.8: In epidemiology, one is often interested in
measuring the relative risk of disease in one group relative to
another. (For example, we might be interested in the relative risk
of lung cancer in smokers compared to non-smokers.) If we have
two distinct groups, A and B, then the relative risk of disease in
group A compared to group B is defined to be

incidence of disease in group A

IT = —— : : .
incidence of disease in group B

The incidences of disease in groups A and B can be thought of
as the conditional probabilities P(disease|A) and P(disease|B). If
the overall incidence of disease in the population (P(disease)) is
small then the relative risk can be difficult to estimate if one draws
samples from groups A and B. However, using Bayes’ Theorem and
a little algebra, one obtains

o P(A|disease) [0 P(B|disease) + (1 — 0) P(B|disease-free)]
~ P(B|disecase)[0P(Aldisease) + (1 — 0) P(A|disease-free)]
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where § = P(disease), the overall incidence of disease in the
population. If 6 is close to 0 then

P(A|disease) P(B|disease-free)

P(B|disease) P(Al|disease-free)

T~

This suggests that the relative risk can be estimated by drawing
samples not from the groups A and B but rather from the “disease”
and “disease-free” portions of the population; even though the
absolute number of subjects in the “disease” group is small, they
can typically be easily sampled (since they are usually undergoing
treatment for their illness). Such studies are know as case-control
studies and are very common in epidemiology. <&

Independence

In discussing conditional probability, we noted that our assessment
of the probability of an event A may change if we have knowledge
about the occurrence of another event B; if our assessment of
the probability of A changes then we can say that there is some
dependence between A and B. In some cases, this knowledge
will not change our assessment of the probability of A, that is,
P(A|B) = P(A). In this case, we say that the events A and B are
independent.

Since we have defined P(A|B) only for events B with P(B) > 0,
the “definition” of independence given in the previous paragraph
is not completely satisfactory as it does not allow us to deal with
events that have probability 0. However, if both P(A) and P(B)
are positive then this definition is consistent in the sense that
P(A|B) = P(A) is equivalent to P(B|A) = P(B). Also note
that if P(A|B) = P(A) then P(AN B) = P(A)P(B); since the
probabilities in the latter equality are always well-defined, we will
use it as a formal definition of independence when at least one of
P(A) or P(B) is positive.

DEFINITION. Events A and B are said to be independent if

P(ANB)=P(A)P(B).

Some care must be taken in interpreting independence of A and
B when P(A) or P(B) is equal to 0 or 1. For example, if B = Q
then AN B = A and hence P(AN B) = P(A) = P(A)P(B) which
implies that A is always independent of the sample space. This
is somewhat counterintuitive since in this case, it follows that the

© 2000 by Chapman & Hall/CRC



event A implies the event B = ). This would suggest that A and
B are independent but intuitively A should not be independent of
the sample space. The following example illustrates the problem.

EXAMPLE 1.9: Suppose that Q = [0,1] and that probabilities
of events are assigned so that if A = [a,b] (with 0 < a <b < 1),
P(A) = b—a. (It turns out that this simple specification is sufficient
to define probabilities for virtually all events of interest on €2.) From
this, it follows that for events C' consisting of a single outcome
(that is, C = {c} where ¢ is a real number), we have P(C) = 0.
Let A ={1/4,3/4} and B = {3/4} so P(A) = P(B) = 0; clearly,
knowing that the outcome of the experiment belongs to A gives
us fairly significant information about the occurrence of B. In
fact, heuristic considerations suggest that if A is known to have
occurred then the two outcomes of A are equally likely, in which
case P(B|A) = 1/2 # P(B). (In any event, it seems reasonable
that P(B|A) > 0.) <&

We can extend our notion of independence to a finite or countably
infinite collection of events. It is tempting to define independence
of Ay, -+, A, to mean that the probability of the intersection of
these events equals the product of their probabilities. However, this
definition is defective in the sense that if P(A;) = 0 (for some
j) then P(A; N ---NAy,) = 0 regardless of the other A;’s; this
would mean, for example, that independence of Ay,---, A, does
not imply independence of any given pair of events, which seems
somewhat illogical. Therefore, in defining independence of a finite
or countably infinite collection of events, we look at all possible
finite intersections.

DEFINITION. Ay,---, A, (or Ay, As,---) are (mutually) inde-
pendent events if for any finite sub-collection 4; ,---, 4;,,

k
P(Ai, N A, NN Ay) =[] P(A;).
j=1

Thus if Aq,---, A, are independent then A; is independent of
Aj for ¢ # j; that is, mutual independence implies pairwise
independence. However, the converse is not true as the following
example indicates.

EXAMPLE 1.10: Consider an experiment with the following
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sample space
Q = {abe, bac, cab, bca, ach, cba, aaa, bbb, cec}
where each outcome is equally likely. Define events
Ay = a in k-th position (for k =1,2,3).

It is easy to see that P(Ay) =1/3 for k =1,2,3 and P(A;NA;) =
1/9 for j # k; thus A; and Aj are independent for all j # k.
However, P(A; N A2 N A3) =1/9 # 1/27 and so Ay, A and Az are
not independent. This example shows that pairwise independence
does not imply mutual independence. &

1.4 Random variables

Consider an experiment where a coin is tossed 20 times. We can
represent the sample space as the sets of all 220 ~ 106 sequences of
heads and tails:

Q:{HH~-H,THH~-H,HTH~--H,~-,TT~-T}

For such experiments, we are usually not interested in every event
defined on €2 but rather just those events involving, for example, the
number of heads in the 20 tosses. In this case, we could “redefine”
to be the set of all possible values of the number of heads:

' =1{0,1,2,---,20}

Note that each outcome w’ € € corresponds to an event defined
on §; for example, the outcome {0} € €' corresponds to the single
outcome {HH --- H} €  while the outcome {1} € Q' corresponds
to the event {TH---H, HTH---H,---,H---HT}. Thus we can
define a function X mapping € to @' that counts the number of
heads in 20 tosses of the coin; such a function is called a random
variable.

DEFINITION. A random variable X is a function that maps the
sample space to the real line; that is, for each w € Q, X (w) is a
real number.

EXAMPLE 1.11: Consider an experiment where a coin is tossed
until the first heads comes up. The sample space for this experiment
can be represented as

Q={H THTTH TTTH,- -}
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where H and T represent heads and tails. We can define a random
variable X that counts the number of tails until the first heads:

X(H) = 0
X(TH) =
X(TTH) = 2

and so on. In this case, each value of the random variable X
corresponds to a single outcome in €. <&

Random variables allow us, in some sense, to ignore the sample
space; more precisely, we can redefine the sample space to be the
range of a random variable or a collection of random variables.

Probability distributions

Suppose that X is a random variable defined on a sample space (2.
If we define the event

a<X<b={we:a<X(w)<b}=A4

then P(a < X <b) = P(A).

DEFINITION. Let X be a random variable (defined on some
sample space ). The distribution function of X is defined by

Fz)=P(X<z)=P({weQ: X(w)<z}).

(The distribution function is often referred to as the cumulative

distribution function.)

Distribution functions satisfy the following basic properties:

o If v <y then F(z) < F(y). (F' is a non-decreasing function.)

o If y | x then F(y) | F(z). (F is a right-continuous function
although it is not necessarily a continuous function.)

o lim, .o F(z) =0; limy_.o F(x) =1.

Figure 1.1 shows a generic distribution function on the interval
[0,1]. Note that the distribution function has a jump at z = 0.25;
the height of this jump is the probability that the random variable
is equal to 0.25. The distribution function is also flat over [0.25,0.5)
indicating that X can take no values in this interval.

If X has a distribution function F' then knowledge of F'(x) for
all z allows us to compute P(X € A) for any given set A. It is
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Figure 1.1 A distribution function on the interval [0, 1].

important to note that we could also define the distribution function
to be P(X < z); this function would be left-continuous rather than
right-continuous.

Suppose that X is a random variable with distribution function
F. Then

e Pla< X <b)=F(b)— F(a);

e P(X < a) = F(a—) = limgq F'(z); (F(a—) is called the left-
hand limit of F' at the point a; if F' is continuous at a then
Fla—) = F(a).)

e P(X >a)=1-F(a);

e P(X =a)=F(a)— F(a—). If F is continuous at a then

These simple properties are useful for computing P(X € A).
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Discrete random variables

DEFINITION. A random variable X is discrete if its range is
a finite or countably infinite set. That is, there exists a set
S = {s1, s2,---} such that P(X € S) = 1.

From the definition above, we can deduce that the probability
distribution of a discrete random variable is completely determined
by specifying P(X = x) for all z.

DEFINITION. The frequency function of a discrete random
variable X is defined by

The frequency function of a discrete random variable is known by
many other names: some examples are probability mass function,
probability function and density function. We will reserve the term
“density function” for continuous random variables.

Given the frequency function f(x), we can determine the distri-
bution function:

F(z)=P(X <x)=)Y_ f(t).

t<x

Thus F(x) is a step function with jumps of height f(z1), f(z2),---

occurring at the points x1, xo, - - -. Likewise, we have
PXeA)=> f(=
T€EA

in the special case where A = (—00,00), we obtain

l=P(-0o< X <o0) = Z f(z).

—oo<r<oo

EXAMPLE 1.12: Consider an experiment consisting of indepen-
dent trials where each trial can result in one of two possible out-
comes (for example, success or failure). We will also assume that the
probability of success remains constant from trial to trial; we will
denote this probability by 8 where 0 < # < 1. Such an experiment
is sometimes referred to as Bernoulli trials.

We can define several random variables from a sequence of Ber-
noulli trials. For example, consider an experiment consisting of n
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Bernoulli trials. The sample space can be represented as all possible
2™ sequences of successes (S) and failures (F'):

Q={F...-F,SF-.-F,FSF---F,---,5---S}.

We can define a random variable X that counts the number of
“successes” in the n Bernoulli trials. To find the frequency function
of X, we need to

e determine the probability of each outcome in €2, and
e count the number of outcomes with exactly = successes.

Let w be any outcome consisting of x successes and n—x failures for
some specified z between 0 and n. By independence, it is easy to see
that P(w) = 6*(1—60)"~7 for each such outcome w; these outcomes
are also disjoint events. To count the number of outcomes with z
successes, note that this number is exactly the same as the number
of combinations of size x from the set of integers {1, 2, ---,n} which

; n n!
(m) - xl(n —z)!"

Thus it follows that the frequency function of X is given by
fx(x) = P(X =x)

= <n>9x(1—6)"_x forx =0,1,---,n

X

X is said to have a Binomial distribution with parameters n and
0; we will abbreviate this by X ~ Bin(n,#). When n =1, X has a
Bernoulli distribution with parameter 6 (X ~ Bern(0)).

Next consider an experiment consisting of a sequence of Bernoulli
trials, which is stopped as soon as r > 1 successes are observed.
Thus all the outcomes in the sample space consist of exactly r
successes and x > 0 failures. We can define a random variable
Y that counts the number of failures before the r successes are
observed. To derive the frequency function of Y, we note that if
Y =y (y > 0) then there are r + y Bernoulli trials observed before
the termination of the experiment (r successes and y failures) and
the outcome of the (r + y)-th trial is necessarily a success; thus
we observed r — 1 successes in the first » + y — 1 trials. By the
independence of Bernoulli trials, we have

fy(y) =P (r—1Ssin first r +y — 1 trials) P (S on r-th trial).
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Using the Binomial frequency function derived earlier, we have

-1
P(r—1 Ssin first r +y — 1 trials) = <r+y 1 >9r1(1—0)y
r—

and so

r —

—1
fr(y) = <T+y1 >9r(1—9)y fory=0,1,2,---.

Note that since (’tﬁ;l) = (T+Z_1), we can also write

—1
fy(y) = <r+y )97“(1—0)9 fory=0,1,2,---.
Y

The random variable Y is said to have a Negative Binomial
distribution with parameters r and 6; we will sometimes write
Y ~ NegBin(r,0). When r = 1, we say that ¥ has a Geometric
distribution (with parameter #) and write Y ~ Geom(#). &

EXAMPLE 1.13: Consider a finite population consisting of two
distinct groups (group A and group B). Assume that the total
population is N with M belonging to group A and the remaining
N — M belonging to group B. We draw a random sample of size
n(< N) without replacement from the population and define the
random variable

X = number of items from group A in the sample.

Using combinatorial arguments, it follows that the frequency
function of X is

= ()00

for © = max(0,n + M — N),---,min(M,n). The range of X is
determined by the fact that we cannot have more than M group
A items in the sample nor more than N — M group B items. This
distribution is known as the Hypergeometric distribution. <&

Continuous random variables

DEFINITION. A random variable X is said to be continuous if
its distribution function F'(z) is continuous at every real number
x.
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Equivalently, we can say that X is a continuous random variable
if P(X = z) =0 for all real numbers . Thus we have

Pla<X <b)=Pla< X <b)

for a < b. The fact that P(X = z) = 0 for any = means that we
cannot usefully define a frequency function as we did for discrete
random variables; however, for many continuous distributions, we
can define an analogous function that is useful for probability
calculations.

DEFINITION. A continuous random variable X has a proba-
bility density function f(z) > 0 if for —c0 < a < b < o0, we

have
b

Pla< X <b)= / f(z)dz.
a
It is important to note that density functions are not uniquely
determined; that is, given a density function f, it is always possible
to find another density function f* such that

/abf(x) dr = /abf*(x) dx

for all @ and b but for which f*(x) and f(z) differ at a finite
number of points. This non-uniqueness does not pose problems, in
general, for probability calculations but can pose subtle problems
in certain statistical applications. If the distribution function F' is
differentiable at x, we can take the density function f to be the
derivative of F' at z: f(x) = F'(z). For purposes of manipulation,
we can assume that f(x) = F'(z) when the derivative is well-defined
and define f(z) arbitrarily when it is not.

EXAMPLE 1.14: Suppose that X is a continuous random
variable with density function

kx? for0<z <1
0 otherwise

)= {
where k is some positive constant. To determine the value of k, we
note that

o0
1:P(—oo<X<oo):/ f(x) dx.
—0o0
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Since f(z) =0 for z < 0 and for = > 0, we have

oo 1 k
1:/ f(a:)dmz/ kx® dr = -
oo 0 4

and so k = 4. We can also determine the distribution function by
integrating the density from —oo to any point x; we obtain

0 forxz<O
F(z)=4 2 for0<z<1
1 forxz>1

As we noted above, we can modify the density function at a
countable number of points and still obtain the same distribution
function; for example, if we define

" _ 423 for0<z <1
Fix) = { 0  otherwise

then we obtain the same distribution function although f*(x) differs
from f(z) at x =0 and z = 1. &

Typically, it turns out to be more convenient to specify the
probability distribution of a continuous random variable via its
density function rather than via its distribution function. The
density function essentially describes the probability that X takes
a value in a “neighbourhood” of a point  (and thus it is analogous
to the frequency function of a discrete random variable); from the
definition above, we have

z+A
Px<X <z+A) :/ F(t)de ~ Af(z)
x
if A is small and f is continuous at x. Thus f(x) > f(y) suggests
that we are more likely to see values of X close to x than values of
X close to .

EXAMPLE 1.15: (Normal distribution) A random variable X
is said to have a Normal distribution with parameters p and o2
(X ~ N(u,c?)) if its density is

_ 1 (x — p)?
f(z) = J\/%eXp <—T> .

It is easy to see that f(x) has its maximum value at z = p (which
is called the mode of the distribution). When p = 0 and ¢? = 1,
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X is said to have a standard Normal distribution; we will denote
the distribution function of X ~ N(0,1) by

exp (—t2/2> dt.

O(x

=

If X ~ N(u,0?) then its distribution function is

F(x)zcb(x_“).

g

Tables of ®(z) can be found in many books, and ®(x) can be
evaluated numerically using practically any statistical software
package. &

EXAMPLE 1.16: (Uniform distribution) Suppose that X is a
continuous random variable with density function

[ (b—a)t fora<z<b
)= { 0 otherwise

We say that X has a Uniform distribution on the interval [a, b]; we
will sometimes write X ~ Unif(a,b). Simple integration shows that
the distribution function is given by F(z) = (z — a)/(b — a) for
a<z<b(F(x)=0forx <aand F(z) =1 for z > b). &

An important special case of the Uniform family of distributions
is the Uniform distribution on [0, 1]. The following two results are
quite useful.

THEOREM 1.6 Suppose that X is a continuous random variable
with distribution function F(z) and let U = F(X). Then U ~
Unif(0,1).

Proof. Since 0 < F(z) < 1, we have P(0 < U < 1) = 1. Thus
we need to show that P(U < y) = y for 0 < y < 1. (This, in
turn, implies that P(U < y) = y.) For given y, choose z such that
F(x) = y; such an x exists since F' is continuous. Then

PU<y)=PU<y,X<z)+PU<y,X >2x).

Since F' is a non-decreasing function, U = F(X) and y = F(x), it
follows that the event [X < z] is a subset of the event [U < y] and
S0

PU<y,X<z)=PX <z)=F(x)=uy.
Furthermore the event [U < y,X > x| is the empty set and so
PU<y,X>2z)=0.Thus PU<y)=yfor0<y<1l O
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Figure 1.2 The inverse distribution function F~'(t) corresponding to F(x) in
Figure 1.1.

An easier proof of Theorem 1.6 can be obtained if we assume that
F' is strictly increasing. In this case, we can define a continuous
inverse F'~1 of F satisfying F(F~1(y)) =y for 0 <y < 1 and so

PU<y)=P(X<F Y y)=FF y)=y.

We can also invert this argument. If U ~ Unif(0,1) and F is a
strictly increasing continuous distribution function then the random
variable X = F~1(U) has distribution function F:

P(X <xz)=P{U < F(z)) = F(x).
In fact, this latter result holds for an arbitrary distribution function

F provided that the inverse function is defined appropriately.

THEOREM 1.7 Let F be any distribution function and define
F~Yt) = inf{z : F(z) >t} to be its inverse function for 0 <t < 1.
If U ~ Unif(0,1) and X = F~Y(U) then the distribution function
of X is F.

Before proceeding to the proof of Theorem 1.7, we will briefly
discuss the function F~1, which is also called the quantile function

© 2000 by Chapman & Hall/CRC



of X with F~1(a) being the a quantile (or 100 percentile) of
the distribution of X. F~1(¢) is simplest to define when F(z) is
continuous and strictly increasing; in this case, we can define F~1(¢)
via the equation F(F~1(t)) = t, that is, F~! agrees with the usual
definition of inverse function. A somewhat more complicated case
occurs when F' is the distribution function of a discrete random
variable in which case F' is piecewise constant with jumps at certain
points. If ¢ is such that F(x) =t for a < z < b then F~1(t) = a; if
t is such that F'(a) > t and F(a—) < t (so that ¢ falls in the middle
of a jump in F) then F~1(t) = a since a is the smallest value of
x with F(z) > t. Figure 1.2 illustrates the form of F~!(¢) for the
generic distribution function F' in Figure 1.1. It is also important
to note that F~!(t) cannot always be defined for t = 0 or t = 1; in
the context of defining X = F~1(U) (where U ~ Unif(0,1)) this is
not important since P(U =0) = P(U =1) =0.

Proof. (Theorem 1.7) From the definition of F~!(¢) and the fact
that F(z) is a right-continuous function, we have that F~1(t) < z
if, and only if, ¢ < F(z). Thus

P(X <2)=P(F'(U) <) =P(U < F(x)) = F(x)

and so the distribution function of X is F. [

A common application of Theorem 1.7 is the simulation of
random variables with a particular distribution. If we can simulate a
random variable U ~ Unif(0, 1) then given any distribution function
F with inverse F~1, X = F~}(U) will have distribution function
F. A drawback with this method is the fact that F~!(¢) is not
necessarily easily computable.

The quantiles are sometimes used to describe various features of
a distribution. For example, F~!(1/2) is called the median of the
distribution and is sometimes useful as a measure of the centre
of the distribution. Another example is the interquartile range,
F~1(3/4) — F~1(1/4), which is used as a measure of dispersion.

EXAMPLE 1.17: (Exponential distribution) Suppose that X is
a continuous random variable with density

[ Xexp(—Az) forx >0
f(“’”)_{o for x <0
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X is said to have an Exponential distribution with parameter A
(X ~ Exp(A)). The distribution function of X is

0 for z <0
F(z) = { 1—exp(=Az) forz>0 '

Since F'(z) is strictly increasing over the set where F(z) > 0, we
can determine the inverse F'~1(¢) by solving the equation

1 —exp (—/\F*I(t)) =t,

which yields

F7lt) = —% In(1 —t).

Thus if U ~ Unif(0,1) then Y = —A"!In(1 — U) ~ Exp()). Note
that since 1 — U has the same distribution as U, we also have
A"t In(U) ~ Exp()). <&

EXAMPLE 1.18: Suppose that X has a Binomial distribution
with parameters n = 3 and 6 = 1/2. We then have F(z) = 1/8 for
0<z<1, F(zr)=1/2forl1 <z <2and F(z)=7/8for2<x <3
(F(x) =0 and F(x) = 1 for x < 0 and = > 3 respectively). The
inverse of F'is given by

0 for0<t<1/8
for 1/8 <t <1/2
for 1/2 <t <7/8
for 7/8 <t <1

F7Ht) =

W N =

If U ~ Unif(0, 1) then it is simple to see that F~(U) ~ Bin(3,0.5).
O

Hazard functions

Suppose that X is a nonnegative, continuous random variable with
density function f(z); it is useful to think of X as a lifetime of some
object, for example, a human or an electronic component. Suppose
we know that the object is still alive at time z, that is, we know
that X > x; given this information, we would like to determine
the probability of death in the next instant (of length A) following
time z:

Pr<X<z+A X >z
P(X >x)

Pe<X<z+AX>z) =
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Plzx< X <z+A)
P(X >x)
F(z+A) — F(x)
1—F(x)

Since F' is continuous, the conditional probability above tends to 0
as A tends to 0. However, by dividing the conditional probability
by A and letting A | 0, we obtain (if F'(z) = f(x)),

1 f(z)
lim — P X< AlX =
Lim (<X <z+AX>2) = F2)
DEFINITION. Suppose that a nonnegative random variable X
has distribution function F' and density function f. The function

_ J@)
M= TR

is called the hazard function of X. (If F(z) = 1 then \(z) is
defined to be 0.)

The hazard function is useful in applications (such as insurance
and reliability) where we are interested in the probability of failure
(for example, death) given survival up to a certain point in time.
For example, if X represents a lifetime and has hazard function
A(x) then

Pl <X <X+A|X >z)~A)\x)

if A is sufficiently small.

Given the hazard function of nonnegative continuous random
variable X, we can determine both the distribution function and
the density of X. Integrating the hazard function from 0 to z, we

get
v _ " f@)
/())\(t)dt _ /O T rm
F(z)  dy
:/ - (where u = F(z))
0 u
= —In(l - F(x))
and so

F(m)zl—exp(—/jA(t)dt).
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Differentiating F'(z), we get

F(z) = A(x) exp (- /0 ") dt) .

Thus the hazard function gives another way of specifying the
distribution of a nonnegative continuous random variable.

EXAMPLE 1.19: Suppose that a nonnegative random variable
X has a hazard function A(z) = A\Bz”~! for some A > 0 and 3 > 0;
when 3 < 1, the hazard function is decreasing over time while if
B > 1, the hazard function is increasing over time. The distribution
function of X is

F(z)=1-—exp (—)\:E’B) (x >0)
while its density function is
f(z) = A3z’ Lexp (—)\xﬁ) (x > 0).

The distribution of X is called a Weibull distribution and is
commonly used as a model in reliability and survival analysis. The
Exponential distribution is a special case of the Weibull with § = 1;
it is easy to see that when 8 = 1, the hazard function is constant
and X has the “memoryless” property

PX>z+tX >z)=P(X >t)

for any z > 0 and ¢ > 0. &

1.5 Transformations of random variables

Suppose X is a random variable and Y = g(X) for some function
g. Given the distribution of X, what is the distribution of Y'?

First consider the case where X is discrete. If Y = g(X), it follows
that Y is also discrete since Y can assume no more values than X.
To determine the frequency function of Y, define

Aly) ={z: g(z) = y};
then if fx(z) is the frequency function of X, we have
)= > fx().
z€A(y)
The continuous case is somewhat more complicated but the

underlying principle is essentially the same as for discrete random
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variables. First we will assume that ¢ is strictly monotone (that is,
either strictly increasing or strictly decreasing) and differentiable
(at least over a set A such that P(X € A) = 1). To find the density
of Y, we will first find Fy(y) = P(Y < y) and try to express this

= [

or, alternatively, differentiate Fy to determine fy. For example, if
g is strictly increasing then

PY <y) = P(g(X)<y)
= P(X<g7'(y)
= Fx(g7'(y)

9 (y)
= / fx(z)dx

—0o0

where g~!(y) is the inverse of g (g(¢~*(y)) = y). Making a change
of variables u = g(z), we get

Fr() = [ pxlo™ @) 507 (1)
The derivative of g~!(y) is 1/¢'(¢7 ' (y)) and so
_ Ixg™' )
g(g ()

The argument in the case where g is strictly decreasing is similar
except in this case,

PY <y)=P(X>g'(y)=1-Fx(g ')

_ Ix(g')
fr() = g ()

Note that ¢'(x) < 0 when g is strictly decreasing and so the density
fy will always be nonnegative. If we put the two cases (strictly
increasing and strictly decreasing) together, we get

_ Ix(g' ()
19'(g7 ()|

fr(y)

and so

fr(y)

EXAMPLE 1.20: Suppose that X ~ N(0,1) (see Example 1.15)
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and define Y = pu + 0 X for some ¢ > 0. Then
1 Yy —
friy) = _fx ( H)

g

and so
Ir(y) = ! exp <—M> .

Thus Y ~ N(u,0?). &

If g is not a monotone function then a somewhat more careful
analysis is needed to find the density of Y = ¢(X). However, the
underlying principle is the same as when ¢ is monotone; first, we
express P(Y <y) as P(X € A(y)) where

Ay) =A{z: g(x) <y}
Then P(X € A(y)) is differentiated with respect to y to obtain
fy(y). The following examples illustrate the approach.

EXAMPLE 1.21: Suppose that X is a continuous random
variable with density

Fx(z) = { l)x’

and define Y = X?2; note that the function g(x) = z? is not
monotone for —1 < z < 1. Since P(—1 < X < 1) = 1, it follows
that P(0 <Y < 1) =1. Thus for 0 <y < 1, we have
PY<y) = P(-yi<X <))
= Fx(Vy) — Fx(=y).

Now differentiating with respect to y, we get

for -1 <z<1
otherwise

ry) = x(/) (%y1/2> + fx (=) (%y1/2)

1 1
= 54—5:1 for0 <y <1.

Thus Y ~ Unif(0, 1). o

1.6 Expected values

Suppose that X is a random variable with distribution function
F; given F(x) for all values of z, we know everything we need to
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know about X. However, it is sometimes useful to summarize the
distribution of X by certain characteristics of the distribution (for
example, the median of the distribution). Expected values are one
way to characterize a distribution; essentially, the expected value
of X is the “centre of mass” of its distribution.

EXAMPLE 1.22: Define X to be a discrete random variable
taking values x1,---,x, with probabilities pi,-- -, pr. Imagine an
infinite (weightless) beam with masses p1, - - -, py suspended at the
points x1, - - -, . Suppose that we try to balance the beam about
a fulcrum placed at a point u; the force exerted downwards by the
mass placed at x; is proportional to p;|z; — u| and so, in order for
the beam to be in balance at the fulcrum g, we must have

> opilwi—pl = pilzi — pl

;<[ ;>

or
> pilp—xi) = pila — p).
;<[ Ti> W

Solving for u, we get

k k
= Zﬂfz’pi = Z%’P(X = ;)
i=1 i=1

to be the centre of mass; u is called the expected value of X. <

Note if X takes only two values, 0 and 1, then the expected value
of X (according to Example 1.22) is simply P(X = 1). Thus given
some event A, if we define a random variable X = I(A), where the
indicator function I(A) = 1 if A occurs and I(A) = 0 otherwise,
then F(X) = E[I(A)] = P(A). For example, E[I(Y < y)] = F(y)
for any random variable Y where F' is the distribution function of
Y.

Extending the “centre of mass” definition of expected value to
more general distributions is possible although it does involve some
mathematical subtleties: it is not clear that the centre of mass will
exist if X can take an infinite (whether countable or uncountable)
number of values.

EXAMPLE 1.23: Suppose that X is a discrete random variable
with frequency function

6
flx) = 5,2 forx =1,2,3,---.
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Then following Example 1.22, we have

o 6 o
-1
=Y s =5y e =0
z=1 d z=1
and so this distribution does not have a finite expected value. O

The fact that the expected value in Example 1.23 is infinite does
not pose any problems from a mathematical point of view; since
X is positive, the infinite summation defining the expected value is
unambiguously defined. However, when the random variable takes
both positive and negative values, the definition of the expected
value becomes somewhat more delicate as an infinite summation
with both positive and negative summands need not have a well-
defined value. We will split the random variable X into its positive
and negative parts X+ and X~ where

Xt =max(X,0) and X~ =max(—X,0);

then X = Xt — X~ and |[X| = Xt + X~. Provided that at
least one of F(X™') and E(X™) is finite, we can define F(X) =
E(X') — E(X7); otherwise (that is, if both E(X™) and F(X ™)
are infinite), F(X) is undefined.

We will now give a (somewhat non-intuitive) definition of the
expected value in the general case.

DEFINITION. Suppose that X is a nonnegative random variable
with distribution function F'. The expected value or mean of X
(denoted by E(X)) is defined to be

B(X) = [ (1= F()ds.

which may be infinite. In general, if X = XT — X, we define
E(X) = E(X*") — E(X™) provided that at least one of E(X™)
and F(X ™) is finite; if both are infinite then F(X) is undefined.
If E(X) is well-defined then

E(X) = /000(1 —F(m))dw—/o F(z) da.

—00

The definition given above may appear to be inconsistent with
our previous discussion of expected values for discrete random vari-
ables; in fact, the two definitions are exactly the same in this case.
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If X is a discrete random variable with frequency function f(x)

then
E(X)=> zf(z)

T

provided that at least one of

E(XT) = Za:f(m) and E(X7)=-— Z;rf(a:)

x>0 z<0

is finite.
If X is a continuous random variable with density function f(z),
we have

B(X) — /( dw—/ Flo
://f dtd:r—/ / F(t) dt dz
_ /O /Of(t)dxdt—[m[ F(t) da dt
= [Teswars [ eswa
- /th(t)dt

THEOREM 1.8 Suppose that X has a distribution function F
with F(x) = pF.(z) + (1 — p)Fy(x) where F. is a continuous
distribution function with density function f. and Fy is a discrete
distribution function with frequency function fq. If E(X) is well-
defined then

BX)=p [ afila)do+ (1=p) X fula)

The expected value (when it is finite) is a measure of the “centre”
of a probability distribution. For example, if the distribution of X
is symmetric around u in the sense that

PX<pu—z)=PX >p+x)

for all = then it is easy to show that E(X) = p if E(X) is well-
defined. We noted earlier that the median is also a measure of
the center of a distribution. In the case where the distribution
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is symmetric around p then the mean and median will coincide;
however, if the distribution is not symmetric then the mean and
median can differ substantially.

We now give a few examples to illustrate the computation of
expected values.

EXAMPLE 1.24: Suppose that X has the density function

Aaxafl

where A > 0, @ > 0 and I'(«) is the Gamma function defined by

(a) = /0 T exp(—t) dt.

X is said to a Gamma distribution with shape parameter o and
scale parameter A (X ~ Gamma(a, A)). Using properties of the
function I'(«), we have

exp (—Az) for x >0

B(X) = /O:O 2 f(z) da

= ?(z) exp (—Az) dx
F(O&—i— 1) o0 )\a+1$a+171
= (o) /0 Tlat1) exp (—Az) dx
~ Tla+1)
Al(«)
o«
DY

since I'(a + 1) = al'(a). Note that the Exponential distribution
(see Example 1.17) is a special case of the Gamma distribution with
a =1 and so if X ~ Exp(A) then E(X) = 1/A. Figure 1.3 shows
three Gamma density functions with different shape parameters «
with the scale parameters A = « chosen so that each distribution
has expected value equal to 1. &

EXAMPLE 1.25: Suppose that X has a Binomial distribution
with parameters n and 8. Since X is discrete, we have

B(X) = Xn: - (Z) 9= (1 — )2
=0
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Figure 1.3 Gamma density functions for o = 1, A = 1 (solid line), o = 0.5,
A= 0.5 (dotted line) and o =2, X = 2 (dashed line).

= (n—a)l(z-1)!
- n - (’I’L — 1) z—171 _ pgyn—=z
N 0; (n—x)!(x—l)!g (1=6)
o n—1 (n — 1) Qy(l B H)n_l_y
y=0 Y
= nb

where the last equality follows by applying the Binomial Theorem.
&

EXAMPLE 1.26: Suppose that X is a continuous random
variable with density

1
f(x) Y or —oo < x < 00;

X is said to have a Cauchy distribution. Note that X is symmetric
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around 0 so that E(X) should be 0 if F(X) exists. However, note
that

B(Xt) = /Ooo +f(z) do

1/°° T d
= = ——dx
mJo 1422

1 . 2
o xlgrolo In(1+ z°)

Q.

Likewise E(X~) = oo and so it follows that F(X) is not well-
defined. &

We can also define the expected value of a function of X. If
Y = h(X) for some function h then we can define E[h(X)] by
applying the definition of expected value for the random variable
Y’; to do this, of course, requires that we determine the distribution
function of Y. However, if X has a distribution function F' with
F = pF. + (1 — p)Fy as before then

RGO =p [ h(a) @) do +p 3 ha)fula)

provided the integral and sum are well-defined.
Suppose that h(z) = hi(z) + ha(z). Then if both E[h;(X)] and
E[ha(X)] are finite, it follows that

E[h(X)] = E[h1(X)] + Elha(X)].

If h(z) = ag(x) where a is constant then E[h(X)] = aF[g(X)]; the
expected value of h(X) is well-defined if, and only if, the expected
value of g(X) is. From these two properties of expected values, we
can deduce
Elag(X)+b)=aFE[g(X)]+b
if a and b are constants. In general, E[g(X)] = g(E(X)) only if g(x)
is a linear function, that is, if g(x) = az + b.
If g(z) is a convex function, that is,

gtz + (1 —t)y) <tg(z)+ (1 —1t)g(y)

for 0 <t < 1, then we have Jensen’s inequality, which says that
g(E(X)) < E[g(X)]; a simple example of Jensen’s inequality is
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|[E(X)|" < E[|X]|"], which holds for » > 1 since the function
g(x) = |z|" is convex for r > 1.

At this point, we will introduce a convenient shorthand for writ-
ing expected values. Given a random variable X with distribution

function F, we will write
_ / h(z) dF (z)

that is, E[h(X)] is the integral of h(x) with respect to the
distribution function F. For example, if we write h(z) = I(x < t)
then E[h(X)] = P(X <t)= F(t) and so

o0
F(t):/ I(z < t)dF(x / dF(z
—0oQ

From a mathematical point of view, this integral can be interpreted
as a Riemann-Stieltjes integral or (more usefully) as a Lebesgue-
Stieltjes integral; precise definitions of these integrals can be found
in Rudin (1976). If F' is a discrete distribution function then
the integral above is interpreted as a summation while if F' is a
continuous distribution function with a density function then the
integral is interpreted as the Riemann integral of calculus.

This integral representation can be manipulated usefully as the
following example suggests.

EXAMPLE 1.27: Suppose that X is a positive random variable
with distribution function F' and set v = E[w(X)] < oo for some
nonnegative function w(x). Given F' and v, we can define a new
distribution function G by

x
Glz) = 1/ w(t)dF(t) for z > 0.
Y Jo
G is sometimes called the selection biased distribution of F. A
random variable with distribution G might arise as follows. Suppose
that X is a discrete random variable uniformly distributed on the
set S = {ai,---,a,} where the a; > 0 for i = 1,---,n. Rather
than sampling uniformly from S, we sample so that the probability
that a; is selected is proportional to a; (this is called length biased
sampling); that is, we sample a discrete random variable Y so that
P(Y = a;) = ka; for some constant k. It is easy to see that for YV
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to have a valid probability distribution, we must have
a; a
Z?:l a; nBE(X)

The distribution function of Y has a jump of a;/[nE(X)] at a; (for
i=1,---,n) and so can be written as

P(Y :ai) =

PY <) = ﬁ/oztdF(t)

where F' is the distribution function of X. Returning to the general
case, it is fairly easy to see that, given G and the function w, it
is possible to determine F' and hence evaluate E[h(X)] for any
function h. For example, in the case of length biased sampling
(w(x) = z), we can determine p = F(X) by noting that

Ely(v)) = [~ 9l dGly) - % | vswarw)

Substituting g(y) = 1/y above, we get
E(1)Y) = / dF (z

and so u = [E(1/Y)] L. &

Variance and moment generating function

DEFINITION. Let X be a random variable with p = E(X).
Then the variance of X, Var(X), is defined to be

Var(X) = E[(X — ).
If E(X?) < oo then Var(X) < oo; if E(X?) = oo then we will
define Var(X) = oo (even if E(X) is not finite or is not defined).

Given 02 = Var(X), we can define the standard deviation of X

to be
SD(X) = o = 4/ Var(X).

We can also obtain the following properties of the variance and
standard deviation of a random variable.
e Var(X) > 0 and Var(X) = 0 if, and only if, P(X = p) = 1 where

uw=EX).
e Var(X) = B(X?) -
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e For any constants a and b, Var(aX + b) = a*Var(X) and so it
follows that SD(aX + b) = |a|SD(X).

The last property above is particularly important as it indicates
that both the variance and standard deviation somehow measure
the amount of “dispersion” in the distribution of a random variable
and are unaffected by changes in the “location” of a random
variable (since Var(X + b) = Var(X)). The standard deviation has
the same units of measurement as the random variable itself and so
has a more natural interpretation than the variance (whose units
are the square of the original units). However, as we will see, the
variance has very nice algebraic and computational properties. It is
important to note that there is nothing particularly special about
the variance and standard deviation as measures of dispersion; one
problem is the fact that both can be distorted by small amounts of
probability occurring in the “tails” of the distribution.

EXAMPLE 1.28: Suppose that X has a Uniform distribution on
[a,b]. Then

b—a 2b—a) 2
and
E(X?) = P /b 2% do = ;fb__a; g(a2 + ab + b%)
Thus Var(X) = E(X?) — [E(X))? = (b—a)?/12. O

EXAMPLE 1.29: Suppose that X has a Binomial distribution
with parameters n and 6. To compute the variance of X, it is
convenient to introduce the formula

Var(X) = E[X(X — 1) + E(X) — [E(X)]2,
which follows from the identity Var(X) = E(X?) — [E(X)]%. We

now have

EX(X -1)] = VZ: x1<>ez(19) —=
27

n!
(x —2)I(n — z)!
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n—2 n—2
= n(n-16>> ( ” >9y(1 — )y

y=0
= n(n—1)6%
Using the fact that E(X) = nf (as shown in Example 1.25), it
follows that Var(X) =n#(1 —6). <&

EXAMPLE 1.30: Suppose that X has a standard Normal
distribution. Since the density of X is symmetric around 0, it follows
that F(X) = 0, provided of course that the integral is well-defined.
Since

\/7/ zexp(—z2/2) dx \/7/ exp(— dy—\/%

is finite, F(X) is well-defined and equals 0. To compute the variance
of X, note that Var(X) = E(X?) and so

Var(X 2 exp 2/2) dx

)_m/

\/_/ z? exp 2/2) dz
E/o 2v/2y exp(~y) dy

= % /OOO Vyexp(—y)dy
1

since

/OOO Vyexp(—y) dy = /.

If Y = p+0X then Y ~ N(u,0?) and it follows that E(Y) =
p+oE(X) = p and Var(Y) = o?Var(X) = o2 &

An useful tool for computing means and variances is the moment
generating function, which, when it exists, uniquely characterizes a
probability distribution.

DEFINITION. Let X be a random variable and define
m(t) = Elexp(tX)].

If m(t) < oo for [t| < b > 0 then m(t) is called the moment
generating function of X.
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It is important to note that the moment generating function
is not defined for all random variables and, when it is, m(t) is
not necessarily finite for all £. However, if the moment generating
function m(t) is well-defined then it essentially determines the
probability distribution of the random variable.

THEOREM 1.9 Suppose that X and Y are random variables
such that

mix (1) = Elexp(tX)] = Elexp(tY)] = my (¢)

for all |t| < b > 0. Then X and Y have the same probability
distribution, that is,

P(X <z)=P(Y <x)
for all z.

The proof of Theorem 1.9 is quite difficult and will not be pursued
here. However, the proof relies on a parallel result to that given
here: If we define the characteristic function of X to be the complex-
valued function ¢(t) = Eexp(itX )] where exp(is) = cos(s)+i sin(s)
then ¢(t) specifies the probability distribution in the sense that
equality of characteristic functions implies equality of distribution
functions. It can be shown that under the hypothesis of Theorem
1.9, we obtain equality of the characteristic functions of X and
Y and hence equality in distribution. It should be noted that the
characteristic function of a random variable is always well-defined.

EXAMPLE 1.31: Suppose that X is an Exponential random
variable with parameter A\. The moment generating function (if it
exists) is defined by

m(t) = Elexp(tX)] / Aexp(—(\ —t)z) dx.

Note that the integral defining m(t) is finite if, and only if, \—¢ > 0
or, equivalently, if ¢ < A. Since A > 0, we then have m(t) < oo
for ¢t in a neighbourhood around 0 and so the moment generating
function exists. Simple integration gives

for t < A. O
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EXAMPLE 1.32: Suppose that X has a Binomial distribution
with parameters n and 6. The moment generating function is given
by

m(t) = Elexp(tX)] = Z exp(tx) <Z> 0 (1 —0)" "
=0

n

- ¥ (Z) (0 exp(t))*(1 — )"*

=0
= [1+0(exp(t) - 1)]"

where the final line follows by the Binomial Theorem. Note that
m(t) < oo for all ¢. O

EXAMPLE 1.33: Suppose that X has a Poisson distribution with

parameter A > 0 (X ~ Pois(\)); this is a discrete distribution with

frequency function

exp(—A)\*
x!

flx) = forz=0,1,2,---

The moment generating function of X is

m(t) = iexp(tﬂs)M
=0

- oo 2

=0
exp(—A) exp[Aexp(t)]
exp[A(exp(t) — 1)]

since Y oo ya”/x! = exp(a) for any a. &

EXAMPLE 1.34: Suppose that X has a standard Normal
distribution. The moment generating function of X is

m(t) = \/%/ exp(tz) exp( 2/2) dz

exp te — x2/2) dx

)
= \/7/ exp —(x —1t) /2—|—t2/2)
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= %\/;iﬁ/m/_o;exp (—(x—t)2/2) dx

= exp(t?/2).

IfY = p+ 0X so that Y is normally distributed with mean
p and variance o2 then the moment generating function of Y is
my (t) = exp(ut + o%t?/2). &

The moment generating function has no real useful interpreta-
tion; it is used almost exclusively as a technical device for com-
puting certain expected values and as a device for proving limit
theorems for sequences of distribution functions. Also given the
moment generating function of a random variable, it is possible to
invert the moment generating function (or the characteristic func-
tion) to obtain the distribution or density function; however, using
these inversion formulas can involve some very delicate analytical
and numerical techniques.

As the name suggests, moment generating functions are useful
for computing the moments of a random variable. The moments of
X are defined to be the expected values E(X), F(X?), B(X3),---.
E(X*) is defined to be the k-th moment of X.

THEOREM 1.10 Suppose that X is a random variable with
moment generating function m(t). Then for any r > 0, E(|X|") <
oo and E(X) = m/(0), BE(X?) = m"(0) and in general B(X*) =
m®)(0) where m®)(t) denotes the k-th derivative of m at t.

Proof. If X has moment generating function then | X| has a moment
generating function m*(t). Then for any ¢t > 0, we have |z|" <
exp(t|z|) for |x| sufficiently large (say, for |z| > ¢). We then have
EIX[T = EIX[I(X] <o)l + E[IX["I(|X] > ¢)]
< EIXI"I(X| < )] + Elexp(tX)I(|X] > ¢)
< +m(t) < oo

and so E(]X|") < co. Now using the expansion

oo thk‘
exp(tx) = Z R
k=0
we obtain N N
= tPE(XF)
m(t) = Elexp(tX)] = l;) e
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(It can be shown in this instance that taking expectations inside
the infinite summation is valid; however, this is not true in general.)
Differentiating with respect to ¢, we get

&, kth1E(XF) X I E(XF)

m(t)=Y —— L =BX)+ Y it

k=1 k! k=2 (k - 1)!
and setting ¢t = 0, it follows that E(X) = 0. Repeatedly
differentiating, we get
= t] kE XJ

j=k+1

and so m*)(0) = E(X*). (Again, in this case, we are justified in
differentiating inside the infinite summation although this is not
true in general.) [

EXAMPLE 1.35: Suppose that X is an Exponential random vari-
able with parameter A. In Example 1.31, we found the moment gen-
erating function to be m(t) = A/(A —t) (for t < X). Differentiating
we obtain m/(t) = A/(A —t)2, m”(t) = 2\/(A — t)? and, in general,

kA
k) = >~
m(t) = (A — )fF1”
Thus, setting ¢ = 0, we get E(X*) = k!A\~F; in particular, F(X) =
A7t and Var(X) = E(X?) - [E(X)]? =22 &

EXAMPLE 1.36: Suppose that X ~ Geom(6) (Example 1.12);
recall that the frequency function of this random variable is

flz)=01—-0)" forxz=0,1,2,---

Thus the moment generating function is given by

m(t) = Elexp(tX)] = i exp(tx)d(1 — 0)*

= GZ [(1—0)exp(t)]*.

The infinite series above converges if, and only if, |(1—0) exp(t)| < 1
or (since (1—6)exp(t) > 0) for t < —In(1—0). Since —In(1—0) > 0
the moment generating function of X is

0
1—(1—0)exp(t)

m(t) =
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for ¢ < —In(1 — @) (which includes a neighbourhood of 0) and
differentiating, we get

0(1 — 0) exp(t)
(1 —(1—0)exp(t))?
O(1 — 0)exp(t)(1 —exp(t)0(1 — 0))
(1—(1—0)exp(t))® ‘

We obtain E(X) = (1 —6)/6 and Var(X) = (1 — 0)/6? by setting
t=0. &

' (2)

and m”(t)

The converse to Theorem 1.10 is not true; that is, the finiteness
of E(X*) for all k > 0 does not imply the existence of the moment
generating function of X. The following example illustrates this.

EXAMPLE 1.37: Define X to be a continuous random variable
such that In(X') has a standard Normal distribution; the density of
X is

flx) = x\}% exp (—(ln(x))2/2> forz >0

(X is said to have a log-Normal distribution). Since ¥ = In(X) is
a standard Normal random variable, it follows that

B(X*) = Blexp(kY)] = exp(k?/2)
(using the moment generating function of the standard Normal
distribution) and so E(X*) < oo for any real k. However, X does
not have a moment generating function. To see this, note that

Elexp(tX)] = exp(tx)z ! exp (—(ln(x))2/2> dx

b
= \/%/ exp texp( )—y2/2) dy;

for t > 0, the integral is infinite since texp(y) — y?/2 — oo as
y — oo (for ¢ > 0). Thus F [exp(tX)] = oo for t > 0 and so the
moment generating function of X does not exist. <&

Taken together, Theorems 1.9 and 1.10 imply that if X and Y are
two random variables such that E(X*) = E(Y*) for k=1,2,3,---
and X has a moment generating function then X and Y have the
same distribution. However, the fact that X and Y have similar
moment generating functions does not mean that X and Y will
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have similar distributions; for example, McCullagh (1994) gives
an example of two moment generating functions that are virtually
indistinguishable (they differ by at most 3 x 10~%) but correspond
to very different distributions (see also Waller, 1995). Moreover,
equality of E(X*) and E(Y*) (for k = 1,2,---) does not imply
equality of distributions if moment generating functions do not exist
as the following example illustrates.

EXAMPLE 1.38: Suppose that X and Y are continuous random
variables with density functions

1 2
fx(@) = —=exp (~(n(@))?/2) forz >0
and
1
fr(z)= o exp (—(ln(m))Q/Q) (1 +sin(2rln(x))) for z > 0.
( as the log-Normal distribution of Example 1.37.) For any
k=1,2,3, -, we have

E(Yk) = E(X%)
00 n(x 2
—i—\/%/o ¥ Lexp <—w> sin(27 In(z))) dx

and making the substitution y = In(x) — k, we have
/ 2 Lexp (—(ln(:v))Z/Z) sin(27 In(z))) dx
0
= / exp <k2 +ky — (y+ k)2/2) sin(2m(y + k)) dy

= oxp (K2/2) / -

—00
=0

exp (—y2/2) sin(2my) dy

since the integrand exp (—y?/2) sin(27y) is an odd function. Thus
E(X*) = E(Y*) for k = 1,2,3,--- even though X and Y have
different distributions. &

1.7 Problems and complements

1.1: Show that

P(AjU---UA,) = Zn: ZZ P(A; N Aj)
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> Zi<j<kP(Ai NA; 0 Ag)
— = (=D"P(A; NN Ay).

1.2: Suppose that A and B are independent events. Determine
which of the following pairs of events are always independent
and which are always disjoint.

(a) A and B°.

(b) AN B¢ and B.

(c) A€ and B°.

(d) A¢ and B.

(e) AN B and AU B.

1.3: Consider an experiment where a coin is tossed an infinite
number of times; the probability of heads on the k-th toss is

(1/2)F.
(a) Calculate (as accurately as possible) the probability that at
least one head is observed.

(b) Calculate (as accurately as possible) the probability that
exactly one head is observed.

1.4: Suppose that Ay, Ag, - - - are independent events with P(Ay) =

pi. Define o
B=J A
k=1

Show that P(B) =1 if, and only if,
Z In(1 — pg) = —oc.
k=1

1.5: (a) Suppose that {A,} is a decreasing sequence of events with
limit A; that is A,41 C A, for all n > 1 with

A=) A4n.
n=1

Using the axioms of probability show that
lim P(A,)= P(A).

(b) Let X be a random variable and suppose that {x,} is a
strictly decreasing sequence of numbers (that is, x,, > x,41 for
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all n) whose limit is . Define A,, = [X < z,]. Show that
ﬂ n — X < IEo]

and hence (using part (a)) that P(X < z,) — P(X < z9).

(c) Now let {z,,} be a strictly increasing sequence of numbers
(that is, @, < x,41 for all n) whose limit is z. Again defining
A, = [X < z,] show that

UA X<x()]

and hence that P(X < xz,) — P(X < x¢).

1.6: Let A, B, C be events. We say that A and B are conditionally
independent given C' if

P(AN B|C) = P(A|C)P(B|C).
Suppose that

e A and B are conditionally independent given C, and

e A and B are conditionally independent given C*°.

Show that A and B are not necessarily independent but that

A and B are independent if C' is independent of either A or B.
1.7: Suppose that Fi(x),---, Fi(z) are distribution functions.

(a) Show that G(z) = p1Fi(x) + - - - + pp Fx(x) is a distribution

function provided that p; >0 (i = 1,---,k) and p1+- - -+pr = 1.

(b) If Fi(x),- - -, Fx(x) have density (frequency) functions f;(z),

-+, fr(z), show that G(z) defined in (a) has density (frequency)
function g(z) = p1fi(x) + - - + prfr(x).

1.8: (a) Let X be a nonnegative discrete random variable taking

values x1, xg, - - - with probabilities f(z1), f(z2),---. Show that

- /OO P(X >z)dz = ixkf(l”k)-
0 k=1

(Hint: Note that P(X > z) has downward jumps of height
f(zr) at = x, and is constant between the jumps.)

(b) Suppose that X only takes nonnegative integer values 0, 1,
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2,---. Show that

o o0
E(X)=> P(X>k)=> P(X>k).
k=0 k=1
1.9: Suppose that X is a random variable with distribution
function F and inverse (or quantile function) F~!. Show that

E(X)= /01 F~(t)dt

if £(X) is well-defined.

1.10: Suppose that X is stochastically greater than Y in the sense
that P(X > z) > P(Y > x) for all z.
(a) Suppose that at least one of E(X) or E(Y) is finite. Show
that E(X) > E(Y).
(b) Let Fiy'(t) and Fy '(t) be the quantile functions of X and
Y, respectively. Show that Fy'(t) > Fy-'(t) for all .

1.11: Let X be a random variable with finite expected value E(X)
and suppose that g(z) is a convex function:

gtz + (1 —t)y) < tg(z) + (1 —1t) g(y)
for0 <t<1.

(a) Show that for any xz¢, there exists a linear function h(z) =
ax + b such that h(zg) = g(x0) and h(z) < g(x) for all z.

(b) Prove Jensen’s inequality: g(E(X)) < E[g(X)]. (Hint: Set
xo = E(X) in part (a); then h(X) < g(X) with probability 1
and so E[h(X)] < E[g(X)].)
1.12: The Gamma function I'(z) is defined for z > 0 via the
integral -
I'(x) :/ t*Lexp(—t) dt
0

Prove the following facts about I'(x).

(a) I'(x + 1) = zI'(z) for any x > 0. (Hint: Integrate I'(z + 1)
by parts.)

(b) T'(k) = (k—1)! for k =1,2,3,---.

(c¢) I'(1/2) = \/m. (Hint: Note that

/2 = /Oootl/QeXp(—t)dt
= 2/000exp(—32)d3
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and so
T2(1/2) :4/000 /Oooexp [(2+ )] dsat.

Then make a change of variables to polar coordinates.)

1.13: Suppose that X ~ Gamma(a, A). Show that
(a) E(X") =T(r + a)/(A\°T(a)) for r > —a;
(b) Var(X) = a/)\2.
1.14: Suppose that X ~ Gamma(k, \) where k is a positive integer.
Show that
E—1 ;
Az (\x)

i=0 J

for x > 0; thus we can evaluate the distribution function of X
in terms of a Poisson distribution. (Hint: Use integration by
parts.)

1.15: Suppose that X ~ N(0,1).
(a) Show that E(X¥) =0 if k is odd.
(b) Show that E(X*) = 2F/2D((k +1)/2)/T(1/2) if k is even.

1.16: Suppose that X is a continuous random variable with density
function

f(z) = k(p) exp(—|z|P) for —oco < x < 00

where p > 0.
(a) Show that k(p) = p/(2I'(1/p)).
(b) Show that E[|X|"] =T((r+1)/p)/I'(1/p) for r > —1.

1.17: Let m(t) = Elexp(tX)] be the moment generating function
of X. ¢(t) = Inmx(t) is often called the cumulant generating
function of X.

(a) Show that ¢/(0) = F(X) and ¢’(0) = Var(X).

(b) Suppose that X has a Poisson distribution with parameter
A as in Example 1.33. Use the cumulant generating function of
X to show that F(X) = Var(X) = \.

(¢) The mean and variance are the first two cumulants of a
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distribution; in general, the k-th cumulant is defined to be
c¥)(0). Show that the third and fourth cumulants are

c®0) = B(X%) - 3E(X)E(X?) + 2[E(X)]?
= E(X')—4BE(X*)E(X?) + 12E(X?)[E(X))?
—3[E(X?))* - 6[E(X)]*.

(d) Suppose that X ~ N(u,o?). Show that all but the first two
cumulants of X are exactly 0.

1.18: Suppose that X is an integer-valued random variable with
moment generating function m(t). The probability generating
function of X is defined to be

p(t) = E(t*) fort>0.
Note that p(t) = m(In(t)).
(a) Show that p/(1) = E(X).
(b) Let p*)(t) be the k-th derivative of p. Show that
pP(1) = EX(X —1)x---x (X —k+1)].
(c) Suppose that X is nonnegative. Show that
P(X = k) =p®(0)/k!.

1.19: The Gompertz distribution is sometimes used as a model
for the length of human life; this model is particular good for
modeling survival beyond 40 years. Its distribution function is

F(z) =1— exp[-f(exp(ax) —1)] for z >0
where «, 8 > 0.
(a) Find the hazard function for this distribution.
(b) Suppose that X has distribution function F'. Show that
> exp(—ft
1

o t

while the median of F' is
1
F71(1/2) = =In(1+1n(2)/8).
«

(c) Show that F~1(1/2) > E(X) for all « > 0, 3 > 0.

1.20: Suppose that X is a nonnegative random variable.
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(a) Show that
E(X") = r/OOO 211 = F(x)) da.

for any r > 0.

(b) Since X is nonnegative, it follows that ¢(t) = Elexp(—tX)]
is finite for ¢ > 0. Show that for any r > 0,

E(1/X") = ﬁ /Ooo Lo (t) dt.

(Hint: Write ¢(¢) as an integral involving the distribution
function of X.)

1.21: Suppose that X is a nonnegative random variable where
E(X7") is finite for some r > 0. Show that F(X?®) is finite for
0<s<r.

1.22: Let X be a continuous random variable with distribution
function F'x(x). Suppose that Y = ¢g(X) where g is a strictly
increasing continuous function. If F )}l(t) is the inverse of Fx
show that the inverse of the distribution function of Y is

Fyi(t) = g(Fx'(t).

1.23: Suppose that X is a nonnegative random variable with
distribution function F(z) = P(X < x). Show that

E(X") = r/ooo 211 = F(x)) da.

for any r > 0.

1.24: Let U be a Uniform random variable on [0, 1] and define
X = tan(7w(U — 1/2)). Show that the density of X is

1

(This is the Cauchy distribution in Example 1.26.)

1.25: Suppose that X has a distribution function F'(z) with inverse
F=1(¢).
(a) Suppose also that E(|X]|) < oo and define g(t) = E[|X —t|].
Show that g is minimized at t = F~1(1/2).
(b) The assumption that E(]X]|) < oo in (a) is unnecessary if
we redefine ¢(t) = E[|X —t| — | X|]. Show that g(¢) is finite for
all t and that ¢t = F~1(1/2) minimizes g(t).
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(c) Define po(z) = axl(z > 0) + (o — 1)zI(z < 0) for some
0 < a < 1. Show that ¢(t) = E[pa(X —t) — pa(X)] is minimized
at t = F~1(a).

1.26: Suppose that X is a random variable with E[X?] < co. Show
that g(t) = E[(X — t)?] is minimized at t = E(X).

1.27: Let X be a positive random variable with distribution
function F. Show that E(X) < oo if, and only if,

Z (X > ke)

for any € > 0.
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CHAPTER 2

Random vectors and joint
distributions

2.1 Introduction

To this point, we have considered only a single random variable
defined on a sample space. It is, of course, possible to define more
than one random variable for a given experiment. Consider, for
example, sampling from a finite population consisting of IV people.
Each person in the population has a number of attributes that
can be measured: height, weight, age, and so on. Clearly, we can
define random variables that measure each of these attributes for
a randomly chosen person. If we take a sample of n < N people
from this population, we can define random variables X7, --, X,
that measure a certain attribute (for example, weight) for each of
the n people in the sample.

Suppose we have random variables X1, ---, X} defined on some
sample space. We then call the vector X = (X, -+, Xx) a random
vector.

DEFINITION. The joint distribution function of a random
vector (X1q,---, Xg) is

F(zy, - oz5) = P(X1 <1, , X < xp)

where the event [X; < x1,---, X < x| is the intersection of the
events (X1 < x1], -, [ Xk < xp].

Given the joint distribution function of random vector X, we can
determine P(X € A) for any set A C R*.

Not surprisingly, it is often convenient to think of random vectors
as (random) elements of a vector space; this allows us, for example,
to manipulate random vectors via the operations of linear algebra.
When this is the case, we will assume (by default) that the random
vector is, in fact, a column vector unless explicitly stated otherwise.
Hopefully, this will be clear from the context.
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2.2 Discrete and continuous random vectors

For single random variables, we noted earlier that it is possible to
describe the probability distribution by means of a density function
or frequency function, depending on whether the random variable
is continuous or discrete. It is possible to define analogous functions
in the case of random vectors.

DEFINITION. Suppose that Xi,---, X are discrete random
variables defined on the same sample space. Then the joint
frequency function of X = (Xy,---, Xj) is defined to be

f('rl?"'?xk):P(Xl:xlv"'ngzl'k).

If X1, -+, Xy are discrete then the joint frequency function must
exist.

DEFINITION. Suppose that Xy, ---, X, are continuous random
variables defined on the same sample space and that

T X1
P[X1§$17...’Xk§xk]:/ / ftr, - tg) dty - - dity,
—00 —00

for all x1,---,xk. Then f(x1, -+, x) is the joint density function
of (X1, -+, Xk) (provided that f(x1,---,zr) > 0).

To avoid confusion, we will sometimes refer to the density or
frequency function of a random variable X; as its marginal density
or frequency function. The joint density and frequency functions
must satisfy the following conditions:

Yo flan,my) =1

(z1,,7k)

if f(x1,---,xk) is a frequency function, and

/ / flay, - ) doy - doy = 1

if f(x1,---,x) is a density function. Moreover, we can determine
the probability that (X, --, X},) lies in a given set A by summing
or integrating f(x1,---,x,) over A.

EXAMPLE 2.1: Suppose that X and Y are continuous random
variables with joint density function

1
flx,y) == fora? +y? < 1.
T
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X and Y thus have a Uniform distribution on a disk of radius 1
centered at the origin. Suppose we wish to determine P(X < u) for
—1 < u < 1. We can do this by integrating the joint density f(x,y)
over the region {(z,y): —1 <z < u,2? + y? < 1}. Thus we have

u pVi-z? q
P(X <u) = // —dydx

—1J—V1-22 T
1 u
= —/ 2v1 — 22dx
™J-1

1 1 1
= 5+ —uV1 —u2+ =sin"*(u).
s m

Note that to find the marginal density of X, we can differentiate
P(X < wu) with respect to u:

2
fx(x)==v1—22 for|z| <1.
T

It is easy to see (by symmetry) that Y has the same marginal
density. <&

The following result indicates how to obtain the joint density
(frequency) function of a subset of Xj,---, Xj or the marginal
density function of one of the X;’s.

THEOREM 2.1 (a) Suppose that X = (X1, --,Xy) has joint
frequency function f(x). For ¢ < k, the joint frequency function of
(Xla T aXK) is

glxy, -, x) = Z fzy, -, xp).

Te+41,"5T

(b) Suppose that X = (X1, -+, Xi) has joint density function f(x).
For ¢ < k, the joint density function of (Xi,---,Xy) is

o0 oo
g(x17-..’x€):/ -../ f(xl’--.’xk)dx€+1-.-dl‘k'
—00 —00
Proof. (a) This result follows trivially since

P(Xllea"'aXf:xf): Z P(Xllea"'7Xk:xk)

(IZJrlv"':xk)
for any x1,- -, xy.
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(b) For ANy T, -, Ty,

P(X1<$1, Xg<£(}g

«Tl
= / / g<t1,“'7tz)dte"'dt1

and so g(z1,---,xy) is the joint density of (Xi,---,X,). O

Theorem 2.1 can be applied to find the marginal density function
of X in Example 2.1. Since f(z,y) = 0 for |y| > V1 —2? and
|x| <1, it follows that the marginal density of X is

fx(@) = =

™

= z\/1—:E2

™

1 Vi-a?
L=

—/1—22

for |x| <1 as given in Example 2.1.

As is the case for continuous random variables, the joint density
function of a continuous random vector is not uniquely defined; for
example, we could change f(x) at a countably infinite number of
points and the resulting function would still satisfy the definition.
However, just as it is useful to think of the density function as
the derivative of the distribution function of a random variable,
we can think of the joint density as a partial derivative of
the joint distribution function. More precisely, if F'(xq,---,x) is
differentiable then we can write

k
87 F
(9561 cee ka

It is also important to note that the joint density function
of (X1,-++,Xk) need not exist even if each of Xi, -+, X) have
their own marginal density function. For example, suppose that
X9 = g(X1) for some continuous function g. Existence of a joint
density f(x1,z2) of (X7, Xs) implies that the range of (X1, X2)
contains an open rectangle of the form

f(xl,"'7$k) =

(1, k).

{(;1:1,3:2) ra < < bl,CLQ < xo < bQ}.
However, since the range of (X1, X3) is at most
{(z1,22) : —o0 <1 < 00,9 = g(21)}
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which does not contain an open rectangle, we can conclude that
(X1, X2) does not have a joint density function.

Independent random variables

DEFINITION. Let X, --,X; be random variables defined on
the same sample space. X1, -, X} are said to be independent if
the events [CL1 <X; < bl], [a2 < X9 < bg], cee [ak < Xp < bk] are
independent for all a; < b;, ¢ = 1,---, k. An infinite collection
X1, Xo,--+ of random variables are independent if every finite
collection of random variables is independent.

If (X1, -, Xk) have a joint density or joint frequency function
then there is a simple equivalent condition for independence.
THEOREM 2.2 If Xy,---, Xy are independent and have joint
density (or frequency) function f(x1,---,xy) then

k
f(*xlv e 7.’13k) - H fl(l‘l)
i=1

where fi(x;) is the marginal density (frequency) function of X.
Conversely, if the joint density (frequency) function is the product
of marginal density (frequency) functions then Xi,---, Xy are
independent.

Proof. We will give the proof only for the case where f(x1,---,xy,)
is a joint density function; the proof for the frequency function case
is similar. If X4, -, X} are independent,

Pla; < X1 <by, -, a5, < X < by)

k
= HPai<X<bi)
= H/ fzxz dx;

= /bk /a Hfz )dxy - - duy,

1 4=1

and so fi(x1) X -+ X fr(zg) is the joint density of (Xi,---, Xk).
Conversely, if f(z1,---,2r) = fi(x1) - fr(xr) then it is easy to
verify that [a; < X7 < b1],-- -, [ar < Xi < bg] are independent for
all choices of the a;’s and b;’s. 0O
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Independence is an important assumption for many statistical
models. Assuming independence essentially allows us to concen-
trate on the marginal distributions of random variables; given these
marginal distributions together with independence, we can deter-
mine the joint distribution of the random variables. If Xy,---, X,
are independent random variables with the same marginal distri-
bution, we say that Xi,---,X,, are independent, identically dis-
tributed (i.i.d.) random variables.

EXAMPLE 2.2: Suppose that Xi,---, X, are i.i.d. continuous
random variables with common (marginal) density f(z) and dis-
tribution function F'(x). Given X1, -+, X,,, we can define two new
random variables

U=min(Xy,---,Xp,) and V =max(Xy, -, X,),

which are the minimum and maximum of the i.i.d. sample. It is
fairly simple to determine the marginal densities of U and V. We
note that U > x if, and only if, X; > z for all 4 and also that V < x
if, and only if, X; < x for all i. Thus
PU<z) = 1-PU>ux)

= 1-PXy1>z,--,X, >1)

= 1-[1-F)"
and

P(V<2) = P(Xi<a, X, <n)
[F ()]

From this it follows that the marginal densities of U and V are

fu(z) =n[l = F(2)]" " f(x)
and
fv(z) = n[F(@)]" " f(x).
The joint density of (U, V) is somewhat more complicated. Define
fuv(u,v) to be this joint density. Since U < V, it follows that
fov(u,v) =0 for u > v. For u < v, we have
PU<u,V<wv) = PV <v)—PU>u,V <o)
P(V <w)
—Plu< X; <v,---,u< X, <v)
= [F)" - [F(v) - F(u)]"

© 2000 by Chapman & Hall/CRC



Now if P(U < u,V < v) is twice-differentiable with respect to u
and v, we can evaluate the joint density of (U, V') by
92
Oudv
= n(n—1[F(v) = F(u)]" 2 f(u) f(v).

In general, we have

fuv(u,v) PU <u,V <w)

fo () = 70— DIFE) = F@P /@) for u<o
ovitv) =1 o otherwise

as the joint density of (U, V). &
Transformations

Suppose that X = (Xi,---,Xk) is a random vector with some
joint distribution. Define new random variables Y; = h;(X) (i =
1,---,k) where hy,---, hy are real-valued functions. We would like

to determine

e the (marginal) distribution of Y;, and

e the joint distribution of Y = (Y7,---, Yy).

The two questions above are, of course, related; if the joint
distribution of Y is known then we can (at least in theory) find
the marginal distribution of a single Y;. On the other hand, it
would seem to be easier to determine the marginal distribution of a
single Y; than the joint distribution of Y'; while this is true in some
cases, in many cases (particularly when the Y;’s are continuous), the
marginal distribution is most easily determined by first determining
the joint distribution.

We will first consider determining the marginal distribution of
a single Y;. Given a random vector X = (Xi,---,X}), define
Y = h(X) for some (real-valued) function h. To simplify the
discussion somewhat, we will assume that X has a joint density
or joint frequency function. The following general algorithm can be
used for determining the distribution of Y:

e Find P(Y < y) (or P(Y = y) if this is non-zero) by integrat-
ing (summing) the joint density (frequency) function over the
appropriate region.

e If Y is a continuous random variable, write
Y
P <y = [ fa
— 0o
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to obtain the density function fy(y) of Y typically, this can be
done by differentiating P(Y < y).
This algorithm is conceptually simple but not always feasible in
practice unless h is a fairly simple function. In the case where Y is
a sum of two random variables (independent or not), the algorithm
is very simple to apply.

EXAMPLE 2.3: Suppose that X, Xs are discrete random vari-
ables with joint frequency function fx(x1,x2) and let Y = X7 4 Xo.
Then

fry)=PY =y) = Y P(Xi=x,Xs=y—x)

= > fx(z,y—a)

is the frequency function of Y. &

EXAMPLE 2.4: Suppose that Xi, Xo be continuous random
variables with joint density function fx(x1,x2) and let Y = X3 +
Xo. We can obtain P(Y < y) by integrating the joint density over
the region {(z1,22) : 1 + 2 < y}. Thus

o ry—T2
PY <y) = / / fx(x1,22) dzy do

= /OO /y fx(t — xo, x2) dt dzxo

(setting t = z1 + x2)

= / / fX t—.ivg,xg) dl‘gdt

Thus it follows that Y has a density function

:/_OO fx(y—u,u)du

or equivalently

:/jx} fX(uay_u)du

Note that if both X and Y are nonnegative random variables then
fx(y —u,u) = 0if u < 0 or if w > y. In this case, the density
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simplifies to y
frw) = [ fxly—uw)du.

Notice that the expression for the density function of Y is similar
to the expression for the frequency function of Y in Example 2.3
with the integral replacing the summation. <&

We now turn our attention to finding the joint density of
Y = (Y1,---,Y%) where Y; = hiy(Xq,---,Xg) (i = 1,---,k) and
X = (X1, -, Xk) has a joint density fx.

We start by defining a vector-valued function h whose elements
are the functions hqy,-- -, hy:

hl(xla Tt 7$k)

h x 7..-71’
h(z) 2(x1 | k)

hi(x1, -, xp)

We will assume (for now) that h is a one-to-one function with
inverse h™! (that is, h™!(h(z)) = ). Next we will define the
Jacobian matrix of h to be a k x k whose i-th row and j-th column
element is 5

O

with the Jacobian of h, Jp(z1,--,xy), defined to be the determi-
nant of this matrix.

THEOREM 2.3 Suppose that P(X € S) =1 for some open set
S C RF.If

(a) h has continuous partial derivatives on S,

(b) h is one-to-one on S,

(c) Jn(x) #0 forx e S

then (Y1,--+,Yy) has joint density function

hi(z1,- -, )

frly) = ((7
= fx(h @) s ()

fory € h(S). (J,-1 is the Jacobian of h™'.)

The proof of Theorem 2.3 follows from the standard change-of-
variables formula for integrals in multivariate calculus.
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EXAMPLE 2.5: Suppose that X, Xo are independent Gamma
random variables with common scale parameters:

X1 ~ Gamma(a,A) and Xo ~ Gamma(s, \).

Define
Y = Xi+Xo
X
Yy I S
X1+ Xo

and note that Y] takes values in the interval (0, c0) while Y5 takes
its values in (0,1). The functions h and h™! in this case are

h(z1,22) = (xlf(}Tf2x2))

d h*l , —_ ( Y1Yy2 )
o (1, 32) y1(1—y2)

and the Jacobian of At is Jj,—1(y1, 42) = —y1. The joint density of
X1 and X5 can be determined by multiplying the marginal densities
together:

)\0‘*53:‘11_1305_1 exp[—A(z1 + z2)]

INCYINGE)

Now applying Theorem 2.3 and doing some rearranging, we get

I[x(x1,22) = for x1, 29 > 0

Ty (y1,y2) = g1(y1)92(y2)

where
\o+8 a+B-1 )\
) = ylr(af;l))( Y1)
and  ga2(y2) = %yg_l(l—yz)ﬁl

for 0 <y; <ocand 0 <yy < 1.

There are several things to note here. First, Y7 is independent
of Y5; second, Y7 has a Gamma distribution with shape parameter
a4+ and scale parameter \; finally, Y5 has a Beta distribution with
parameters « and 3 (Y ~ Beta(a, 3)). O

Theorem 2.3 can be extended to the case where the transforma-
tion h is not one-to-one. Suppose that P[X € S] = 1 for some open

© 2000 by Chapman & Hall/CRC



set and that S is a disjoint union of open sets St,---,S;, where h
is one-to-one on each of the S;’s (with inverse h,j_1 on Sj). Then
defining (Y1, -, Y%) as before, the joint density of (Y7,---,Y%) is

fr(y) =3 fx (b @)l (W) I(h; (y € S))
j=1

where J, -1 is the Jacobian of hj_l.
J

EXAMPLE 2.6: Suppose that Xi,---,X, are ii.d. random
variables with density function f(x). Reorder the X;’s so that
X(1) < X(g) <+ < X(n); these latter random variables are called
the order statistics of Xi,---,X,. Define ¥; = X; and notice
that the transformation taking Xi,---, X, to the order statistics

is not one-to-one; given a particular ordering y1 < y2 < -+ < Yp,
(1, -+, xy) could be any one of the n! permutations of (y,- -, yn)-
To determine the joint density of the order statistics, we divide the
range of (X1, -+, X,,) into the n! disjoint subregions

S1 = {(z1,,mp) 1 <z <o < xp}

SQ = {($1,-",$n)1$2 <ryp<rz<--- <.7}n}

Spt = {(1’1,"',33'n) 1T < Tp-1 <o <-751}
corresponding to the n! orderings of (x1,---,z,). Note that the
transformation h from the X;’s to the order statistics is one-
to-one on each Sj; moreover, the Jacobian J,-1 = 41 for each

J
j=1,---,nl Since the joint density of (X, -, X,) is

fX(xh'",l'n):f(xl) X Xf(l‘n),

it follows that the joint density of the order statistics is
n!
fY(yla'”7yn) = ZfX(h]_l(yl)ayn))
j=1

= n!l:Ilf(yz’)

for y1 < yo < - < Y. <&
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FEzxpected values

Suppose that X, ---,X,, are random variables defined on some
sample space and let Y = h(Xy, -+, X)) for some real-valued
function h. In section 1.6, we defined the expected value of Y to be

)= [T sy [P <yay

This formula implies that we need to first determine the distribution
function of Y (or equivalently its density or frequency function) in
order to evaluate F(Y'). Fortunately, evaluating E(Y) is typically
not so complicated if X = (Xi,---,Xy) has a joint density or
frequency function; more precisely, we can define

EWX)] =) h(z)f(z)
if X has joint frequency function f(x) and

Eh(X)] = /_O;/_O:oh(x)f(w)dxldxk

if X has joint density function f(x). (Of course, in order for the
expected value to be finite we require that E[|h(X)]] < c0.)

PROPOSITION 2.4 Suppose that Xq,---, Xy are random vari-
ables with finite expected values.
(a) If X1, -, Xk are defined on the same sample space then

k
E(X1+ -+ Xp) = > E(X)).

i=1

(b) If Xq,---, Xy are independent random variables then

k k
E (H XZ-> =[[ E(x3).

The proofs of parts (a) and (b) of Proposition 2.4 are quite simple
if we assume that (Xi,---,X}) has a joint density or frequency
function; this is left as an exercise. More generally, the proofs are a
bit more difficult but can be found in a more advanced probability
text such as Billingsley (1995).

EXAMPLE 2.7: Suppose that Xi,---, X, are independent ran-
dom variables with moment generating functions mj(t),---,my(t)
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respectively. Define S = X; + --- + X,,; the moment generating
function of S is
ms(t) = Elexp(tS)]
Elexp(t(X1 + -+ + X5,))]
= FElexp(tX;)exp(tXs3) x -+ x exp(tX,)]

n

= H Elexp(tX;)]

where we use the independence of Xy, ---, X,,. Thus the moment
generating function of a sum of independent random variables is
the product of the individual moment generating functions. &

EXAMPLE 2.8: Suppose that Xy, ---, X, are independent Nor-
mal random variables with E(X;) = u; and Var(X;) = o2. Again
define S = X1 + - -- + X,,. The moment generating function of X;
is

2 (2
and so the moment generating function of S is

n n t2 n
mg(t) = Hml(t) = exp <t2ui + 3 ZU?) .
i=1 i=1 i=1

Since moment generating functions characterize distributions, it is
easy to see that S has a Normal distribution with mean Y ;" u;

and variance 1" ; o2 <&

1
m;(t) = exp (uit + —0-2t2)

EXAMPLE 2.9: Suppose that Xi,---,X, are ii.d. random
variables with moment generating function m(t). Define

_ 1
Xn==> X
s

and let B

mn(t) = Elexp(tXy)] = [m(t/n)]"
be its moment generating function. What happens to my(t) as
n — 0o? Note that we can write

2 3
m(t) =14+ tE(Xy) + 5E(X12) + EE(X{’) SR
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and so

t 12 t3
m(t/n) = 1+EE(X1)+2—712E(X12)+ﬁE(X?H"”
= l—irE E(X )+LE(X2)+iE(X3>+
- n ! 2n 1 6n? !

t
where a,(t) — E(X7) for all t as n — oo. Now using the fact that
lim (1 + C—") = exp(c)
n—oo n
if ¢, — ¢, it follows that

lim m,(t) = lim (1 + @)" = exp(tE(X1)).

n—oo n—oo

Note that exp(tE(X1)) is the moment generating function of a
random variable that takes the single value F(X;). This suggests
that sequence of random variables { X,,} converges in some sense to
the constant F(X;). We will elaborate on this in Chapter 3. <&

Covariance and Correlation

DEFINITION. Suppose X and Y are random variables with
E(X?) and E(Y?) both finite and let pux = E(X) and py =
E(Y). The covariance between X and Y is

Cov(X,Y) = E[(X — px)(Y — py)] = E(XY) — pxpy.

The covariance is a measure of linear dependence between two
random variables. Using properties of expected values it is quite
easy to derive the following properties.

1. For any constants a, b, ¢, and d,
Cov(aX +b,cY +d) =acCov(X,Y).

2. If X and Y are independent random variables (with E(X) and

E(Y) finite) then Cov(X,Y) =0.
The converse to 2 is not true. In fact, it is simple to find an example
where Y = g(X) but Cov(X,Y) = 0.
EXAMPLE 2.10: Suppose that X has a Uniform distribution on
the interval [—1,1] and let Y = —1if |X| < 1/2 and Y = 1 if
© 2000 by Chapman & Hall/CRC



|X| > 1/2. Since E(X) = E(Y) =0, Cov(X,Y) = E(XY) and

-X if |X|<1/2

XY:{ X if|X|>1/2

Thus
1 1/2 1/2 1 /1
E(XY):—/ rdr + = / x)dr + = zdr =0
2/ 1/2 1/2

and Cov(X,Y) = 0 even though Y = g(X). <&

PROPOSITION 2.5 Suppose that X1,---, X, are random vari-
ables with E(X?) < oo for alli. Then

n n n j—1
Var (Z aiXZ) = Z a? Var(X;) + 2 Z Z a;a; Cov(X;, Xj).
i=1 i=1 j=2i=1

Proof. Define p; = E(X;). Then

ar (Z azXl> - Z Z ala] s (X] - Mj)
=1

i=17=1

n n

= > ) aqiE[(Xi — ) (X; — )]
i=1j=1
n n j—1

= Z a?Var(X;) + 2 Z Z a;a;Cov(X;, X;)
i=1 j=2i=1

since Cov(X;, X;) = Cov(X}, X;). O

Note that Proposition 2.5 implies that if X1, -, X,, are indepen-
dent random variables then the variance of X1+ -- -+ X, is simply
the sum of the variances of the X;’s.

EXAMPLE 2.11: Suppose we are sampling without replacement

from a finite population consisting of IV items aq,---,an. Let X;
denote the result of the i-th draw; we then have
1 1

P(Xi:ak) = N and P(Xz :ak,Xj :ag) = 7]\7(]\7—1)

where 1 < 4,4, k,f < N, i# j and k # £. Suppose we define

Sn=>Y_Xi
i=1
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where n < N; what are the mean and variance of S,,?
First of all, we define

N
1
a:NZak and og Zak—,ua ,
k=1 k=1

which are the mean and variance of the population; it is easy to see
that E(X;) = ug and Var(X;) = o2. Thus it follows that

n

E(S,) = ZE(XZ) = Nllg.

i=1
Var(S,,) is somewhat trickier; note that
Var(S,) = no? 4 n(n — 1)Cov(X71, X2)

since Cov(X;, X;) will be the same for all i # j. (Cov(X;, X;)
depends on the joint distribution of (Xj, X;) and this is the same
for all i« # j.) We can determine Cov(Xi, X3) using the joint
distribution of X; and Xs; however, an easier approach is to

consider the case n = N. Sy = Y.V, ag, a constant, and so
Var(Sy) = 0. Thus

0= No2+ N(N —1)Cov(X1, Xo)

and so 9
Ua

N —
Substituting into the expression for Var(.S,) above, we get

Var(S,) = no? <Z:T> .

COV(Ale7 XQ) = —

Note that if we sampled with replacement, the random variables
X1, X, -+ would be independent and so Var(S,) = no?2, which is
greater than the variance when the sampling is without replacement
(provided n > 2). The extra factor (N —n)/(N — 1) that appears
in Var(S,) when the sampling is without replacement is called the
finite population correction. &

Given random variables Xi,---,X,, it is often convenient to
represent the variances and covariances of the X;’s via a n x n
matrix. Set X = (X1,---,X,)? (a column vector); then we define
the variance-covariance matrix (or covariance matrix) of X to
be an n x n matrix C = Cov(X) whose diagonal elements are
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Ciyi = Var(X;) (@ = 1,---,n) and whose off-diagonal elements
are C;; = Cov(X;, X;) (¢ # j). Variance-covariance matrices
can be manipulated usefully for linear transformations of X: If
Y = BX + a for some m x n matrix B and vector a of length m
then

Cov(Y') = BCov(X)B?.
Likewise, if we define the mean vector of X to be
E(X1)
E(X) = :
E(Xny)

then E(Y) = BE(X) + a.

While the covariance gives some indication of the linear associa-
tion between two random variables, its value is dependent on the
scale of the two random variables.

DEFINITION. Suppose that X and Y are random variables
where both E(X?) and E(Y?) are finite. Then the correlation
between X and Y is

Cov(X,Y)

[Var(X)Var(Y)]1/2

The advantage of the correlation is the fact that it is essentially
invariant to linear transformations (unlike covariance). That is, if
U=aX+band V =cY +d then

Corr(U,V) = Corr(X,Y)

if @ and ¢ have the same sign; if ¢ and ¢ have different signs then
Corr(U,V) = —Corr(X,Y).

PROPOSITION 2.6 Suppose that X and Y are random wvari-
ables where both E(X?) and E(Y?) are finite. Then

(a) =1 < Corr(X,Y) < 1;

(b) Corr(X,Y) =1 if, and only if, Y = aX + b for some a > 0;
Corr(X,Y) = —1if, and only if, Y = aX + b for some a < 0.

We will leave the proof of this result as an exercise. If X and Y
are independent random variables (with E(X?) and E(Y?) finite)
then Corr(X,Y) = 0 since Cov(X,Y) = 0. However, as with
the covariance, a correlation of 0 does not imply independence.
Correlation is merely a measure of linear dependence between
random variables; it essentially measures the degree to which we
may approximate one random variable by a linear function of
another.

Corr(X,Y) =
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PROPOSITION 2.7 Suppose that X and Y are random wvari-
ables where both E(X?) and E(Y?) are finite and define

9(a,b) = EI(Y — a—bX)?).
Then g(a,b) is minimized at

by = % = Corr(X,Y) (

and ay = EY)—-bE(X)

Var(Y) ) 1/2
Var(X)

with g(ag,bo) = Var(Y)(1 — Corr®(X,Y)).

The proof is left as an exercise. Proposition 2.7 can be interpreted
by considering predicting Y as a linear function h of X and
considering the mean square prediction error E[(Y — h(X))?]. If
we take h(x) to be a constant, then as a function of a, E[(Y — a)?]
is minimized at a = E(Y) with E[(Y — E(Y))?] = Var(Y). Taking
h(z) to be a linear function, the minimum mean square prediction
error (according to Proposition 2.7) is Var(Y)(1 — Corr?(X,Y)).
Thus the reduction in the mean square prediction error when
predicting Y by a linear function of X depends explicitly on the
correlation.

With some imagination, it is possible to derive a more useful
measure of dependence between two random variables. Let X and
Y be random variables and consider

Corr(p(X), 9 (Y)).

If X and Y are independent then this correlation (when well-
defined) will always be 0 since ¢(X) and ¥ (Y) will always be inde-
pendent. Other the other hand, if Y = ¢(X) then Corr(¢(X),Y) =
1 even if Corr(X,Y) = 0. This suggests that we can define the
maximal correlation between X and Y to be

max-Corr(X,Y’) = sup Corr(¢(X), (Y))
P

where the supremum is taken over all functions ¢ and ¢ with
Var(¢(X)) = Var(¢(Y)) = 1. The condition that Var(¢(X)) =
Var(¢(Y)) = 1 is needed to rule out constant transformations ¢ and
. Clearly, max-Corr(X,Y) > 0 with max-Corr(X,Y) = 0 if, and
only if, X and Y are independent. (Of course, the functions ¢ and

© 2000 by Chapman & Hall/CRC



2 %
- o . o & 00
.y R '3 ’:.:\ : .: o o
®e ot “t. 2800 %o e, » EEFON *
e o 00 . XN ® e o o8 o % [ Y
‘e L LI S B ) DRV
i S VW .'10 e % 0,8 0% o 0P %% 4 o e,
o oy % of 0 3, Pl o, ces % % %, s oo
° o° . . o8 00 g s S W e ete o .
“. ° s ; oo 0.....' 5, oo . 00 o0 o e® o8 * :.: . ..0
“~e . e 3 L% Lol oty o e g% 0.t C e AR
PRI [ ISy H o %% % o o0 Sed L% Seee e, .
o J ® 0 0 ° . o .
> 2 o= .~0.:. : .'. ... 3 0:.0. o.c. ... % .. :.::. .o.:&: ....::: .. .,
% o’ % ¥ oo o 3, 3 104 oo \.0.:0...
® e o 28 %%, 2% eve % e 0o o%% k4
30 . R LS DR T o0 N el
Ceoth  C Ceege, JCe etd et teg et e et Jed, Y L
0 % 0, % a Cfeec e g% o o %% A
S o & e o0t ~, e et e, o [N
R TR R X P O oettce
® g00 0 oo ’.. . . . . ..‘.’.. :.. 054
O R P DR PR A DA I
o tee b o, o .'.:‘ .®
v T T T T T
1.0 0.5 0.0 0.5 1.0
X

Figure 2.1 1000 independent pairs of random variables uniformly distributed on
the unit circle.

1 maximizing the correlation are not unique since Corr(ap(X) +
b,cp(Y) + d) is the same as Corr(¢(X),9(Y)) if a and ¢ have the
same sign.) Unfortunately, the maximal correlation is typically not
easy to compute. The following example is an exception.

EXAMPLE 2.12: Suppose that X and Y are random variables
with joint density function

1
flz,y) == if2? +y* <1
™

Thus (X,Y’) have a Uniform distribution over the region {(z,y) :
22 +y? < 1}; it can be shown that Cov(X,Y) = Corr(X,Y) = 0.
Buja (1990) shows that Cov(¢(X),#(Y)) is maximized when

¢(z) =2® and Y(y) = -y

The maximal correlation between X and Y is 1/3. Figure 2.1 is
a plot of 1000 independent pairs of observations from the density
f(z,y); Figure 2.2 shows the observations transformed to give the
maximal correlation. <&
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Figure 2.2 Data in Figure 2.1 transformed to have mazimal correlation.

2.3 Conditional distributions and expected values

We are often interested in the probability distribution of a random
variable (or random variables) given knowledge of some event A.

If the conditioning event A has positive probability then we
can define conditional distributions, conditional density functions
(marginal and joint) and conditional frequency functions using the
definition of conditional probability, for example,

P(X; < e X < A
P(Xy <y, Xp S ap]A) = (X1 < 21,00, Xg <y, )‘

P(4)
In the case of discrete random variables, it is straightforward to
define the conditional frequency function of (say) X1i,---, X; given
the event X1 = xj41, -+, X} = 21, as
f@a, - mjlmjg, o wk)

= P(X1 le,---,Xj ij‘Xj+1 =$j+1,--~,Xk ZJJk)

PXi=z1, - Xj =25, Xj1 =z, Xy = ap)
P(Xj+1:'rj+1a"'vXk:$k) ’
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which is simply the joint frequency function of Xy, ---, X} divided
by the joint frequency function of X, 1, -, Xj.

In many problems, it is in fact the conditional distributions that
are most naturally specified and from these, the joint distribution
can be obtained. The following example is a non-trivial illustration
of this.

EXAMPLE 2.13: Mark/recapture experiments are used to esti-
mate the size of animal populations. Suppose that the size of the
population is N (unknown). Initially, mo members of the popula-
tions are captured and tagged for future identification before being
returned to the population. Subsequently, a similar process is re-
peated k times: m; members are captured at stage ¢ and we define
a random variable X; to be the number of captured members who
were tagged previously; the m; — X; non-tagged members are tagged
and all m; members are returned to the population.

If we assume that the population size does not change over
the course of the experiment then it is possible to derive the
joint distribution of (Xi,---,Xk). Given our assumptions, it is
reasonable to assume that X; has a Hypergeometric distribution;

that is,
o= (2) () /(2)

Similarly, given X; = x1, X has a Hypergeometric distribution

e ()2 ()

where n; = mo+ (m; —x1) is the number of tagged members of the
population prior to the second sampling stage. Similarly, we can find
the conditional distribution of X; 1 given X1 = x1,---,X; = x;.
Setting n; = mo + (m1 — x1) + - -+ + (m; — x;), we have

P(Xjp = zjn|Xa = 21,00, X = 1)

. n; N — n; N
Tj+1 ) \Mj+1 — Tj+1 mj+1 '

The joint frequency function of (Xi,---,X%) is now obtained by
multiplying the respective conditional frequency functions:

P(Xl = CCl,XQ = SL‘Q) = P(Xl = Il)P(XQ = l’g’Xl = 56‘1)
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and for k > 3,

P(XlZJTl,"',Xk:IEk)
= PXi=x1, -, Xp—1 = Tp—1)
XP(Xp =ap| X1 =21, -, Xp—1 = Tp—1).

From a statistical point of view, the goal in this problem is to use
the information in (X1, --, Xx) to estimate the population size N.
<&

Defining conditional distributions when the conditioning event
has probability 0 is much more difficult but nonetheless an impor-
tant problem. For example, if we have two continuous random vari-
ables X and Y, we might be interested in the conditional distribu-
tion of Y given X = x where (since X is continuous) P(X = z) = 0.

DEFINITION. Suppose that (Xi,---, X;) has the joint density

function g(x1,---,xk). Then the conditional density function of
X1, -+, Xj given X411 = xj41, -+, X = 23 is defined to be
g(xla R P o B P 71‘14:)
f($1,"‘,x'|$'+1,"‘,l’k) =
I h(x]'-i-lv"'vajk)

provided that h(xjy1,-- -, xk), the joint density of X 1, -+, Xy,
is strictly positive.

This conditional density function (viewed as a function of zq,
.-+, xj for fixed j41,- -, k) has the same properties as any other
density function; we can use this conditional density function to
evaluate conditional probabilities (given X1 = xj41, -, X =
x) by integration as well as evaluate conditional expected values.
DEFINITION. Given an event A with P(A) > 0 and a random

variable X with E[|X|] < oo, we define

[e'S) 0
E(X|A) :/ P(X > z|A) dz —/ P(X < z[A)dx
0

— 0o

to be the conditional expected value of X given A.

The assumption that E[|X|] < oo is not always necessary to
ensure that E(X|A) is well-defined; for example, the condition A
may imply that X is bounded on A in which case the integral
defining F(X|A) would be well-defined.

The following result extends Proposition 1.4 (law of total proba-
bility) to conditional expectations.
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THEOREM 2.8 Suppose that Ay, Ao, --- are disjoint events with
P(Ay) > 0 for all k and g A = Q. Then if E[|X|] < oo,

B(X) = > B(X|A)P(Ay).

k=1

Proof. Assume X > 0 with probability 1. (Otherwise, split X into
its positive and negative parts.) Then

B(X|Ag) = /OOO P(X > 2|Ay) da

and so

o0

Z (X|Ap)P(A,) — i/ooP(Ak)P(X>x\Ak)dx
k=170

_ /°° S PAYP(X > o|Ay) da
0 k=1

= /OOOP(X>:J:)d:B

We can interchange the order of summation and integration because

Theorem 2.8 also holds if some of the Aj’s have P(A;) = 0
provided we take care of the fact that E(X|Ag) is not necessarily
well-defined. This can be done by assigning E(X|Ag) an arbitrary
(but finite) value, which is then annihilated by multiplying by
P(Ag) = 0.

There is an interesting interpretation of Theorem 2.8 that will
be useful in a more general setting. Given E(X|Ag) (k=1,2,---),
define a random variable Y such that

Y(w) = BE(X|Ay) ifwe Ay (k=1,2,--).
Y is now a discrete random variable whose expected value is

EY) = Y yP(Y =

— S B(X|A)P(AY)

k=1
= B(X)
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by Theorem 2.8 (provided that E[|X|] < 00).

More generally, given a continuous random vector X, we would
like to define F(Y|X = x) for a random variable Y with E[|Y|] <
oo. Since the event [X = ] has probability 0, this is somewhat
delicate from a technical point of view, although if Y has a

conditional density function given X = x, f(y|z) then we can
define

o0

BYIX =)= [ ysle)dy

We can obtain similar expressions for E[g(Y)|X = x] provided
that we can define the conditional distribution of Y given X = x
in a satisfactory way.

In general, F[g(Y)|X = z| is a function of x. Moreover, if
h(x) = E[g(Y)|X = x| then

E[WX)] = E[E[E(9(Y)|X]] = E[g(Y)]

as we had in Theorem 2.8. The following result records some of the
key properties of conditional expected values.

PROPOSITION 2.9 Suppose that X andY are random vectors.
Then
(a) if Ellg:(¥)[] and Ellga(Y)]] are finite,

Elagi(Y)+bg2(Y)|X = z]
= aB[g(Y)|X =z] +bE[g2(Y)|X = z]

() Elgr(X)g2(Y)|X = @] = g1(2) Elgs(Y)|X = @] if Ellga(Y)]
is finite;
(c) Ifhiz) = Elg(Y)|X = @] then E[h(X)] = Elg(Y)] if E[lg(Y)]
is finite.

A rigorous proof of Proposition 2.9 follows from a more techni-
cally rigorous definition of conditional expectation; see, for example,
Billingsley (1995). In special cases, for example when we assume a
conditional density, the proof is straightforward.

The following result provides a useful decomposition for the
variance of a random variable.

THEOREM 2.10 Suppose thatY is a random variable with finite
variance. Then

Var(Y) = E[Var(Y|X)] + Var[E(Y|X)]

where Var(Y|X) = E[(Y — E(Y|X))?|X].
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Proof. Define h(X) = E(Y|X) and p = E(Y). Then

Var(Y) = E[(Y = h(X) + h(X) - p)?
= E|[B[(Y = h(X) + h(X) - p?|X]]

E [E[(Y = h(X)*|X]| + B [B[(h(X) - u)*|X]|
+2E [E[(Y = h(X))(h(X) - )| X]].

Y —
Y —

Now
E|E[(Y - h(X))*|X]| = B[Var(Y]X)]
and B [E[(W(X) — p)*|X]] = E[(h(X) ~ )’
= Var[E(Y|X)).

Finally, for the “cross-product” term, we have

E(Y = M(X))(WMX) —p)|X ==
(h(z) — p)E[Y — h(X)|X = a
= (h(z) — p)[h(x) — h(z)]
0.
Thus E[E[(Y = h(X))(h(X) — p)|X]] = 0,

which completes the proof. [

EXAMPLE 2.14: Suppose that Xi, Xs,--- are ii.d. random
variables with mean p and variance o2; let N be a Poisson random
variable (with mean A) that is independent of the X;’s. Define the
random variable N

S=> X,

where S = 0 if N = 0. We woulél_%ike to determine the mean and
variance of S.

First of all, note that E(S) = E[E(S|N)] and E(S|N =n) =nu
since NN is independent of the X;’s. Thus

E(S) = pE(N) = Ap.

Likewise, we have Var(S) = Var[E(S|N)] + E[Var(S|N)]. We
already know that E(S|N) = uN and since the X;’s are i.i.d. and
independent of N, we have Var(S|N = n) = no?. Thus

Var(S) = p*Var(N) + 0?E(N) = AMp? + ?).
Note that u? + 02 = E(X?).
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The random variable S is said to have a compound Poisson
distribution. Such distributions are often used in actuarial science
to model the monetary value of claims against various types of
insurance policies in a given period of time; the motivation here is
that N represents the number of claims with the X;’s representing
the monetary value of each claim. <&

2.4 Distribution theory for Normal samples

In Example 1.15 we introduced the Normal distribution. Recall that
a random variable X has a Normal distribution with mean p and
variance o2 if its density is

1 (z —p)?
exp | ————2 .
oV 2T P 202

The Normal distribution is very important in probability and
statistics as it is frequently used in statistical models and is often
used to approximate the distribution of certain random variables.

A number of distributions arise naturally in connection with
samples from a Normal distribution. These distributions include
the x? (chi-square) distribution, Student’s ¢ distribution and the F
distribution.

fz) =

The Multivariate Normal Distribution

Suppose that Xi,---, X, are i.i.d. Normal random variables with
mean 0 and variance 1. Then the joint density function of X =
(X1, 7Xp)T is

1

fx(x) = OO exp (—%(m% 4ot xi))

1 1
= WGXP —533 T | .

The random vector X has a standard multivariate (or p-variate)
Normal distribution.

DEFINITION. Let A be a p x p matrix and p = (p1,-- -, up)T a
vector of length p. Given a standard multivariate Normal random
vector X, define

Y =p+ AX.

We say that Y has a multivariate Normal distribution with mean
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vector p and variance-covariance matrix C' = AAT. (We will
abbreviate this Y ~ Ny(u,C).)

Note that C = AAT is a symmetric, nonnegative definite matrix
(that is, CT = C and vT Cv > 0 for all vectors v).

If A is an invertible matrix then the joint density of Y exists and
is given by

1

rly) = (27)P/2] det

G P (—%(y —w)'C N (y - u)) :

Note that C~! exists since A™! exists. On the other hand, if A
is not invertible then the joint density of Y does not exist; Y is
defined on a hyperplane in RP of dimension r = rank(C) < p.

We will now state some basic properties of the multivariate
Normal distribution. Assume that Y ~ N,(p,C) and let C;; be
the element of C in the i-th row and j-th column of C'. Then

1. if B is an r X p matrix then

BY ~ N,(Bu, BCBT);

2. any subcollection (Y;,,---,Y;, )T of Y has a multivariate Normal

distribution;
3. Y; ~ N(p;,0?) where 02 = Cy;
4. COV(Yi,Y}) = CZJ
Properties 2 and 3 follow from property 1 by choosing the matrix
B appropriately. Property 4 follows by writing Y = u+ AX where
X ~ N,(0,1) and C = AAT; if the i-th and j-th rows of A are al
and ajT then Y; = u; + aiTX and Y; = pj; + a]TX, and so it is easy
to verify that

COV(YQ, Y}) = aiTaj = Clj

The x? distribution and orthogonal transformations

Suppose that Xi,---, X, are i.i.d. N(0,1) random variables so that
X = (X1,--+,Xp)T ~ N,(0,I) where I is the identity matrix.
In some statistical applications, we are interested in the squared
“length” of X, | X|? = XTX.

DEFINITION. Let X ~ N,(0,]) and define V = || X||2. The
random variable V is said to have a x? (chi-square) distribution
with p degrees of freedom. (V ~ x2(p).)
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The density of a x? distribution is quite easy to determine. We
start with the case where p = 1; in this case, V = X? and so

PV<z) = P(—/z<X1 <)
= ®(Vz) — o(—V7)

where @ is the N (0, 1) distribution function. Differentiating, we get
the density
2172
T) = exp(—x/2 x> 0),

which is simply the density of a Gamma(1/2,1/2) distribution; thus
a x%(1) distribution is simply a Gamma(1/2,1/2) distribution. The
general case now is simple since V = X2 4 ... + Xg, a sum of p
independent x?(1) random variables. It follows (from Example 2.5)
that the density of V ~ x2(p) is

pp/2-1
= 2P(p/2)
Orthogonal transformations are effectively transformations that
preserve the length of vectors; for this reason, they turn out to be a
useful tool in connection with the multivariate Normal distribution.

To define an orthogonal matrix, we start by defining vectors (of
length p) a1, as,---,a, such that

fv(x) exp(—x/2) (x>0).

afakzl fork=1,---,p and a;‘-Fakzo for j # k

The vectors aq,---,a, are said to be orthogonal vectors and, in
fact, form an orthonormal basis for RP; that is, any vector v € RP,

we have
P
UV = E c;a;.
i=1

Now define a p X p matrix O such that the k-th row of O is af:

af
0= :
aj
Note that
af
00T = : (ar---ap) =1
a;
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and so O~! = OT; thus we also have OTO = I. The matrix O is
called an orthogonal (or orthonormal) matrix.

EXAMPLE 2.15: If p = 2, orthogonal matrices rotate vectors by
some angle . To see this, let

0= (suld) )

for some 6 between 0 and 27; it is easy to verify that O is an
orthogonal matrix and, in fact, an 2 x 2 orthogonal matrix can be
written in this form. Now let v be any vector and write

[ v\ [ rcos(¢)
7w ) T rsin(¢)
where 72 = vTv = v? + 02 and ¢ is the angle between v and the
vector (1,0)7. Then

ov— (" cos(0) cos(¢) — rsin(f)sin(p) \ [ rcos(f + ¢)
Y=\ rsin(d) cos(¢) + cos(9) sin(¢) )~ \ rsin(@+¢) /-
Thus the orthogonal matrix O rotates the vector v by an angle 6.

<&

Now take X ~ N,(0,I) and define define Y = OX where O is an
orthogonal matrix. It follows from the properties of the multivariate
Normal distribution that Y ~ N, (0, I) since OOT = I. Moreover,

p

v = Y'Yy

=1
xToTox
XTx

a p
- Z Xi2
i=1

and both 37 | X2 and 3°?_, ;2 will have x? distributions with p
degrees of freedom.

Consider the following application of this theory. Suppose that
Xi,---,X, are ii.d. Normal random variables with mean p and
variance o2 and define
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and
1 n _
S? = X; — X)?;

X and S? are called the sample mean and sample variance
respectively. We know already that X ~ N(u,0?/n). The following
results indicates that X is independent of S? and that the
distribution of S? is related to a x? with n — 1 degrees of freedom.
PROPOSITION 2.11 (n—1)S?/0% ~ x*(n—1) and is indepen-
dent of X ~ N(u,0?).

Proof. First note that

(no-—Q 1)52 _ % Z(Xz . X)Z
=1
= S [(Xi—p)fo— (X —p/o)’
=1

and so we can assume (without loss of generality) that y = 0 and
02 = 1. Define an orthogonal matrix O whose first row consists
of n=1/2 repeated n times; the remaining rows can be determined
by some orthogonalization procedure (such as the Gram-Schmidt
procedure) but do not need to be specified here. Now let Y = OX
where X = (X1,---,X,)T and note that

1 n
Yi=— X;
\/ﬁ; ’

is independent of the remaining elements of Y, Ys,---,Y,,. We now
have

2
_ n 1 n
(X; — X)? = X? - <— Xz->
2 L\
_ Z}/;Q _ Y12
=1

n
- Z \
i=2
~ xX*(n—1).
Moreover, 31 ; (X; — X)? depends only on Y3, ---, Y, and hence is
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independent of Y1 = /nX. Thus in general we have (n —1)5?/0?
independent of X (and S? is independent of X). [

The t and F distributions

DEFINITION. Let Z ~ N(0,1) and V ~ x?(n) be independent
random variables. Define T' = Z/\/V/n; the random variable T
is said to have Student’s ¢ distribution with n degrees of freedom.
(T'~T(n).)

DEFINITION. Let V ~ x?(n) and W ~ x?(m) be independent
random variables. Define F' = (V/n)/(W/m); the random
variable F'is said to have an F' distribution with n and m degrees
of freedom. (F' ~ F(n,m).)

Alternatively, we could define the ¢ and F distributions via
their density functions. However, the representation of ¢ and F
random variables as functions of Normal and x? random variables
turns out to be convenient in many situations (see Example 2.17
below). Nonetheless, it is fairly easy to find the densities of the ¢
and F' distributions using the representations as well as some the
techniques developed earlier for finding densities of functions of
random variables.

EXAMPLE 2.16: Suppose that Z ~ N(0,1) and V ~ x?(n)
are independent random variables, and define T' = Z//V/n. To
determine the density of T, we will introduce another random
variable S, determine the joint density of (S,7") and then integrate
out this joint density to determine the marginal density of T.
The choice of S is somewhat arbitrary; we will take S = V so
that (S,T) = h(V, Z) for some function h that is one-to-one over
the range of the random variables V and Z. The inverse of h is
h™1(s,t) = (s,t\/s/n) and the Jacobian of ™! is y/s/n. Thus the
joint density of (S,T) is (after substituting the appropriate terms
into the joint density of (V, Z))
§(n=1)/2 s ,
o6.0) = s =g & |50+ /)

for s > 0 and —oco < t < co. Integrating out over s, we get

fr(t) = /Ooog(s,t)ds
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N OP)

Note that when n = 1, the t distribution is simply the Cauchy
distribution given in Example 1.26. <&

F((TL—{— 1)/2) <1 N ﬁ) —(n+1)/2

We can go through a similar procedure to determine the density
of the F' distribution but that will be left as an exercise. The density
of an F' distribution with n and m degrees of freedom is

n™2T((n 4+ m)/2)

fla) = mn/2r(m/2)r(n/2)x(H)/2 (1+ns/m)~ /2

for x > 0.

EXAMPLE 2.17: Suppose that Xi,.---,X,, are i.i.d. Normal
random variables with mean y and variance 2. Define the sample
mean and variance of the X;’s:

X =

n
S? = (X; — X)2
n—1:4

Now define T = /n(X — u)/S; it is well-known that T ~ 7 (n —1).
To see this, note that we can rewrite T' as
V(X —p)/o

/52 /2
where /n(X — p1)/o ~ N(0,1) and independent of (n —1)5?/0? ~
x%(n—1) by Proposition 2.11. Thus using the definition of Student’s
t distribution, T' ~ 7 (n — 1). &

T —

Projection matrices

Orthogonal matrices effectively “rotate” vectors without changing
their length. Another class of matrices that has important applica-
tions to probability and statistics is projection matrices.

DEFINITION. Let H be a symmetric p x p matrix with H? = H.
Then H is called a projection matrix.

As its name suggests, a projection matrix “projects” onto a
subspace S of RP. More precisely, if v € RP is a vector then Hv lies
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in the subspace S. Moreover, Hv is the “closest” vector in S to v
in the sense that Hv minimizes ||v — ul||? over all u € S.

EXAMPLE 2.18: Suppose that xi,---,x,. be r < p linearly
independent vectors in RP. (Linear independence means that ¢+
-+ + ¢, = 0 implies ¢; = - -+ = ¢, = 0.) Define the matrices

B=(x - -x)

and
H=B(B'B)™'BT.

Then H is a projection matrix onto the space spanned by the
vectors @1, - -, x,. To see this, note that

0T = (B(BTB)*lBT)T =B(BTB)'BT=H
and
H?=BB'B)'B'BBTB)'BT = B(B'B)"'BT = H.
Moreover, for any vector v, Hv clearly lies in the space spanned by
xi,: -, T, since we can write
Hv = B(B'B)"'BTv = Bv*

and Bv* lies in the space spanned by x1,-- -, x,. &

The projection matrix in Example 2.18 turns out to have special
significance in statistics, for example in linear regression analysis
(see Chapter 8).

If H is a projection matrix onto the subspace S and v € S then
Hv = v which implies that 1 is an eigenvalue of H. The following
result shows that 0 and 1 are the only possible eigenvalues of H.

PROPOSITION 2.12 Suppose that H is a projection matriz.
Then 0 and 1 are the only possible eigenvalues of H.

Proof. Let A\ be an eigenvalue of H and v be a corresponding
eigenvector; thus Hv = \v. Multiplying both sides by H, we get

H?v = H\v = \Hv = \?v.

However, H?> = H and so A\? is an eigenvalue of H with eigenvector
vithus > =XandsoA=0or 1. [

Since H is symmetric , we can find eigenvectors ay,---,a, of H,
which form an orthonormal basis for RP. Since 0 and 1 are the only
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possible eigenvalues of H, we have

_fap k=1,---,r
Hak—{o k=r+1,---,p
where a1, - -, a, are the eigenvectors of H with eigenvalues equal

to 1. (r is the rank of H.)
Now take any vector v € RP. Since the eigenvectors of H,

ai,---,a, form an orthonormal basis for RP, we have
P
v = Z crar where ¢ = v1ay.
k=1

From this it follows that

p T
Hv = chHak = chak.
k=1 k=1

The space S onto which the matrix H projects is spanned by the
eigenvectors a1, - - -, a,. The space spanned by the vectors a,41, - -,
a,, is called the orthogonal complement of S. If § L is the orthogonal
complement of S, v € S and v € St then vTv! = 0; that is, v
and v' are orthogonal vectors.

PROPOSITION 2.13 Suppose that H is a projection matriz that
projects onto the subspace S. Then I — H is a projection matriz
projecting onto the orthogonal complement of S.

Proof. I — H is a projection matrix since (I — H)! =1 —-H" = HT
and (I — H)?=1—2H + H?> =1 — H. To see that I — H projects
onto the orthogonal complement of S, write

p
v = Z CrQl
k=1

where aq,-- -, a, are the eigenvectors of H. Then
p T P
(I — H)’U = Z Crap — Z Crajp — Z Cray,
k=1 k=1 k=r+1

which lies in the orthogonal complement of S. [

From this result, we obtain the almost trivial decomposition of a
vector v into a sum of orthogonal vectors:

v = Hv+(I—-H)v
= u+ut
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where u € S and u't € S*.

We will now consider an application of projection matrices using
the multivariate Normal distribution. Suppose that X ~ N,(0,1)
and define the random variable

V=XTHX

for some projection matrix H. The following result shows that V'
has a x? distribution.

PROPOSITION 2.14 V has a x? distribution with r = rank(H)
degrees of freedom.

Proof. First of all, note that
XTHx = XTH?X = (HX)T(HX) = |HX|?

and .
HX =) (a; X)ay
k=1
where a1, -, a, are the (orthonormal) eigenvectors of H. Now we

can define the orthogonal matrix
af
0= :
a,

and define Y = OX; Y ~ N,(0,I). f Y = (Y1,---,Y,)T then
Yy = a} X where Yi,---,Y), are iid. N(0,1) random variables.
Thus we have

HX =) Yay
k=1

and so

(HX)'(HX) = XTHX

T

!
- VY Vviale,

k=1j=1
T
= Z Y2
k=1
~ X*(r)
since alay =1 and ala; =0 for j #k. O
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EXAMPLE 2.19: Suppose that X ~ N,(0,1). If H is a
projection matrix with rank(H) = r < n then (by Proposition
2.14) ||[HX|]?> ~ x2(r) and likewise ||(I — H)X||?> ~ x%(n — r);
moreover, these two random variables are independent. Thus if we
define IHX|2/r

(I = H)X|*/(n —7)
then W ~ F(r,n —r). &

W =

2.5 Poisson processes

Suppose we are interested in the arrival patterns of customers
entering a grocery store at different times of the day. Let 17,75, - - -
be random variables representing the arrival times of the customers
and, for a given time interval A, define

oo
N(A) =) I(T; € A)
i=1
to be the number of arrivals in the interval A. Clearly, N(A) is a
nonnegative integer-valued random variable that gives the number

of arrivals in the interval A. If B is another interval that is disjoint
of A (that is, AN B = ()) then clearly

N(AUB) = N(A) + N(B).

We can now specify a model for the “point process” N(-) by
specifying the joint distribution of the random vector (IN(Ap),
N(Ag), ---,N(Ag)) for any sets Ay, ---, Ag.

DEFINITION. Let S ¢ R* and suppose that for any A C S,
N(A) is a nonnegative integer-valued random variable. Then
N(-) is called a point process (on S) if
(a) N(0) = 0;

(b) N(AUB) = N(A) + N(B) for any disjoint sets A and B.

DEFINITION. A point process N(-) defined on S C RF is called
a (homogeneous) Poisson process if
(a) For any A = [a1,b1] X -+ X [ag, bx] C S, N(A) has a Poisson
distribution with mean

k
A H(bl — ai)
i=1

for some \ > 0;
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(b) For any two disjoint sets A and B, N(A) and N(B) are
independent random variables.
The parameter A is called the intensity of the Poisson process.

Although the definition gives the distribution of N(A) only for
“rectangular” sets A, it is quite easy to extend this to a general set
A. Any set A can be expressed as a countable union of disjoint
rectangles Bj, Ba,---. Since N(B;),N(Bs),--- are independent
Poisson random variables, we have that

N(A) =) N(B)
i=1

is Poisson. The mean of N(A) is Avol(A) where vol(A) is the
“volume” of the set A.

EXAMPLE 2.20: A Poisson process on the positive real line

can be constructed as follows. Let X, Xo,--- be independent
Exponential random variables with parameter A and define
k
Ty =Y Xi;
i=1

note that T has a Gamma distribution with shape parameter k
and scale parameter A\. Then we can define a point process N(-)
such that

o0

N(A) =Y I(Ty € A).

k=1
To see that N(-) is a Poisson process, note that N(A) and N (B) will
be independent for disjoint A and B because of the independence
of the X;’s and the “memorylessness” property of the Exponential
distribution. Moreover, it follows from the memorylessness property
that if A = [s,s + t], the distribution of N(A) is the same for all
s > 0. Thus it suffices to show that N(A) has a Poisson distribution
for A =0,1].

First of all, note that N(A) < k if, and only if, Yy11 > t. Since

Yi41 has a Gamma distribution with parameters k£ + 1 and A, we
have

)\k+1

PIN(A)<k) = = /tooa:kexp(—)\x)da:

© 2000 by Chapman & Hall/CRC



(At)F exp(—At)
k!
2k

—i—m /t 2L exp(—\r) dx

after integrating by parts. Repeating this procedure (reducing the
power of & by one at each stage), we get

P(N

B i (At) ]exp —\t)

and so N(A) has a Poisson distribution with mean At for A = [0, ¢].
Thus the point process N(-) is a Poisson process with intensity A.
O

The homogeneous Poisson process assumes a constant intensity
A. One can also define a non-homogeneous Poisson process N (-) on
S C RF whose intensity varies over S. Given a function \(t) defined
fort € S, N(-) is a non-homogeneous Poisson process with intensity
A(t) if N(A) and N(B) are independent for disjoint A and B with

N(A) ~ Pois (/A A(t) dt) .

An interesting type of non-homogeneous Poisson process is
the marked Poisson process. Let 17,75, --- be the points of a
homogeneous Poisson process on S with intensity A and define i.i.d.
random variables X, Xo,--- that are also independent of the T;’s.
Then for A C S and B C R, define

o0
N*(AxB)=> I(T; € A, X; € B).

i=1
Then N*(A x B) ~ Pois(Avol(A)P(X; € B)). Moreover, if A
and Ay are disjoint sets then N*(A; x By) and N*(Az x Bsg) are
independent for any B; and Bs; the same is true if By and By are
disjoint. N* is typically on non-homogeneous Poisson process on
S x R whose intensity depends on the distribution of the Xj’s.

EXAMPLE 2.21: In forestry, one measure of the density of a
“stand” of trees is the basal area proportion, which is roughly
defined to be the proportion of the forest actually covered by the
bases of trees. (In fact, the basal area of a given tree is typically
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not measured at a ground level but rather at a certain height above
ground level.) A commonly-used method of estimating the basal
area proportion is the angle-count method, which is due to the
Austrian forester Walter Bitterlich (see Bitterlich, 1956; Holgate,
1967).

Suppose that the forest under consideration is a “Poisson” forest;
that is, we assume that the tree centers form a Poisson process with
intensity A\ trees/meter?. Furthermore, we will assume that each
tree is circular in cross section. The angle-count method counts the
number of trees whose diameter subtends an angle greater than 6
from some randomly chosen point O. (6 is specified and typically
quite small.) Thus a tree whose diameter is x will be sampled if its
distance d from the point O satisfies

x

< 25in(0/2)’

that is, a tree with diameter x must lie within a circle of radius
r(x) = x/(2sin(f/2)) around O. The number of trees in a circle of
radius 7(z) is a Poisson random variable with mean A7r?(z).

Suppose that the tree diameters are represented by i.i.d. random
variables X7, Xo, .- with distribution function F'. Thus we have
a marked Poisson process. Assume first that F is a discrete
distribution putting probability py at zp for k = 1,---,m. Define
Ni to be the number of sampled trees with diameter zp and
N = Ny +---+ N, to be the total number of sampled trees. Now
Ny, .-+, N, are independent Poisson random variables with

72

E(N,,) = ppArr? = \pp———F
(Ne) = peAr(zy) PRy sin?(6/2)

and so N is a Poisson random variable with mean

AT

EN) = 4 sin?( 9/2 Zpk$k B 4Sin2(9/2)E(X2)'

)

More generally, it can be shown that N (the total number of sam-
pled trees) has a Poisson distribution regardless of the distribution
of the X;’s. What is interesting here is the proportionality between
E(X?) and E(N), which can be exploited to estimate E(X?).

For our Poisson forest, we can define the “average” basal area
proportion to be B = ArE(X?)/4. (Note that 7E(X?)/4 is the
mean basal area for a tree while A is the density of trees.) Using
the relationship between F(X?) and E(N), we have that B =
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E(N)sin?(0/2). Using this fact, it is possible to estimate B based
on N. The angle count method is, in fact, a special case of biased
sampling (Example 1.27) as we are more likely to sample larger
trees than smaller trees. &

EXAMPLE 2.22: Poisson process models are often used to model
the amount of traffic on a network such as a telephone system.
Suppose that telephone calls arrive as a homogeneous Poisson
process (on the entire real line) with intensity A calls/minute. In
addition, assume that the lengths of each call are i.i.d. continuous
random variables with density function f(x). If S, Ss, - - - represent
the starting times of the calls and X;, Xo, - the lengths of the
calls then for a < b, we have

i[(a<5i <b,X; € B) ~ Pois (A(b—a)/}gf(x)dx).

=1

What is of most interest in this example is the number of calls being
made at a given point in time ¢; we will call this random variable
N(t). A given call represented by (S;, X;) (its starting time and
length) will be active at time ¢ if both S; < t and S; + X; > t. Thus

N(t) = iI(SZ <t,S+X; > t) = i[((SZ,Xl) € B(t))
=1 =1

where B(t) = {(s,x) : s < t,s+x > t}, and so N(t) ~ Pois(u(t))
where

u(t) = /OOO tiz/\f(x)dsdx
= )\/0 x f(x)dr
AE(X;)

Thus the distribution of N(t) is independent of ¢. Figure 2.3 shows
a plot of N(t) versus ¢ for simulated data; the calls arrive as a
Poisson process with rate 10 calls/minute while the call lengths
are Exponential random variables with mean 5. Based on the
calculations above the mean of N(¢) is 50 while the standard
deviation is v/50 & 7.1; note that the simulated number of calls
N(t) is, for the most part, within 2 standard deviations of the
mean. <&
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Figure 2.3 Plot of simulated data over a 500 minute period; the call
arrival rate is 10 calls/minute while the call lengths are Ezponential
with mean 5.

2.6 Generating random variables

In complex problems in probability and statistics (as well as in
other disciplines), computer simulation is necessary because exact
analytic properties of certain random processes may be difficult or
even impossible to derive exactly. Some examples of problems where
computer simulation is used are

e evaluation or approximation of the probability distributions;

e examination of sample path properties of random processes (such
as a Poisson process);

e evaluation of integrals.

In order to simulate random processes on a computer, we
must be able to generate (by computer) random variables having
a specified joint distribution. However, for simplicity, we will
consider generating independent random variables with a common
distribution F'.
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It is important to note that computer-generated random vari-
ables are not really random as they are typically produced by de-
terministic algorithms (and so cannot be truly random). For this
reason, the “random variables” produced by such algorithms are
referred to as pseudo-random. The key lies in finding an algorithm
which produces (pseudo-) random variables possessing all the ana-
lytic properties of the random variables to an acceptable tolerance.

In general, we produce a stream of random variables via a
recursive algorithm; that is, given x,, we produce x,1 by

Tpy1 = 9(Tn)

for some function g. For a given distribution function F', we would
like to choose g so that for any a < b

Zn:I(a<xk§b)—>F(b)—F(a) as N — oo
k=1

2|~

independently of the starting value xg. In fact, this condition is
quite easy to satisfy. A much more stringent requirement is that
the pseudo-random variables {x1,x2, x3, - -} behave like outcomes
of ii.d. random variables X7, Xs, X3,--- (again independently of
xg). Clearly this is impossible since z,41 depends explicitly on
T,; nonetheless, if g is chosen appropriately, it may be possible
to achieve “pseudo-independence”.

We will first consider generating independent Uniform random
variables on the interval [0,1]. A Uniform random variable is a
continuous random variable and so any real number between 0 and 1
is a possible outcome of the random variable. However, real numbers
cannot be represented exactly on a computer but instead are
represented as floating point numbers. Since floating point numbers
are countable, it is impossible to generate random variables having
exactly a Uniform distribution. What is typically done is to generate
a random variable R that is uniformly distributed on the set
{0,1,2,---,N — 1} and define U = R/N. If N is large then
U will be approximately Uniform (since P(R = k) = 1/N for
k=0,---,N—1).

There are a number of methods for generating the integer random
variable rq,---,7, so that the resulting pseudo-random variables
are approximately independent. Perhaps the most commonly used
generator is the linear congruential generator. We define our

© 2000 by Chapman & Hall/CRC



sequence 11, - - -, T, via the recursive relationship
r; = mod(Ar;_1 + a, N)

where mod(a,b) is the remainder when a is divided by b (for
example, mod(5,3) = 2) and A, « are integers. (The number 7
used to start the generator is sometimes called the seed.) It is easy
to see that the sequence of r;’s will repeat after P < N steps (that
is, 7 = r;4p) with P called the period of the generator. Clearly, we
would like the period of the generator to be as long as possible.

However, if A and a are chosen appropriately then the period
P = N and the integers ri,79, -+, 7, will behave more orless like
outcomes of independent random variables Ri,---, R, when n is
much smaller than N. (Hence uy,---,u, (where u; = r;/N) will
behave like outcomes of independent Uniform random variables.)
Finding good linear congruential generators is much more compli-
cated than finding a generator with period P = N (which is quite
easy to achieve); in fact, linear congruential and other Uniform gen-
erators should be subjected to a battery of tests to ensure that the
dependence in Uy, - - -, U,, is minimal.

EXAMPLE 2.23: One reliable linear congruential generator uses
A = 25211, @« = 0 and N = 2! = 32768. The period of this
generator is V. Using the seed Ry = 29559, we obtain

Uy = 0.06387329
U = 0.30953979
Us = 0.80776978
Us = 0.68380737
Us = 0.46768188

and so on.

An example of a bad linear congruential generator is the so-called
“randu” generator that was first introduced by IBM in 1963 and was
widely used in the 1960s and 1970s. This generator uses A = 65539,
a=0and N = 231 = 2147483648. This generator has period N but
produces Uy, Us, - - - that are fairly strongly dependent even though
the dependence is not obvious. Figure 2.4 shows a plot of Us;_1
versus Us;_o+0.1Us; (for i = 1,---,1000); note that the points fall
along diagonal lines, which would not happen if the U;’s were truly
independent. &
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Figure 2.4 Plot of Us;—1 versus Usi—_2 + 0.1Us; for the “randu” generator; the
initial seed ro = 12345.

We now move to the more general problem. Suppose we want
to generate outcomes of independent random variables Xy, ---, X,
with common distribution function F. Several techniques exist for
generating random variables. These techniques generally exploit
known properties of the distributions. However, generation of
Uniform random variables is inevitably involved (to some degree)
in virtually all methods as these random variables are typically
manipulated to produce Xi,---,X,. Thus given a stream of
independent Uniform random variables Uy, Us, - - -, X; and X; (i #
j) will be independent provided they do not depend on the same
Uniform random variables.

Perhaps the most obvious method for generating random vari-
ables with a distribution function F' is the inverse method. Given
a random variable U that has a Uniform distribution on [0, 1], we
can transform U to obtain a random variable X with an arbitrary
distribution function F'. This can be done by using the inverse dis-
tribution function

F7Y(t) =inf{z : F(z) > t}.
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We showed in Chapter 1 that if X = F~1(U) then the distribution
function of X is F. (Since U and 1 — U have the same distribution,
F~Y1 — U) will also have distribution function F.) The inverse
method is easy to implement provided the F~!(t) is easily com-
putable as in the following example.

EXAMPLE 2.24: Suppose we want to generate Exponential
random variables with parameter X; for this distribution, we have
F(z) = Aexp(—Az) for z > 0. Solving the equation F(F~1(t)) =t,
we get

Pl = —§1n(1 _4).

Thus X = —A"!'In(l — U) has an Exponential distribution.
Alternatively, we could also define X = —A\~1In(U). &

The inverse method becomes less feasible when F~! is difficult to
compute. In such cases, there are a variety of other methods that
may be used; some of these will be investigated in the exercises.

2.7 Problems and complements

2.1: Suppose that X and Y are independent Geometric random
variables with frequency function

f(z)y=01-0)" forz=0,1,2,---

(a) Show that Z = X +Y has a Negative Binomial distribution
and identify the parameters of Z.

(b) Extend the result of part (a): If Xj,---, X, are ii.d.
Geometric random variables, show that S = X; + Xy +
-+ + X, has a Negative Binomial distribution and identify
the parameters of S. (Hint: Use mathematical induction or,
alternatively, the result of Problem 2.5 below.)

2.2: (a) Suppose that Y is a nonnegative random variable. Show
that X + Y is always stochastically greater than X (for any
random variable X'). (Hint: See Problem 1.10; you need to show
that P(X +Y > x) > P(X > z) for all x.)

(b) Suppose that X is stochastically greater than Y and
suppose that X and Y are defined on the same sample space.
Show that X —Y is not necessarily stochastically greater than 0.
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2.3: If fi(x), -, fx(x) are density (frequency) functions then

g(z) =pifi(z) + -+ pfr(x)

is also a density (frequency) function provided that p; > 0
(t=1,---,k) and p; + - -+ pr = 1. We can think of sampling
from g(x) as first sampling a discrete random variable Y taking
values 1 through k with probabilities pi,---,pr and then,
conditional on Y = 4, sampling from f;(x). The distribution
whose density or frequency function is g(x) is called a mixture
distribution.
(a) Suppose that X has frequency function g(x). Show that

P(Y:i|X:x):M

9(x)

provided that g(z) > 0.

(b) Suppose that X has density function g(z). Show that we
can reasonably define

in the sense that P(Y; =) = E[P(Y = i|X)].

2.4: Suppose that X1, ---, X5 are i.i.d. random variables such that

P(X;=0) = 05
and P(X;>xz) = 0.5exp(—z) forz>0.

Define S = X7 + -+ 4+ X5.

(a) Find the distribution function of S. (Hint: Note that the
distribution of S can be written as Binomial mixture of Gamma
distributions.)

(b) Evaluate P(Y <5).

2.5: Mixture distributions can be extended in the following way.

Suppose that f(z;0) is a density or frequency function where
0 lies in some set © C R. Let p(f) be a density function on ©

and define
g(z) = /@ £(; 0)p(0) do.

Then g(z) is itself a density or frequency function. As before,
we can view sampling from g(x) as first sampling from p(6) and
then given 6, sampling from f(x;0).
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(a) Suppose that X has the mixture density or frequency
function g(z). Show that

E(X) = E[E(X]0)]
and
Var(X) = Var[E(X|0)] + E[Var(X]|6)]
where E(X10) and Var(X|6) are the mean and variance of a
random variable with density or frequency function f(x;6).

(b) The Negative Binomial distribution introduced in Example
1.12 can be obtained as a Gamma mixture of Poisson distribu-
tions. Let f(x;\) be a Poisson frequency function with mean
A and p(A) be a Gamma distribution with mean p and vari-
ance p?/a. Show that the mixture distribution has frequency

function
g9(z) = Fgr?a(;) (a i M)O‘ (a ﬁ: u)x

forz =0,1,2,---. Note that this form of the Negative Binomial
is richer than the form given in Example 1.12.

(¢) Suppose that X has a Negative Binomial distribution as
given in part (b). Find the mean and variance of X. (Hint: Use
the approach outlined in part (a).)

(d) Show that the moment generating function of the Negative
Binomial distribution in (b) is

m(t) = (a + M(loi exp(t)))a

for t <In(1+4 a/p).

2.6: A distribution F' is said to be infinitely divisible if for each
n =1,2,--- there exist i.i.d. random variables X1, ---, X}, such
that X7 + --- + X, ~ F. For example, a Normal distribution
with mean p and variance o2 is infinitely divisible; to see this,
we take X1, -, X, to be ii.d. Normal random variables with
mean u/n and variance o2 /n.

(a) Suppose that the distribution F' has moment generating
function m(t). Show that F' is infinitely divisible if, and only if,
[m(t)]"/™ is a moment generating function for each n.
(b) Show that all Poisson distributions are infinitely divisible.
(c) Show that all Negative Binomial distributions are infinitely
divisible.
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2.7: Suppose that Xp,Xs,--- are ii.d. random variables with
moment generating function m(t) = Flexp(tX;)]. Let N be
a Poisson random variable (independent of the X;’s) with
parameter A and define the compound Poisson random variable

N
S=>X;
=1

where S =0if N =0.
(a) Show that the moment generating function of S is

Blexp(tS)] = exp[A(m(t) — 1)].

(b) Suppose that the X;’s are Exponential with E(X;) = 1 and
A = 5. Evaluate P(S > 5). (Hint: First evaluate P(S > 5|N)
using the result of Problem 1.14.)

2.8: Suppose that X5, ---, X, are independent nonnegative integer-
valued random variables with probability generating functions
p1(t), -+, pn(t). Show that the probability generating function
of S=X1+ -+ X, isp(t) =pi(t) x -+ X pp(t).

2.9: Consider the experiment in Problem 1.3 where a coin is tossed
an infinite number of times where the probability of heads on
the k-th toss is (1/2)*. Define X to be the number of heads
observed in the experiment.

(a) Show that the probability generating function of X is

bl 1—t

k=1
(Hint: Think of X as a sum of independent Bernoulli random
variables.)
(b) Use the result of part (a) to evaluate P(X = z) for
x=0,---,5.

2.10: Consider the following method (known as the rejection me-
thod) for generating random variables with a density f(z).
Suppose that y(z) be a function such that vy(z) > f(z) for
all x, and

o0
/ v(x)dr = a < oo.
—o0

Then g(x) = v(z)/« is a probability density function. Suppose

we generate a random variable X by the following algorithm:
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o Generate a random variable 7" with density function g(x).

e Generate a random variable U ~ Unif(0, 1), independent of
T.fU < f(T)/y(T) then set X = T;if U > f(T)/~(T)
then repeat steps I and II.

(a) Show that the generated random variable X has density
f(x). (Hint: you need to evaluate P(T < x|U < f(T)/~(T)).)

(b) Show that the number of “rejections” before X is generated
has a Geometric distribution. Give an expression for the
parameter of this distribution.

(c) Show that the rejection method also works if we want to
generate from a joint density f(x). (In this case, U ~ Unif(0, 1)
as before but now T is a random vector with density g(x).)

2.11: Suppose we want to generate random variables with a Cau-
chy distribution. As an alternative to the method described in
Problem 1.24, we can generate independent random variables
V and W where P(V = 1) = P(V = —1) = 1/2 and W has

density
2

- (1 + 22)
(W can be generated by using the rejection method in Problem

2.10) Then we define X = WV show that X has a Cauchy
distribution.

g(x) for |z| < 1.

2.12: Suppose that X and Y are independent Uniform random
variables on [0, 1].

(a) Find the density function of X + Y.
(b) Find the density function of XY

2.13: Suppose that X1, -+, X, are i.i.d. Uniform random variables
on [0,1]. Define S,, = (X1 + -+ + X,,) mod 1; S,, is simply the
“decimal” part of X7 +--- + X,,.

(a) Show that S,, = (Sp—1 + X,) mod 1 for all n > 2.

(b) Show that S,, ~ Unif(0,1) for all n > 1. (Hint: Prove the
result for n = 2 and apply the result of part (a).)

2.14: Suppose that X and Y are independent Exponential random
variables with parameter \. Define Z = X — Y.

(a) Show that the density function of Z is

Fale) = 5 exp(-Ala]).
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(Hint: Evaluate P(Z < z) for x < 0 and = > 0.)

(b) Find the moment generating function of Z. (Hint: use the
fact that Z = X — Y for independent Exponential random
variables.

2.15: Suppose that Xi,---, X, are independent, nonnegative con-
tinuous random variables where X; has hazard function \;(x)
(i=1,---,n).

(a) If U = min(Xy,---,X,), show that the hazard function of
Uis A\p(z) = Ai(x) + - + ().

(b) If V = max(Xy,---,Xy,), show that the hazard function of
V satisfies Ay () < min(Ai(x),- -+, A\p(2)).

(¢) Show that the result of (b) holds even if the X;’s are not
independent.

2.16: Jensen’s inequality (see Problem 1.11) can be extended to
convex functions in higher dimensions. g(x) is a convex function
if

g(tz + (1 —t)y) < tg(z) + (1 - t)g(y)
for 0 <t < 1.
(a) Let X be a random vector with well-defined expected value
E(X). Show that E[g(X)] > g(E(X)) for any convex function
g. (Hint: Repeat the approach used in Problem 1.11 making
appropriate changes.)
(b) Let g(x) = max(zy,---,xE). Show that ¢ is a convex
function and so

Elmax(Xy, -, Xp)] > max(E(Xy),---, E(X}))

for any random variables X1, ---, Xj.

2.17: Suppose that X and Y are random variables such that both
E(X?) and E(Y?) are finite. Define g(t) = E[(Y +tX)?].
(a) Show that g(t) is minimized at t = —E(XY)/E(X?).
(b) Show that [E(XY)]? < E(X?)E(Y?); this is called the
Cauchy-Schwarz inequality. (Hint: Note that g(¢) > 0 for all
t.)
(c) Use part (b) to show that |Corr(X,Y)| < 1.

2.18: Suppose that R and U are independent continuous random
variables where U has a Uniform distribution on [0, 1] and R
has the density function

fr(z) = zexp(—2?/2) for z > 0.
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(a) Show that R? has an Exponential distribution.

(b) Define X = Rcos(2nU) and Y = Rsin(27U). Show that X
and Y are independent standard Normal random variables.

(c) Suggest a method for generating Normal random variables
based on the results in part (a) and (b).

2.19: Suppose that X and Y are independent random variables
with X discrete and Y continuous. Define Z = X + Y.

(a) Show that Z is a continuous random variable with

P(Z<z)=) P(Y<z-z)P(X =uz).

(b) If Y has a density function fy (y), show that the density of
Z is
2)=> fy(z—z)fx(z)
xr

where fx(z) is the frequency function of X.

2.20: Suppose that X and Y are independent Normal random
variables each with mean p and variance o2 and let U = Y
and V = X(1+Y). Evaluate the following:

(a) E(V|U = u).

(b) Var(V|U = u).

(c) Var(V).

(d) Cov(U, V) and Corr(U, V).

(Hint: You do not need to evaluate any integrals.)
2.21: (a) Show that

Cov(X,Y) = E[Cov(X,Y|Z)| + Cov(E(X|Z),E(Y|Z)).

(Hint: Follow the proof for the similar result involving vari-
ances.)

(b) Suppose that Xi, Xs,--- be ii.d. Exponential random
variables with parameter 1 and take N7, N3 to be independent
Poisson random variables with parameters Ai, Ao that are
independent of the X;’s. Define compound Poisson random
variables

Ny
> Xi
=1
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No
Sy = > X;
i=1

and evaluate Cov(S, S2) and Corr(S1, S2). When is this corre-
lation maximized?

2.22: Suppose that X = (Xi,---,X) is a random vector and
define the (joint) moment generating function of X;
m(t) = Elexp(t1 X1 + -+t Xp)];
we say that this exists if m(t) < oo for ||t|| < b where b > 0.
(a) Show that
8k+é

E(XFXY = ———mf(t
for k,/=0,1,2,---
(b) Show that

82
Cov(X;, X;) = ——1 t

OV( ) ]) 81‘:@815] nm( ) =0
(¢) Suppose that Xq,---, X, are independent random vec-
tors with moment generating functions mq(t),---,m,(t), re-

spectively. Show that the moment generating function of S =
Xi+--+X,1is

mg(t) =mi(t) x -+ x my(t).
2.23: The mean residual life function r(¢) of a nonnegative random
variable X is defined to be
r(t) = E(X —t|X >1t).

(r(t) would be of interest, for example, to a life insurance
company.)
(a) Suppose that F is the distribution function of X. Show that

r(t) = %F(t) /toou _ F()) da.

(b) Show that r(t) is constant if, and only if, X has an
Exponential distribution.

(c) Show that

E(X?) =2 /Oo r(£)(1 — F(£)) dt.
0
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(Hint: Show that F(X?) can be written as

2/000 /Ot(1 _ F(t))dsdt

and change the order of integration.)

(d) Suppose that X has a density function f(z) that is
differentiable and f(z) > 0 for = > 0. Show that

lim r(¢) = lim ( /) ) .

t—o00 t—00 _f/(t)
(e) Suppose that X has a Gamma distribution:
1
f(z) = m/\axafl exp(—Az) for x > 0.

Evaluate the limit in part (c) for this distribution. Give an
interpretation of this result.

2.24: Suppose that X is a nonnegative random variable with mean
p > 0 and variance 02 < oo. The coefficient of variation of X
is defined to be CV(X) = o/pu.

(a) Suppose that X and Y are independent nonnegative random
variables with CV(X) and CV(Y) finite. Show that

CV(X +Y) < CV(X) + CV(Y).

(b) Define r(t) = E(X — t|X > t) to be the mean residual life
function of X. Show that CV(X) < 1if r(¢) < r(0) = E(X)
and CV(X) > 1 if r(¢t) > r(0). (Hint: Note that CV(X) <1 if,
and only if, F(X?)/[E(X)]? < 2 and use the result of Problem
2.23(c).)

2.25: Suppose that X3,---,X,, are i.i.d. continuous random vari-
ables with distribution function F'(z) and density function f(x);
let X (1) < X(g) <+ < X(y) be the order statistics.

(a) Show that the distribution function of Xy is
n n . .
Cule) = ). Q)F(m)ﬂ(l ~ Fa).

j=k

(Hint: Let Y; = I(X; < x) and define S =Y; +--- 4+ Y,,; S has
a Binomial distribution and P(X ) < x) = P(S > k).)
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(b) Show that the density function of X is
n!

9®) = G I =)

(Hint: Assume that F'(z) = f(x) and differentiate G (z).)

2.26: Suppose that Xi,---,X, are ii.d. Exponential random
variables with parameter A. Let X (1) < --- < X, be the order
statistics and define

F(a)" (1 = F(2)" " f ().

Yi = nXq
Y2 = (n—1)(X@) — X))
Y3 = (n-2)(Xg) — X))

Yo = Xw =~ X@n-1)

Show that Y7,---,Y, are i.i.d. Exponential random variables
with parameter \. (Note that the “Jacobian” matrix here is
triangular and so the Jacobian itself can be computed as the
product of the diagonal elements.)

2.27: Suppose that Xi,---, X,4+1 be ii.d. Exponential random
variables with parameter \ and define

k
1
Uk:T;Xl forkzl,---,n

where T'= X1 + - + Xp11.
(a) Find the joint density of (Uy,---,Up,T). (Note that 0 <
Ur<Uy<---<Uy,<1)
(b) Show that the joint distribution of (Uy,---,U,) is exactly
the same as the joint distribution of the order statistics of an
i.i.d. sample of n observations from a Uniform distribution on
[0, 1].

2.28: A discrete random vector X is said to have a Multinomial
distribution if its joint frequency function is

flx) =

for nonnegative integers z1,-- -,z with 1 + -+ 4+ 2, = n and
nonnegative parameters 61, ---, 0 with 01 +---+ 60, = 1. (We
will write X ~ Mult(n, @) where @ = (01, ---,0%).)
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(a) Show that the marginal distribution of X; is Binomial with
parameters n and 6;.

(b) Show that F(X) = n@ and

01(1—61) —6102 -+ —010;

—0,0 02(1— 6 e —020

Cov(X)=n ,1 ’ 2 ) d ) 2 ’
—0104 —020, -+ O0k(1—6y)

(¢) Suppose that Xi,---, X, are independent Multinomial
random vectors with X; ~ Mult(n;,0) (i = 1,---,n). Show

that " N
ZXZ ~ Mult (ZTLZ,0> .
=1 i=1

(Hint: For parts (b) and (c), evaluate the moment generating
function of a Multinomial random vector using the Multinomial
Theorem.)

2.29: Suppose that X and Y are independent Exponential random
variables with parameters A and p respectively. Define random
variables

1 f X<Y

T=min(X,Y) and A= { 0 otherwise.

Note that T has a continuous distribution while A is discrete.
(This is an example of type I censoring in reliability or survival
analysis.)

(a) Find the density of T' and the frequency function of A.
(b) Find the joint distribution function of (7', A).

2.30: Suppose that X has a Beta distribution with parameters «
and [ (see Example 2.5).

(a) Show that for r > 0,

[+ )+ 6)
Fa)(a+B8+71)

E(X") =

(b) Use part (a) and properties of I'(z) to evaluate E(X) and
Var(X).

2.31: Suppose that X has a Beta distribution with parameters a
and (.
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(a) Find the density function of ¥ = (1 — X)~L.

(b) Suppose that a = m/2 and § = n/2 and define Y as in
part (a). Using the definition of the F' distribution, show that
nY/m ~ F(m,n). (Hint: Take U ~ x%(m) and V ~ x%(n) to
be independent random variables. Show that U/(U 4+ V') has a
Beta distribution and then apply part (a).)

2.32: Suppose that X ~ N,(0,C) where C~! exists. Show that
XTC™IX ~ x2(p).

(Hint: Write C' = OT AO where O is an orthogonal matrix and
A is a diagonal matrix whose entries are the eigenvalues of C;
then define C'/2 = OTAY20 to be a symmetric root of C.)

2.33: Suppose that X ~ x?(n).

(a) Show that E(X") =27"T'(r +n/2)/T(n/2) if r > —n/2.

(b) Using part (a), show that E(X) =n and Var(X) = 2n.
2.34: Suppose that T' ~ T (n). Show that

(a) E(|T|") < oo if, and only if, n > r > 0.

(b) E(T) =01ifn>1; Var(T) =n/(n —2) if n > 2.

(Hint: You don’t need to do any integration here. Write T' =

Z/\/V/n where Z ~ N(0,1) and V ~ x?(n) are independent.)
2.35: Suppose that W ~ F(m,n). Show that

BEW") = (2>” T(r4+m/2)T(—r+n/2)
m I'(m/2)'(n/2)

if —m/2 <r<n/2.
2.36: Suppose that X is a Normal random variable with mean 6
and variance 1 and define Y = X?2.

(a) Show that the density of Y is

fr(y) = W%Ty

for y > 0. (Y is said to have a non-central x? distribution with
1 degree of freedom and non-centrality parameter 62.)

(b) Show that the density of Y can be written as
> exp(—62/2)(62/2)F
frw)=>" ( 2!)( /2) fart1(y)

k=0

exp 50+ %)) (exp(6V5) + exp(~015)
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where for1(y) is the density function of a x? random variable
with 2k + 1 degrees of freedom. (Hint: Expand exp(f,/y) and
exp(—0,/y) as power series; note that the odd terms in the two
expansions will cancel each other out.)

2.37: Suppose that X ~ N, (u, I); the elements of X are indepen-
dent Normal random variables with variances equal to 1.
(a) Suppose that O is an orthogonal matrix whose first row
is u”' /||| and let Y = OX. Show that FE(Y;) = ||u|| and
E(Y;) =0 for k > 2.
(b) Using part (a), show that the distribution of || X||? is the
same as that of |Y'||? and hence depends on p only through its
norm |
(c) Let 6% = ||u||>. Show that the density of V = || X||? is

% axn(—62 2 JoNk
folay =3 TREERE2T

!
P k!

where for4(2) is the density function of a x? random variable
with 2k 4+ n degrees of freedom. (V has a non-central x?
distribution with n degrees of freedom and non-centrality
parameter 62.)

2.38: Consider a marked Poisson process similar to that given
in Example 2.22 such that the call starting times arrive as a
homogeneous Poisson process (with rate A calls/minute) on the
positive real line. Assume that the call lengths are continuous
random variables with density function f(x) and define N(t)
to be the number of calls active at time ¢ for ¢ > 0.

Show that N (t) ~ Pois(u(t)) where

=3 [0 FGo)

and F' is the distribution function of the call lengths.

2.39: Consider the marked Poisson process in Example 2.22 where
the call starting times arrive as a homogeneous Poisson process
(with rate A calls/minute) on the entire real line and the call
lengths are continuous random variables with density function
f(z). In Example 2.22, we showed that the distribution of N ()
is independent of t.

(a) Show that for any r,
Cov[N(t), N(t + r)]
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= A Ooxf(x)dm

I
~ l|7‘|(1 — F(r]) + /:(1 ~ F(x)) d:p]

and hence is independent of ¢ and depends only on |r|. (Hint:
Assume that r > 0. Then

Nty = Y I(Si<t,t<Si+Xi<t+r)
=1

+Y IS <t Si+ X >t+7)
=1

N(t+r) = Y I(Si<t,Si+X;>t+r)
=1

oo
Y It < S <t+71,Si+X;>t+7)
i=1
and use the independence of Poisson processes on disjoint sets.)

(b) Suppose that the call lengths are Exponential random
variables with mean p. Evaluate Cov[N(t), N(t 4 r)]. (This is
called the autocovariance function of N(t).)

(c) Suppose that the call lengths have a density function
f(z) =az™@' for x> 1.

Show that E(X;) < oo if, and only if, @ > 1 and evaluate
Cov[N(t), N(t +r)] in this case.
(d) Compare the autocovariance functions obtained in parts (b)

and (c). For which distribution does Cov[N(t), N(t 4 r)] decay
to 0 more slowly as |r| — oo?
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CHAPTER 3

Convergence of Random
Variables

3.1 Introduction

In probability and statistics, it is often necessary to consider
the distribution of a random variable that is itself a function
of several random variables, for example, ¥ = ¢(Xi,---,X,); a
simple example is the sample mean of random variables X1, ---, X,,.
Unfortunately, finding the distribution exactly is often very difficult
or very time-consuming even if the joint distribution of the random
variables is known exactly. In other cases, we may have only partial
information about the joint distribution of Xi,---,X, in which
case it is impossible to determine the distribution of Y. However,
when n is large, it may be possible to obtain approximations to
the distribution of Y even when only partial information about
X1, -+, X, is available; in many cases, these approximations can
be remarkably accurate.

The standard approach to approximating a distribution function
is to consider the distribution function as part of an infinite
sequence of distribution functions; we then try to find a “limiting”
distribution for the sequence and use that limiting distribution to
approximate the distribution of the random variable in question.
This approach, of course, is very common in mathematics. For
example, if n is large compared to z, one might approximate
(14 2/n)™ by exp(x) since

lim (1 + E) = exp(z).
n

n—oo

(However, this approximation may be very poor if z/n is not close
to 0.) A more interesting example is Stirling’s approximation, which
is used to approximate n! for large values of n:

n! & V2w exp(—n)n" /% = 5(n)

where the approximation holds in the sense that n!/s(n) — 1 as
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Table 3.1 Comparison of n! and its Stirling approzimation s(n).

n nl s(n)
1 1 0.92
2 2 1.92
3 6 5.84
4 24 2351
5 120 118.02
6 720 710.08

n — oo. In fact, Stirling’s approximation is not too bad even for
small n as Table 3.1 indicates.

In a sense, Stirling’s approximation shows that asymptotic
approximations can be useful in a more general context. In
statistical practice, asymptotic approximations (typically justified
for large sample sizes) are very commonly used even in situations
where the sample size is small. Of course, it is not always clear that
the use of such approximations is warranted but nonetheless there
is a sufficiently rich set of examples where it is warranted to make
the study of convergence of random variables worthwhile.

To motivate the notion of convergence of random variables,
consider the following example. Suppose that Xi,---, X,, are i.i.d.
random variables with mean p and variance o2 and define

to be their sample mean; we would like to look at the behaviour
of the distribution of X,, when n is large. First of all, it seems
reasonable that X,, will be close to p if n is sufficiently large; that
is, the random variable X,, — u should have a distribution that, for
large n, is concentrated around O or, more precisely,

Pl X, —pl <=1

when e is small. (Note that Var(X,) = 02/n — 0 as n — oo.)
This latter observation is, however, not terribly informative about
the distribution of X,,. However, it is also possible to look at the
difference between X,, and p on a “magnified” scale; we do this
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by multiplying the difference X,, — u by \/n so that the mean and
variance are constant. Thus define

Zn = \/E(Xn — jt)

and note that E(Z,) = 0 and Var(Z,) = o2. We can now consider
the behaviour of the distribution function of Z,, as n increases. If
this sequence of distribution functions has a limit (in some sense)
then we can use the limiting distribution function to approximate
the distribution function of Z, (and hence of X,,). For example, if
we have

P(Z, <z)=P(Vn(X, — n) <)~ Fy(z)
then

P(Xn<y) = P(Vn(Xn—p) <Vnly—p))
~ Fo(Vn(y — )

provided that n is sufficiently large to make the approximation
valid.

3.2 Convergence in probability and distribution

In this section, we will consider two different types of convergence
for sequences of random variables, convergence in probability and
convergence in distribution.

DEFINITION. Let {X,}, X be random variables. Then {X,}
converges in probability to X as n — oo (X,, —, X) if for each
€>0,

lim P(|X, — X|>e¢) =0.

n—oo

If X, —p X then for large n we have that X, ~ X with
probability close to 1. Frequently, the limiting random variable X
is a constant; X;, — 6 (a constant) means that for large n there is
almost no variation in the random variable X,,. (A stronger form of
convergence, convergence with probability 1, is discussed in section
3.7.)

DEFINITION. Let {X,}, X be random variables. Then {X,}
converges in distribution to X as n — oo (X,, —¢ X) if

lim P(X, <z)=P(X <z)=F(x)
n—oo
for each continuity point of the distribution function F'(x).
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It is important to remember that X,, —; X implies convergence
of distribution functions and not of the random variables them-
selves. For this reason, it is often convenient to replace X,, —q4 X
by X, —q F where F' is the distribution function of X, that is,
the limiting distribution; for example, X,, —4 N (0, 0?) means that
{X,} converges in distribution to a random variable that has a
Normal distribution (with mean 0 and variance o2).

If X, —4 X then for sufficiently large n we can approximate
the distribution function of X, by that of X; thus, convergence in
distribution is potentially useful for approximating the distribution
function of a random variable. However, the statement X, —; X
does not say how large n must be in order for the approximation
to be practically useful. To answer this question, we typically need
a further result dealing explicitly with the approximation error as
a function of n.

EXAMPLE 3.1: Suppose that Xi,---, X, are ii.d. Uniform
random variables on the interval [0, 1] and define
M,, = max(X1q, -, Xp).

Intuitively, M,, should be approximately 1 for large n. We will
first show that M, —, 1 and then find the limiting distribution
of n(1 — M,,). The distribution function of M, is

Fo(z)=2" for 0<z<1.
Thus for 0 < e < 1,
P(|M,, —1>¢€¢) = P(M,<1—c¢)
(I-¢e)"—0

as n — oo since |1 — €| < 1. To find the limiting distribution of
n(l — M,), note that

P(n(1—-M,)<z) = PM,>1—2z/n)

Sy
— 1 —exp(—x)

as n — oo for x > 0. Thus n(1 — M,) has a limiting Exponential
distribution with parameter 1. In this example, of course, there is
no real advantage in knowing the limiting distribution of n(1— M,,)
as its exact distribution is known. &
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EXAMPLE 3.2: Suppose that Xi,---,X, are ii.d. random
variables with

1
P(Xi:j)zﬁ for j=0,1,2,---,9

and define 0y

U, =Y =k

2 1or

U, can be thought of as the first n digits of a decimal representation
of a number between 0 and 1 (U, = 0.X;XoX3X,---X,). It
turns out that U, tends in distribution to a Uniform on the
interval [0, 1]. To see this, note that each outcome of (X, -, X,,)
produces a unique value of Up; these possible values are j/10™ for
j=0,1,2,--- 10" — 1, and so it follows that

1
P(Un:j/l()n)zﬁ for j=0,1,2,---,10" — 1.

If j/10" < 2 < (j +1)/10" then

j+1
PU,<z)=
(Un < 2) =T
and so
|P(Up, <z)—2z|<100" —=0 asn— o0
and so P(U, < ) — z for each x between 0 and 1. &

Some important results

We noted above that convergence in probability deals with conver-
gence of the random variables themselves while convergence in dis-
tribution deals with convergence of the distribution functions. The
following result shows that convergence in probability is stronger
than convergence in distribution unless the limiting random vari-
able is a constant in which case the two are equivalent.

THEOREM 3.1 Let {X,}, X be random variables.
(a) If X, —p X then X, —q X.
(b) If X,, —4 6 (a constant) then X, — 6.
Proof. (a) Let x be a continuity point of the distribution function
of X. Then for any € > 0,
P(X,<z) = PX,<uz|X,—X|<e¢
+P(X, <z,|X, — X|>¢€)
< PX<z+4+e)+P(|X,—X|>¢)
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where the latter inequality follows since [X,, < z,|X,, — X| < ¢
implies [X < z + ¢]. Similarly,
P X<z—¢) <P(X,<z)+P(X,—X|>¢)
and so
PX,<z)>P(X<zxz—¢)—P(X,—X|>e).
Thus putting the two inequalities for P(X,, < z) together, we have

P(X<z—¢)—P(|X,—X|>¢)
< P(X,<uz)
< P(X<z+e+P(X,—X]|[>e).

By hypothesis, P(|X,, — X| > €) — 0 as n — oo for any ¢ > 0.
Moreover, since x is a continuity point of the distribution function
of X, P(X <z =€) can be made arbitrarily close to P(X < z) by
taking e close to 0. Hence,

lim P(X, <z)=P(X <ux).

n—oo
(b) Define F(x) to be the distribution function of the degenerate
random variable taking the single value 6; thus, F(x) = 0 for x < 6
and F(xz) = 1 for x > 6. Note that F' is continuous at all but one
point. Then

P(|X,—0>¢) = P(X,>0+¢)+P(X,<0—¢)
< 1-P(X,<0+¢€)+P(X, <0—¢).

However, since X,, —4 0, it follows that P(X, < 6 +¢€) — 1 and
P(X,<0—¢€ —0asn— oo andso P(|X,, — 0] >¢) - 0. [

It is often difficult (if not impossible) to verify the convergence
of a sequence of random variables using simply its definition.
Theorems 3.2, 3.3 and 3.4 are sometimes useful for showing
convergence in such cases.

THEOREM 3.2 (Continuous Mapping Theorem) Suppose
that g(x) is a continuous real-valued function.

(a) If X5, —p X then g(X5) —p 9(X).

(b) If X;, —q X then g(X,) —q g(X).

The proofs will not be given here. The proof of (a) is sketched as
an exercise. The proof of (b) is somewhat more technical; however,
if we further assume ¢ to be strictly increasing or decreasing
(so that g has an inverse function), a simple proof of (b) can
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be given. (Also see Example 3.16 for a simple proof assuming
more technical machinery.) The assumption of continuity can also
be relaxed somewhat. For example, Theorem 3.2 will hold if ¢
has a finite or countable number of discontinuities provided that
these discontinuity points are continuity points of the distribution
function of X. For example, if X,, —4 0 (a constant) and g(z) is
continuous at z = 6 then g(X,,) —4 g(0).

THEOREM 3.3 (Slutsky’s Theorem) Suppose that X, —q4 X
and Y, —, 0 (a constant). Then

(a) Xpn+Y, =g X +0.

(b) XYy —q 0X.

Proof. (a) Without loss of generality, let § = 0. (If # # 0 then
X, +Y, = Xn+60)+(Y,—0) and Y, — 0 —, 0.) Let = be a
continuity point of the distribution function of X. Then

PXpn+Y,<z) = PXp+Y, <[V, <e)
+P(X, + Y, <z |V, > ¢
< P(X, <z+4¢€)+ P(|Y,] >e).

Also,

P(X,<o-0 = P(Xy<a—olVal <0
+P(Xn§w_6=‘yn|>€)

< P(Xn+Y, <2)+ P(|Ya] > ¢
(since [X,, <z —¢,|Yy,| < €] implies [X,, + Y, < z]). Hence,
P(Xy<a—6) = PVl > ¢) < P(Xy+Y,<2)
< P(X, <z+e¢€)+ P(|Yn] >¢).

Now take x 4 € to be continuity points of the distribution function
of X. Then

lim P(X,, <z+te)=P(X <zte)

n—oo
and the limit can be made arbitrarily close to P(X < z) by taking
€ to 0. Since P(|Y,| > €) — 0 as n — oo the conclusion follows.
(b) Again we will assume that # = 0. (To see that it suffices to
consider this single case, note that X, Y, = X, (Y, — 0) + 6X,.
Since 0X, —4 0X the conclusion will follow from part (a) if we
show that X,,(Y,, —6) —, 0.) We need to show that X,Y,, —, 0.
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Taking € > 0 and M > 0, we have

P(|X,Yn| >€¢) = P(X,Y,| >¢€ Yo <1/M)

+P(|XnYn| > €,|Yn| > 1/M)
P(| X, Yn| > €, |Yn| <1/M)+ P(|Y,] > 1/M)
P(|X,| > eM) + P(|Y,]| > 1/M).
Since Y, —, 0, P(|Yy| > 1/M) — 0 as n — oo for any fixed M > 0.
Now take € and M such that eM are continuity points of the
distribution function of X; then P(|X,| > eM) — P(|X| > eM)

and the limit can be made arbitrarily close to 0 by making M
sufficiently large. [

<
<

Since Y;, —, 0 is equivalent to Y,, —4 6 when 6 is a constant, we
could replace “Y;, —, 0”7 by “Y,, —4 0” in the statement of Slutsky’s
Theorem. We can also generalize this result as follows. Suppose that
g(z,y) is a continuous function and that X, —4 X and Y;,, —, 6 for
some constant #. Then it can be shown that ¢(X,,Y,) —4 9(X,0).
In fact, this result is sometimes referred to as Slutsky’s Theorem
with Theorem 3.3 a special case for g(x,y) = x+y and g(z,y) = zy.

THEOREM 3.4 (The Delta Method) Suppose that
an(Xn — 0) —d Z

where 0 is a constant and {an} is a sequence of constants with
an T oo. If g(x) is a function with derivative g'(0) at x = 0 then

an(9(Xn) — 9(0)) =4 g'(0)Z.
Proof. We’'ll start by assuming that g is continuously differentiable
at 0. First, note that X,, —, 6. (This follows from Slutsky’s
Theorem.) By a Taylor series expansion of g(z) around x = 6,

we have ,
9(Xn) = g(0) + g'(67)(Xn — 0)
where 67 lies between X,, and 6; thus |6 — 0| < |X,, — 6] and

so 0} —, 6. Since ¢/(x) is continuous at x = 6, it follows that
9'(03) —p ¢'(0). Now,

an(9(Xn) —g(0)) = ¢'(6;)an(Xy —6)
—q §(0)Z

by Slutsky’s Theorem. For the more general case (where g is not
necessarily continuously differentiable at #), note that

9(Xn) —9(0) = ¢'(0)(X,, — ) + Ry,
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where R, /(X, —0) —, 0. Thus

Ry

aan = an(Xn — e)m

—>p0

and so the conclusion follows by Slutsky’s Theorem. [I

A neater proof of the Delta Method is given in Example 3.17. Also
note that if ¢’(f) = 0, we would have that a,(g(X,) — g(f)) —, 0.
In this case, we may have
ap(9(Xn) = g(6)) —a some V

n

for some k > 2; see Problem 3.10 for details.

If X;, —»q X (or X,, =, X), it is tempting to say that E(X,) —
E(X); however, this statement is not true in general. For example,
suppose that P(X,, = 0) =1 —n"! and P(X,, = n) = n~!. Then
X, —p 0but E(X,,) =1 for all n (and so converges to 1). To ensure
convergence of moments, additional conditions are needed; these
conditions effectively bound the amount of probability mass in the
distribution of X, concentrated near +oo for large n. The following
result deals with the simple case where the random variables { X, }

are uniformly bounded; that is, there exists a constant M such that
P(|X,| < M) =1 for all n.

THEOREM 3.5 If X,, —¢ X and |X,| < M (finite) then E(X)
exists and F(X,) — E(X).

Proof. For simplicity, assume that X, is nonnegative for all n; the
general result will follow by considering the positive and negative
parts of X,,. From Chapter 1, we have that

[E(Xn) — E(X)| =

/OOO(P(Xn >zx)— P(X >z))dx

M
/0 (P(X, >x)— P(X >uz))dz

(since P(X;, > M) =P(X >M)=0)

< /M]P(Xn > z) = P(X > )| da
0

— 0

since P(X,, > ) — P(X > z) for all but a countable number of
x’s and the interval of integration is bounded. [
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3.3 Weak Law of Large Numbers

An important result in probability theory is the Weak Law of Large
Numbers (WLLN), which deals with the convergence of the sample
mean to the population mean as the sample size increases. We start
by considering the simple case where X1, ---, X,, are i.i.d. Bernoulli
random variables with P(X; = 1) = # and P(X; = 0) =1—-10
so that F(X;) = 6. Define S,, = X; + --- + X,,, which has a
Binomial distribution with parameters n and . We now consider
the behaviour of S, /n as n — oo; Sy, /n represents the proportion of
1’s in the n Bernoulli trials. Our intuition tells us that for large n,
this proportion should be approximately equal to 8, the probability
that any X; = 1. Indeed, since the distribution of S, /n is known,
it is possible to show the following law of large numbers:

S,

e
as n — oo.

In general, the WLLN applies to any sequence of independent,

identical distributed random variables whose mean exists. The
result can be stated as follows:

THEOREM 3.6 (Weak Law of Large Numbers) Suppose
that X1, Xo, -+ are i.i.d. random variables with E(X;) = u (where
E(]Xi]) < o). Then

_ 1
Xn:_ZXi_’p,U/
N

as n — oQ.

While this result certainly agrees with intuition, a rigorous proof
of the result is certainly not obvious. However, before proving the
WLLN, we will give a non-trivial application of it by proving that
the sample median of i.i.d. random variables X7, ---, X,, converges
in probability to the population median.

EXAMPLE 3.3: Suppose that Xi,---, X, are ii.d. random
variables with a distribution function F'(x). Assume that the X;’s
have a unique median p (F'(u) = 1/2); in particular, this implies
that for any € > 0, Fl(u+¢) >1/2 and F(u—¢€) < 1/2.

Let X(qy,- -+, X(n) be the order statistics of the X;’s and define
Zn = X(m,) where {m,} is a sequence of positive integers with
my/n — 1/2 as n — oo. For example, we could take m,, =n/2 if n
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is even and m,, = (n+1)/2 if n is odd; in this case, Z,, is essentially
the sample median of the X;’s. We will show that Z, —, p as
n — oo.

Take € > 0. Then we have

1 n
P(Zn>,u—|—e):P<—§ I(Xi>u+e)2mn>
i=1

and

S

P(Zn<u—e):P< i[(xizﬂ—e)g”m")

By the WLLN, we have

n

1
EZI(XZ'>,U,+€) —pl—F(p+e) <1/2
i=1

and
n

1
EZI(}Q >p—€) —pl—Flu—e) >1/2.
i=1

Since mp/n —, 1/2, it follows that P(Z, > p+¢€) — 0 and
P(Z, <p—e€)—0asn— ooandso Z, —p p. <&

Proving the WLLN

The key to proving the WLLN lies in finding a good bound for
P[|X,, — u| > €]; one such bound is Chebyshev’s inequality.
THEOREM 3.7 (Chebyshev’s inequality) Suppose that X is
a random variable with E(X?) < co. Then for any e > 0,

E(X?)

P[IX]| > ¢ < 2

Proof. The key is to write X? = X2I(|X| < €) + X2I(|X]| > e).
Then

E(X?) = E[X%I(|X|<e)]+E[XI(X] > ¢)]
E[X%I(|X] > €)]
EP(|X| > €)

AV

where the last inequality holds since X? > ¢? when |X| > € and
E[I(|X|>¢€)]=P(X|>¢). O
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From the proof, it is quite easy to see that Chebyshev’s inequality
remains valid if P[|X| > €] is replaced by P[|X]| > €.

Chebyshev’s inequality is primarily used as a tool for proving
various convergence results for sequences of random variables; for
example, if { X, } is a sequence of random variables with E(X2) — 0
then Chebyshev’s inequality implies that X, —, 0. However,
Chebyshev’s inequality can also be used to give probability bounds
for random variables. For example, let X be a random variable with
mean p and variance o2. Then by Chebyshev’s inequality, we have

E[(X — p)? 1
However, the bounds given by Chebyshev’s inequality are typically
very crude and are seldom of any practical use. Chebyshev’s
inequality can be also generalized in a number of ways; these
generalizations are examined in Problem 3.8.

We will now sketch the proof of the WLLN. First of all, we will
assume that F(X?) < oco. In this case, the WLLN follows trivially
since (by Chebyshev’s inequality)

Var(X,,) _ Var(X1)
2

PlIX, — | > d <
€ ne

and the latter quantity tends to 0 as n — oo for each € > 0.
How can the weak law of large numbers be proved if we assume
only that E(|X;|) < co? The answer is to write

X =Upg + Var

where Uy, = Xj if | Xg| < dn (for some 0 < § < 1) and Uy, = 0
otherwise; it follows that V,,p, = Xy if | Xx| > dn and 0 otherwise.
Then

_ 1> 1 _ _
ni—l n’i:l

and so it suffices to show that U, —, u and V,, —, 0. First, we
have

_ Var(Up1)

BT~ = —— 7% 4 (E(Un) — p)?
< —E(g’%) + (BE(Un) - )’
< EUnlld + E*(Un — X1)
< E[IX1]]6 + E*[| X |I(|X1] > on)]
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and so by Chebyshev’s inequality

B[ X1]]0 + E*[| X4 [1(|X4] > dn)]

PHU’R_:U">6]S 2 9

€

which can be made close to 0 by taking n — oo and then § to 0.
Second,

P([Vo| >¢ < P <O[Vni # 0])
=1
< S PV #0)
=1
= nP[X; > in]

and the latter can be shown to tend to 0 as n — oo (for any 6 > 0).
The details of the proof are left as exercises.

The WLLN can be strengthened to a strong law of large numbers
(SLLN) by introducing another type of convergence known as
convergence with probability 1 (or “almost sure” convergence). This
is discussed in section 3.7.

The WLLN for Bernoulli random variables was proved by Jacob
Bernoulli in 1713 and strengthened to random variables with finite
variance by Chebyshev in 1867 using the inequality that bears his
name. Chebyshev’s result was extended by Khinchin in 1928 to
sums of i.i.d. random variables with finite first moment.

3.4 Proving convergence in distribution

Recall that a sequence of random variables {X,,} converges in dis-
tribution to a random variable X if the corresponding sequence of
distribution functions {F, (z)} converges to F'(z), the distribution
function of X, at each continuity point of F. It is often difficult
to verify this condition directly for a number of reasons. For ex-
ample, it is often difficult to work with the distribution functions
{F,}. Also, in many cases, the distribution function F;, may not be
specified exactly but may belong to a wider class; we may know,
for example, the mean and variance corresponding to F}, but little
else about F),. (From a practical point of view, the cases where F),
is not known exactly are most interesting; if F}, is known exactly,
there is really no reason to worry about a limiting distribution F
unless F), is difficult to work with computationally.)

For these reasons, we would like to have alternative methods for
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establishing convergence in distribution. Fortunately, there are

several other sufficient conditions for convergence in distribution

that are useful in practice for verifying that a sequence of random
variables converges in distribution and determining the distribution
of the limiting random variable (the limiting distribution).

e Suppose that X, has density function f,, (for n > 1) and
X has density function f. Then f,(z) — f(z) (for all but a
countable number of z) implies that X,, —4 X. Similarly, if X,
has frequency function f,, and X has frequency function f then
fn(x) — f(x) (for all z) implies that X,, —4 X. (This result
is known as Scheffé’s Theorem.) The converse of this result is
not true; in fact, a sequence of discrete random variables can
converge in distribution to a continuous variable (see Example
3.2) and a sequence of continuous random variables can converge
in distribution to a discrete random variable.

e If X,, has moment generating function m,,(¢) and X has moment
generating function m(t) then my,(t) — m(t) (for all |¢| < some
b > 0) implies X,, —4 X. Convergence of moment generating
functions is actually quite strong (in fact, it implies that
E(XF) — E(XP*) for integers k > 1); convergence in distribution
does not require convergence of moment generating functions.
It is also possible to substitute other generating functions
for the moment generating function to prove convergence in
distribution. For example, if X, has characteristic function
on(t) = Elexp(itX)] and X has characteristic function ¢(¢) then
on(t) — @(t) (for all ¢) implies X,, —4 X; in fact, X,, —4 X if,
and only if, ¢, (t) — ¢(t) for all ¢t.

In addition to the methods described above, we can also use some

of the results given earlier (for example, Slutsky’s Theorem and the

Delta Method) to help establish convergence in distribution.

EXAMPLE 3.4: Suppose that {X,} is a sequence of random
variables where X, has Student’s t distribution with n degrees of
freedom. The density function of X, is

CT((n+1)/2) el
fn(®) =~ /) <1+ n> '

Stirling’s approximation, which may be stated as

lim \/ﬂf(y)

=1
=00 /21 exp(—y)yY
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allows us to approximate I'((n 4+ 1)/2) and I'(n/2) for large n. We

then get
I'((n+1)/2) 1

li = .
nto Janl(n/2) 2
Also
22 —(n+1)/2 22
lim <1 + —> = exp (——)
and so

lim fo(2) = \/Lz_w exp (—g)

where the limit is a standard Normal density function. Thus
X,, —4q Z where Z has a standard Normal distribution.

An alternative (and much simpler) approach is to note that
the t distributed random variable X,, has the same distribution
as Z/\/Vn/n where Z and V,, are independent random variables
with Z ~ N(0,1) distribution and V,, ~ x?(n). Since V,, can be
thought of as a sum of n i.i.d. x? random variables with 1 degree of
freedom, it follows from the WLLN and the Continuous Mapping
Theorem that \/V,,/n —, 1 and hence from Slutsky’s Theorem
that Z/v/Vp/n —4 N(0,1). The conclusion follows since X,, has
the same distribution as Z/+/V,,/n. &

EXAMPLE 3.5: Suppose that Uj,---,U, are ii.d. Uniform
random variables on the interval [0, 1] and let U(y), - - -, Uy, be their
order statistics. Define Z,, = Uy, where m,, ~ n/2 in the sense
that /n(my/n —1/2) — 0 as n — oo; note that we are requiring
that m,,/n converge to 1/2 at a faster rate than in Example 3.3.
(Note that taking m, = n/2 for n even and m, = (n + 1)/2 for
n odd will satisfy this condition.) We will consider the asymptotic
distribution of the sequence of random variables {\/n(Z, — 1/2)}
by computing its limiting density. The density of \/n(Z, — 1/2) is

= ot @) (2 ve)

for —/n/2 <z < \/n/2. We will show that f,(z) converges to a
Normal density with mean 0 and variance 1/4. First using Stirling’s
approximation (as in Example 3.4, noting that n! = nl'(n)), we
obtain

n! 2m

~
~

Vi(my — DY n—mp)!  2r
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in the sense that the ratio of the right-hand to left-hand side tends
to 1 as n — oo. We also have

G G-

1 422\ 2g \ "~ 2mntl
- [1-= - == .
2n—1 < n ) ( \/ﬁ>

We now obtain

4 2 mp—1
<1 - i) — exp(—22?)

and

— 1

20 n—2myp—+1
i

( ﬁ)

where, in both cases, we use the fact that (1+t/ay) — exp(kt) if

a, — oo and ¢,/a, — k. Putting the pieces from above together,

we get

fn(x) — \/22_7r exp(—2x2)
for any x. Thus /n(Z, —1/2) —4 N(0,1/4). &

EXAMPLE 3.6: We can easily extend Example 3.5 to the case
where Xi,---,X, are ii.d. random variables with distribution
function F' and unique median g where F(z) is differentiable at
x = p with F'(u) > 0; if F has a density f then F'(u) = f(u)
typically. Defining F~1(t) = inf{x : F(x) > t} to be the inverse of
F, we note that the order statistic X () has the same distribution
as Ffl(U(k)) where U, is an order statistic from an i.i.d. sample
of Uniform random variables on [0, 1] and also that F~!(1/2) = p.
Thus

V(X = 1) =a VA(F " (Up,y) = F71(1/2))
and so by the Delta Method, we have

V(X — 1) —a N0, (F' (1)) 72 /4)

if \/n(my,/n—1/2) — 0. The limiting variance follows from the fact
that F~!(t) is differentiable at t = 1/2 with derivative 1/F’(u).
Note that existence of a density is not sufficient to imply existence
of the derivative of F(z) at x = u; however, if F' is continuous but
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Figure 3.1 Density of X2y for n = 10 Ezponential random wvariables; the
dotted line is the approximating Normal density.

not differentiable at x =y then \/n(X(y,,) — p) may still converge
in distribution but the limiting distribution will be different.

As an illustration of the convergence of the distribution of the
sample median to a Normal distribution, we will consider the
density of the order statistic X, /) for i.i.d. Exponential random
variables X1, -, X, with density

f(x) = exp(—z) for x > 0.

Figures 3.1, 3.2, and 3.3 give the densities of X, /) for n = 10, 50,
and 100 respectively; the corresponding approximating Normal
density is indicated with dotted lines. &

EXAMPLE 3.7: Suppose that {X,,} is a sequence of Binomial
random variables with X, having parameters n and 6, where
nf, — A > 0 as n — oo. The moment generating function of
X, is

mn(t) = (14 0,(exp(t) —1))"
(1 N né?n(ex;;(t) — 1)) '
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Figure 3.2 Density of X2y for n = 50 Ezponential random wvariables; the
dotted line is the approximating Normal density.

Since nf, — A, it follows that

lim m,,(t) = exp[A(exp(t) — 1)]

n—oo

where the limiting moment generating function is that of a Poisson
distribution with parameter A\. Thus X,, —; X where X has a
Poisson distribution with parameter A. This result can be used to
compute Binomial probabilities when n is large and € is small so
that nf ~ nf(1 — 6). For example, suppose that X has a Binomial
distribution with n = 100 and 8 = 0.05. Then using the Poisson
approximation

exp(—nb)(nfh)*

Pa<X<b~ > p

a<x<b

we get, for example, P[4 < X < 6] ~ 0.497 compared to the exact
probability P[4 < X < 6] = 0.508. &
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Figure 3.3 Density of X(n/2) for n = 100 Ezponential random variables; the
dotted line is the approximating Normal density.

EXAMPLE 3.8: As in Example 3.2, define U, by

n
Xk
Un =2 1o
= 10
where X1, X, - are i.i.d. discrete random variables uniformly

distributed on the integers 0,1,---,9. We showed in Example 3.2
that U,, —4 Unif(0,1) by showing convergence of the distribution
functions. In this example, we will do the same using moment
generating functions. The moment generating function of each Xp
is

exp(10t) — 1
10(exp(t) — 1)

and so the moment generating function of U, is

! (1+exp(t) +--- +exp(9t)) =

m(t) = 1

n

on(t) = [ m(t/10%)

B[ exp(t/10F71) — 1
= 1I (10 (exp(t/10F) — 1>

k=1

o
—_
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exp(t) — 1
10" (exp(t/10m) — 1)

Using the expansion exp(z) = 1+ x + 2%/2 + - - -, it follows that
. n ny _
nango 10" (exp(t/10") — 1) =¢

and so
. 1 !
lim ¢, (t) = Z(exp(t) —-1)= /0 exp(tx) dx,

n—oo

which is the moment generating function of the Uniform distri-
bution on [0,1]. Thus we have shown (using moment generating
functions) that U,, —4 Unif(0, 1). &

3.5 Central Limit Theorems

In probability theory, central limit theorems (CLTs) establish
conditions under which the distribution of a sum of random
variables may be approximated by a Normal distribution. (We have
seen already in Examples 3.4, 3.5, and 3.6 cases where the limiting
distribution is Normal.) A wide variety of CLTs have been proved;
however, we will consider CLTs only for sums and weighted sums
of i.i.d. random variables.

THEOREM 3.8 (CLT for i.i.d. random variables) Suppose
that X1, Xa, -+ are i.i.d. random variables with mean p and vari-
ance 0% < oo and define

V(K — 1)

Snzﬁi;(&—u):

Then S, —q Z ~ N(0,1) as n — co.

(In practical terms, the CLT implies that for “large” n, the
distribution of X,, is approximately Normal with mean p and
variance o2/n.)

Before discussing the proof of this CLT, we will give a little
of the history behind the result. The French-born mathematician
de Moivre is usually credited with proving the first CLT (in the
18th century); this CLT dealt with the special case that the
X;’s were Bernoulli random variables (that is, P[X; = 1] = 6
and P[X; = 0] = 1 — #). His work (de Moivre, 1738) was not
significantly improved until Laplace (1810) extended de Moivre’s
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work to sums of independent bounded random variables. The
Russian mathematician Chebyshev extended Laplace’s work to
sums of random variables with finite moments F(|X;|*) for all
k > 1. However, it was not until the early twentieth century that
Markov and Lyapunov (who were students of Chebyshev) removed
nearly all unnecessary moment restrictions. Finally, Lindeberg
(1922) proved the CLT assuming only finite variances. It should
be noted that most of the work subsequent to Laplace dealt with
sums of independent (but not necessarily identically distributed)
random variables; it turns out that this added generality does not
pose any great technical complications.

Proving the CLT

We will consider two proofs of the CLT for i.i.d. random variables.
In the first proof, we will assume the existence of moment gener-
ating function of the X;’s and show that the moment generating
function of S, converges to the moment generating function of Z.
Of course, assuming the existence of moment generating functions
implies that E(XF) exists for all integers & > 1. The second proof
will require only that E(X?) is finite and will show directly that
P[S, <z] — P|Z < z].

We can assume (without loss of generality) that F(X;) = 0 and
Var(X;) = 1. Let m(t) = Elexp(tX;)] be the moment generating
function of the X;’s. Then

2 BE(X})
=1+ — 4 —— i’
m(t) to+—%
(since E(X;) = 0 and E(X?) = 1) and the moment generating
function of S, is
mn(t) = [mn(t/vn)]"
[ 2 BE(XP)

p— 1 — —_— IR}
+2n+ 6n3/2 *

n

t2
= [1+—(1+

3nl/2 12n

n

tE(XY) | PE(X) "
- ; . )]

- 2
= |14+ —r,(t
+ 2nrn( )

where |r,(t)| < oo and r,(t) — 1 as n — oo for each |¢| < some
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b > 0. Thus ,
. t
nango mp(t) = exp <§>
and the limit is the moment generating function of a standard
Normal random variable. It should be noted that a completely
rigorous proof of Theorem 3.8 can be obtained by replacing moment

generating functions by characteristic functions in the proof above.
The second proof we give shows directly that

P[S, < 4] /m Lo (25 a
n > - X 5 )
—00 2 P 2

we will first assume that F(|X;[?) is finite and then indicate
what modifications are necessary if we assume only that F(X?) is
finite. The method used in this proof may seem at first somewhat
complicated but, in fact, is extremely elegant and is actually the
method used by Lindeberg to prove his 1922 CLT.

The key to the proof directly lies in approximating P[S, < z]
by E[fs (Sn)] and E[f; (Sn)] where f; and f; are two bounded,
continuous functions. In particular, we define fgr (y) =1fory <z,
fiflyy=0fory>a+dand0< ff(y) <lforz <y <az+d; we
define f;5 (y) = f5 (y +9). If

g(y) = 1(y < z),

it is easy to see that
f5 (W) < 9(y) < f5 ()

and
P[Sn < LL’] = E[Q(Sn)]

Then if Z is a standard Normal random variable, we have
P[S, <a] < BI[f{(S)]

< Elfy (Sn)]

< |B[f5 (Sn)]

E[f§(2)] + Elf5 (2)]
E[f§(2)]|+ P[Z <z + 6]

and similarly,

PlS, <a] > PIZ <& — 8]~ |Elf5 (S.)] - ELfy (Z)].

Thus we have
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since P[Z < x £ 4] can be made arbitrarily close to P(Z < x)
(because Z has a continuous distribution function), it suffices to
show that E[f (S,)] — E[f; (2)] and Elf; (S,)] — Elfy (2)] for
suitable choices of fgr and f5 . In particular, we will assume that
f; (and hence f;) has three bounded continuous derivatives.

Let f be a bounded function (such as f; or f;) with three
bounded continuous derivatives and let Z1, Z5, Z3, - - - be a sequence
of i.i.d. standard Normal random variables that are also indepen-
dent of X7, X9, -; note that n*1/2(Z1 + .-+ Z,) is also standard
Normal. Now define random variables T},1, - - -, T, where

ZZ+ ZX

] =k+1

(where the sum is taken to be 0 if the upper limit is less than the
lower limit). Then

E[f(Sy)] — E[f(2)]
Z [f (T + 072 X3) — (T + 02 2)].

Expanding f (T, + n~12Xx 1) in a Taylor series around Ty, we get
X X?
T )+ 5T (To) + R

2n
where RjX is a remainder term (whose value will depend on the
third derlvatlve of f); similarly,

f(Tnk + n_l/QXk) = f(Tnk;) +

2

F(To+ 072 20) = (T + S (D) + 55 (Do) + RY.

Taking expected values (and noting that 7T},x is independent of both
X and Zy), we get

E[f(Sn)] — Z E(R{)].
We now try to find bounds for RkX and Rk ; it follows that
K | Xy K |Z)?
X Z
|Rk | = n3/2 and ‘Rk| < E n3/2

where K is an upper bound on |f”(y)|, which (by assumption) is
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finite. Thus

n

BUfS) - BU@I < Y BRY) ~ B(RE)
k=1
< SCIB(RYD + E(RE)
k=1
< g (BIXP+ PUZ))
— 0

as n — oo since both E[|X1|?] and E[|Z1|?] are finite.

Applying the previous result to fgr and f; having three bounded
continuous derivatives, it follows that E[f; (S,)] — E[f; (Z)] and
E[fs (Sn)] — E[fs5 (Z)]. Now since

P[Z <z +¢] — P[Z < x]
as § — 0, it follows from above that for each x,
P[S, <z| — P[Z < z].

We have, of course, assumed that E[|X;|3] is finite; to extend the
result to the case where we assume only that E(X?) is finite, it is
necessary to find a more accurate bound on |R§ |. Such a bound is
given by

X < K ’X’“PI X, | < X—’zf X
R | < 632 (I Xkl < evn) + " (| Xk| > ev/n)

where K’ is an upper bound on both |f”(y)| and |f"(y)|. It then

can be shown that n

Y E[R;] -0
=1

k
and so E[f(Sn)] — E[f(Z2)]

Using the CLT as an approzimation theorem

In mathematics, a distinction is often made between limit theorems
and approximation theorems; the former simply specifies the limit
of a sequence while the latter provides an estimate or bound on
the difference between an element of the sequence and its limit.
For example, it is well-known that In(1 + x) can be approximated
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by x when x is small; a crude bound on the absolute difference
|In(1 +2) — 2| is 22/2 when z > 0 and 2%/[2(1 + x)?] when = < 0.
For practical purposes, approximation theorems are more useful as
they allow some estimate of the error made in approximating by
the limit.

The CLT as stated here is not an approximation theorem. That
is, it does not tell us how large n should be in order for a Normal
distribution to approximate the distribution of S,. Nonetheless,
with additional assumptions, the CLT can be restated as an
approximation theorem. Let F), be the distribution function of .S,
and ® be the standard Normal distribution function. To gain some
insight into the factors affecting the speed of convergence of F), to ®,
we will use Edgeworth expansions. Assume that Fj, is a continuous
distribution function and that E(X}) < oo and define

E[(X; — )]

and Kk = 7}

o3 o
v and k are, respectively, the skewness and kurtosis of the
distribution of X; both of which are 0 when X; is normally

distributed. It is now possible to show that

2

Fo(2) = @(2) ~ 6(x) (#p (2) + 5yopa(@) + %—nm(x)) +7a(a)

where ¢(z) is the standard Normal density function and p;(x),
p2(x), ps(x) are the polynomials

pi(z) = 22 -1
po(z) = 2% -3z
p3(x) 2° — 102° 4 15z;

the remainder term r,, () satisfies nr,, (z) — 0. From this expansion,
it seems clear that the approximation error |F,(x) — ®(z)| depends
on the skewness and kurtosis (that is, v and k) of the X;’s. The
skewness and kurtosis are simple measures of how a particular
distribution differs from normality; skewness is a measure of the
asymmetry of a distribution (v = 0 if the distribution is symmetric
around its mean) while kurtosis is a measure of the thickness of
the tails of a distribution (x > 0 indicates heavier tails than
a Normal distribution while £ < 0 indicates lighter tails). For
example, a Uniform distribution has v = 0 and x = —1.2 while
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Figure 3.4 Density of the sum of 10 Uniform random variables; the dotted curve
is the approzimating Normal density.

an Exponential distribution has v = 2 and x = 6. Thus we should
expect convergence to occur more quickly for sums of Uniform
random variables than for sums of Exponential random variables.
Indeed, this is true; in fact, the distribution of a sum of as few
as ten Uniform random variables is sufficiently close to a Normal
distribution to allow generation of Normal random variables on a
computer by summing Uniform random variables. To illustrate the
difference in the accuracy of the Normal approximation, we consider
the distribution of X7 + - -+ + X3¢ when the X;’s are Uniform and
Exponential; Figures 3.4 and 3.5 give the exact densities and their
Normal approximations in these two cases.

The speed of convergence of the CLT (and hence the goodness of
approximation) can often be improved by applying transformations
to reduce the skewness and kurtosis of X,,. Recall that if \/n(X,, —
W) —q Z then

Vi(g(Xn) — g(1) —a g (1) Z.
If g is chosen so that the distribution of g(X,,) is more symmetric
and has lighter tails than that of X,, then the CLT should provide

a more accurate approximation for the distribution of v/n(g(X,) —
g(u)) than it does for the distribution of \/n(X,, — ).
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Figure 3.5 Density of the sum of 10 Exponential random variables; the dotted
curve is the approrimating Normal density.

Although the Edgeworth expansion above does not always hold
when the X;’s are discrete, the preceding comments regarding
speed of convergence and accuracy of the Normal approximation
are still generally true. However, when the X;’s are discrete,
there is a simple technique that can improve the accuracy of
the Normal approximation. We will illustrate this technique for
the Binomial distribution. Suppose that X is a Binomial random
variable with parameters n and 0; X can be thought of as a sum
of n i.i.d. Bernoulli random variables so the distribution of X can
be approximated by a Normal distribution if n is sufficiently large.
More specifically, the distribution of

X —nb
nd(1l —0)

is approximately standard Normal for large n. Suppose we want to
evaluate Pla < X < 0] for some integers a and b. Ignoring the fact
that X is a discrete random variable and the Normal distribution
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Figure 3.6 Binomial distribution (n = 40, 8 = 0.3) and approzimating Normal
density

is a continuous distribution, a naive application of the CLT gives

Pla < X < b
_ p a—nb < X —nb < b—nb
Vnl(1—0) — /nf(1—0) — /nl(1—0)

Q

b—nb a—nb
q)( n9(1—0)>_@< n9(1—9)>‘

How can this approximation be improved? The answer is clear if we
compare the exact distribution of X to its Normal approximation.
The distribution of X can be conveniently represented as a
probability histogram as in Figure 3.6 with the area of each
bar representing the probability that X takes a certain value.
The naive Normal approximation given above merely integrates
the approximating Normal density from ¢ = 8 to b = 17; this
probability is represented by the shaded area in Figure 3.7. It
seems that the naive Normal approximation will underestimate
the true probability and Figures 3.7 and 3.8 suggest that a better
approximation may be obtained by integrating from a — 0.5 = 7.5
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Figure 3.7 Naive Normal approzimation of P(8 < X < 17)

to b+ 0.5 = 17.5. This corrected Normal approximation is

Pla<X <b = Pla—05<X <b+0.5]
~ B b+ 0.5 —nb % a—0.5—nd .
nf(l —0) nb(1 —0)
The correction used here is known as a continuity correction and
can be applied generally to improve the accuracy of the Normal
approximation for sums of discrete random variables. (In Figures

3.6, 3.7, and 3.8, X has a Binomial distribution with parameters
n =40 and § =0.3.)

Some other Central Limit Theorems

CLTs can be proved under a variety of conditions; neither the as-
sumption of independence nor that of identical distributions are
necessary. In this section, we will consider two simple modifications
of the CLT for sums of i.i.d. random variables. The first modifi-
cation deals with weighted sums of i.i.d. random variables while
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Figure 3.8 Normal approzimation of P(8 < X < 17) with continuity
correction

the second deals with sums of independent but not identically dis-
tributed random variables with finite third moment.

THEOREM 3.9 (CLT for weighted sums) Suppose that X,
Xa, -+ are i.i.d. random variables with E(X;) = 0 and Var(X;) =1
and let {c;} be a sequence of constants. Define

1 n
Sn = - Z c;X; where si = Z c?.
=1 i=1

Then S, —q4 Z, a standard Normal random variable, provided that

as n — oQ.

What is the practical meaning of the “negligibility” condition on
the constants {¢;} given above? For each n, it is easy to see that
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Var(S,,) = 1. Now writing

and noting that Var(Y,;) = c7/s2, it follows that this condition
implies that no single component of the sum S,, contributes an
excessive proportion of the variance of S,. For example, the
condition rules out situations where S,, depends only on a negligible
proportion of the Y,;’s. An extreme example of this occurs when
1 =cy = =cp =1 (for some fixed k) and all other ¢;’s are 0;

in this case,
c? - 1
1S s K
which does not tend to 0 as n — oo since k is fixed. On the other
hand, if ¢; = 7 then

n
ZZQ n(2n? +3n +1)

e max C—ZQ = il —0

1<i<n s2 n(2n?2+3n+1)
as n — oo and so the negligibility condition holds. Thus if the X;’s
are i.i.d. random variables with E(X;) = 0 and Var(X;) = 1, it

follows that

— Z iX; —aq Z
Sn =1
where Z has a standard Normal distribution.

When the negligibility condition of Theorem 3.9 fails, it may
still be possible to show that the weighted sum S,, converges in
distribution although the limiting distribution will typically be non-
Normal.

EXAMPLE 3.9: Suppose that Xi, Xo,--- are ii.d. random
variables with common density function

1
() = + exp(~z)
(called a Laplace distribution) and define

1 <X
Sp=—3 2k
S”k:lk
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where s2 = Y k72 Note that s2 — S22, k72 = 72/6 as
n — oo and the negligibility condition does not hold. However,
it can be shown that S, —4 S. Since s, — 7'('/\/6, we will
consider the limiting distribution of V,, = s,5,; if V,, —4 V then
Sp —a V6/7V = S. The moment generating function of X; is

i) =1p

and so the moment generating function of V,, is

n n k?2
mp(t) = H m(t/k) = H (ﬂ) .

(for [t < 1)

my(t) = ﬁ (%) =T1+t)I(1—1)

for |t| < 1. The limiting moment generating function my (¢) is not
immediately recognizable. However, note that

o exp(:n) _ ! t(1 — )t du
/Ooexp(tac)—(l4_(_3‘}(;13(1:))2 de = /Ou(l ) 'd

and so the density of V is

exp(z)
(14 exp(x))?

(this distribution is often called the Logistic distribution). The
density of S is thus

fv(z) =

fol) T exp(mz/v/6)
s(x) = —= -
V6 (1 + exp(mz/v/6))?
The limiting density fs(z) is shown in Figure 3.9. &

Another useful CLT for sums of independent (but not identically
distributed) random variables is the Lyapunov CLT. Like the CLT
for weighted sums of i.i.d. random variables, this CLT depends on
a condition that can be easily verified.
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Figure 3.9 Density of S; the dotted curve is a Normal density with the same
mean and variance as S.

THEOREM 3.10 (Lyapunov CLT) Suppose that Xi,Xa,- -
are independent random wvariables with E(X;) = 0, E(X?) = o?
and E(|X;]?) = v and define

Sn:iZXi

Sn i=1

where s2 =Y o2, If

1 n
Jm 5 > =0
Sn =1

then S, —q Z, a standard Normal random variable.

It is possible to adapt the proof of the CLT for sums of i.i.d.
random variables to the two CLTs given in this section. In the case
of the CLT for weighted sums, the key modification lies in redefining
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T,k to be

1 k—1 1 n
Tor = — ZCij + — Z Cij
Sn = 5n Tkt
where Z1, Zs,--- are independent standard Normal random vari-

ables independent of the X;’s. Then letting f be a bounded function
with three bounded derivatives, we have

n

E[f(Sn)]=Elf(2)] =Y Elf (Tnk+cxXi/sn) — f(Tuk + cuZi/sn))-
k=1

The remainder of the proof is much the same as before and
is left as an exercise. It is also possible to give a proof using
moment generating functions assuming, of course, that the moment
generating function of X; exists.

Multivariate Central Limit Theorem

CLTs for sums of random variables can be generalized to deal with
sums of random vectors. For example, suppose that X1, X, - - are
i.i.d. random vectors with mean vector p and variance-covariance
matrix C'; define

_ 1
X,==-) X,
n -
=1
to be the (coordinate-wise) sample mean of X, - - -, X,,. The logical

extension of the CLT for i.i.d. random variables is to consider the
limiting behaviour of the distributions of v/n (X, — u).

Before considering any multivariate CLT, we need to extend
the notion of convergence in distribution to sequences of random
vectors. This extension is fairly straightforward and involves the
joint distribution functions of the random vectors; given random
vectors { X, } and X, we say that X,, —4 X if

nlLHOIOP[Xn <z]=P[X <z|=F(x)
at each continuity point x of the joint distribution function F' of
X. (X < x means that each coordinate of X is less than or equal
to the corresponding coordinate of x.) This definition, while simple
enough, is difficult to prove analytically. Fortunately, convergence
in distribution of random vectors can be cast in terms of their one-
dimensional projections.
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THEOREM 3.11 Suppose that { X} and X are random vectors.
Then X, —q4 X if, and only if,

t' X, —4t' X
for all vectors t.

Theorem 3.11 is called the Cramér-Wold device. The proof of
this result will not be given here. The result is extremely useful for
proving multivariate CLTs since it essentially reduces multivariate
CLTs to special cases of univariate CLTs. We will only consider a
multivariate CLT for sums of i.i.d. random vectors but more general

multivariate CLTs can also be deduced from appropriate univariate
CLTs.

THEOREM 3.12 (Multivariate CLT) Suppose that X1, X,
X3, are i.i.d. random vectors with mean vector pu and variance-
covariance matriz C' and define

s, = %;m — 1) = V(X — ).

Then S, —q Z where Z has a multivariate Normal distribution
with mean 0 and variance-covariance matriz C'.

Proof. It suffices to show that ¢S, —; t’ Z; note that t'Z is
Normally distributed with mean 0 and variance t” Ct. Now

1 n
trs, = SN t'X,—p
\/ﬁ; ( )

1 n
= =3
Vi 2
where the Y;’s are i.i.d. with E(Y;) = 0 and Var(Y;) = tT Ct. Thus
by the CLT for i.i.d. random variables,
t’'S, —4 N(0,t7'Ct)
and the theorem follows. [

The definition of convergence in probability can be extended quite
easily to random vectors. We will say that X, —, X if each
coordinate of X, converges in probability to the corresponding
coordinate of X . Equivalently, we can say that X, —, X if

lim P[|| X, — X| >¢=0
n—o0
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where || - || is the Euclidean norm of a vector.

It is possible to generalize many of the results proved above.
For example, suppose that X, —4 X; then if ¢g is a continuous
real-valued function, g(X,) —4 ¢(X). (The same is true if —4
is replaced by —,.) This multivariate version of the Continuous
Mapping Theorem can be used to obtain a generalization of
Slutsky’s Theorem. Suppose that X,, —4 X and Y,, —, 6. By using
the Cramér-Wold device (Theorem 3.11) and Slutsky’s Theorem,
it follows that (X,,,Y,) —q4 (X,0). Thus if g(x,y) is a continuous
function, we have

g(XmYn) —d g(Xa 9)

EXAMPLE 3.10: Suppose that {X,} is a sequence of random
vectors with X,, —4 Z where Z ~ N,(0,C') and C is non-singular.
Define the function

g(x) =x'Cx,

which is a continuous function of . Then we have
9(X,) =XTc X, -, 27C1Z = g(2).

It follows from Chapter 2 that the random variable Z7C~'Z has
a x? distribution with p degrees of freedom. Thus for large n,
X EC’_IX n is approximately x? with p degrees of freedom. &

It is also possible to extend the Delta Method to the multivariate
case. Let {a,} be a sequence of constants tending to infinity and

suppose that
an(Xn — 0) —d Z.

If g(x) = (g1(x), -+, gx(x)) is a vector-valued function that is
continuously differentiable at & = 6, we have

an(9(Xn) —g(0)) —a D(0)Z

where D(0) is a matrix of partial derivatives of g with respect to

x evaluated at © = 6; more precisely, if ¢ = (z1,- -, xp),
20 - 2g0)
D(G) _ %QQ(O) e %92(0)
2=k () 72-91(6)
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The proof of this result parallels that of the Delta Method given
earlier and is left as an exercise.

EXAMPLE 3.11: Suppose that (X1,Y7),---, (X, Ys,) are i.i.d.
pairs of random variables with E(X;) = ux > 0, E(Y;) = py > 0,
and E(X?) and E(Y;?) both finite. By the multivariate CLT, we

have _
Xn %
((3)- (1)) oz~ mno

where C' is the variance-covariance matrix o_f (X;,Y;). We want to
consider the asymptotic distribution of X,,/Y,,. Applying the Delta
Method (with g(z,y) = z/y), we have

X
Vn (Y—n - M—X> —d D(px,py)Z
n 12%

~  N(0,D(ux, py)CD(px, py)")

1 px
D(px,py) = PRI I
By MKy
Letting Var(X;) = 0%, Var(¥;) = 0, and Cov(X;,Y;) = oxy, it
follows that the variance of the limiting Normal distribution is

where

T _ MYOX — 2uxpyoxy + pxoy

o
s

D(px, uy)CD(px, py)

3.6 Some applications

In subsequent chapters, we will use many of the concepts and
results developed in this chapter to characterize the large sample
properties of statistical estimators. In this section, we will give some
applications of the concepts and results given so far in this chapter.

Variance stabilizing transformations

The CLT states that if Xi, Xo,--- are i.i.d. random variables with
mean p and variance o2 then

\/E(Xn - /~L) —a 2
2

where Z has a Normal distribution with mean 0 and variance o~.
For many distributions, the variance o depends only on the mean
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p (that is, 02 = V(p)). In statistics, it is often desirable to find a
function g such that the limit distribution of

Vn(g(Xn) — g(w))

does not depend on p. (We could then use this result to find
an approximate confidence interval for p; see Chapter 7.) If g is
differentiable, we have

Vi(g(Xn) —g(w) —a g (W)Z

and ¢'(p)Z is Normal with mean 0 and variance [¢'(u)]*V (1); in
order to make the limiting distribution independent of u, we need
to find ¢ so that this variance is 1 (or some other constant). Thus,
given V' (u), we would like to find ¢ such that

[ ()]°V (1) =1

1
/
The function g can be the solution of either of the two differential
equations depending on whether one wants g to be an increasing
or a decreasing function of u; g is called a variance stabilizing
transformation.

or

EXAMPLE 3.12: Suppose that Xi,---, X, are i.i.d. Bernoulli
random variables with parameter 6. Then

Vn(X, —0) —q Z ~ N(0,0(1 —0)).
To find ¢ such that
Vn(g(Xn) = g(0)) —a N(0,1)
we solve the differential equation
g0 = \/9(11— o)
The general form of the solutions to this differential equation is
g(f) =sin1(20 — 1) + ¢

where ¢ is an arbitrary constant that could be taken to be 0.
(The solutions to the differential equation can also be written
g(0) = 2sin7' (V) +¢.) &
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Variance stabilizing transformations often improve the speed of
convergence to normality; that is, the distribution of g(X,,) can be
better approximated by a Normal distribution than that of X,, if
g is a variance stabilizing transformation. However, there may be
other transformations that result in a better approximation by a

Normal distribution.

A CLT for dependent random variables

Suppose that {U;} is an infinite sequence of i.i.d. random variables
with mean 0 and variance o2 and define

p
X; = Z CjUi,j
j=0

where cp,---,c, are constants. Note that Xi, Xo,--- are not
necessarily independent since they can depend on common U;’s.
(In time series analysis, {X;} is called a moving average process.)
A natural question to ask is whether a CLT holds for sample means
X, based on X1, X, -

We begin by noting that

1 n 1 n
—nZXl = 2.2 ciliey
i=1 i=1j=0
1 & &
= 262 Uiy
j=0 i=1
p 1 n
= ch —nZUi+ZCJR”J
7=0 i=1 j=1
where
1 n n
1
= (U j+ - +Uy—Unpjy1— - —Up).

NLD

Now E(R,;) =0, Var(R,;) = E(R%j) = 2j02/n and so by Cheby-
shev’s inequality R,; —, 0 as n — oo for j = 1,---,p; thus,

p
Z Cjan —p 0.
Jj=1
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Finally,
1 n
— Y U; —4 N(0,0?%)
Vi &

and so applying Slutsky’s Theorem, we get

1 n
—= Y X;—q Z
\/ﬁizl

where Z has a Normal distribution with mean 0 and variance

()

When Z?:o c¢; = 0, the variance of the limiting Normal distribution
is 0; this suggests that

1 n
—= > X — 0
\/ﬁizl

(if Z?:o c; = 0). This is, in fact, the case. It follows from above
that

Fyx=y
_ X, — ¢:i R,
\/ﬁizl Z j=1 o

which tends to 0 in probability. An extension to infinite moving
averages is considered in Problem 3.22.

In general, what conditions are necessary to obtain a CLT for
sums of dependent random variables {X;}? Loosely speaking, it
may be possible to approximate the distribution of X1 4+ --- + X,
by a Normal distribution (for sufficiently large n) if both

e the dependence between X; and X;;r becomes negligible as
k — oo (for each i), and

e cach X; accounts for a negligible proportion of the variance of
X1+ + X,

However, the conditions above provide only a very rough guideline
for the possible existence of a CLT; much more specific technical
conditions are typically needed to establish CLTs for sums of
dependent random variables.
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Monte Carlo integration.

Suppose we want to evaluate the multi-dimensional integral

/.../g(w)dw

where the function g is sufficiently complicated that the integral
cannot be evaluated analytically. A variety of methods exist for
evaluating integrals numerically. The most well-known of these
involve deterministic approximations of the form

/.. ./g(gc) dx ~ ;az‘g(xz‘)

where ay,---,a,, ®1, -, x, are fixed points that depend on the
method used; for a given function g, it is usually possible to give
an explicit upper bound on the approximation error

|/.../g(m)dw—;aig(fﬂi)

and so the points {x;} can be chosen to make this error acceptably
small. However, as the dimension of domain of integration B
increases, the number of points m needed to obtain a given accuracy
increases exponentially. An alternative is to use so-called “Monte
Carlo” sampling; that is, we evaluate g at random (as opposed to
fixed) points. The resulting approximation is of the form

iAig(Xi)
i=1

where the X;’s and possibly the A;’s are random. One advantage
of using Monte Carlo integration is the fact that the order of the
approximation error depends only on m and not the dimension of B.
Unfortunately, Monte Carlo integration does not give a guaranteed
error bound; hence, for a given value of m, we can never be
absolutely certain that the approximation error is sufficiently small.

Why does Monte Carlo integration work? Monte Carlo integra-
tion exploits the fact that any integral can be expressed as the
expected value of some real-valued function of a random variable
or random vector. Since the WLLN says that sample means ap-
proximate population means (with high probability) if the sample
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size is sufficiently large, we can use the appropriate sample mean
to approximate any given integral. To illustrate, we will consider
evaluating the integral

7= /Olg(ﬂs) dx.

Suppose that a random variable U has a Uniform distribution on
[0, 1]. Then

Blo0)) = [ g(e) v

If Uy, Uy, - - - are i.i.d. Uniform random variables on [0, 1], the WLLN
says that

n

%;Q(Ui) —p Elg(U)] = /01 g(x)dr as n — oo,

which suggests that fol g(z) dz may be approximated by the Monte
Carlo estimate

if n is sufficiently large. (In practice, Uy, - - -, U,, are pseudo-random
variables and so are not truly independent.)

Generally, it is not possible to obtain a useful absolute bound on
the approximation error

Lot - [ o) i

since this error is random. However, if fol ¢ (r)dz < oo, it is
possible to use the CLT to make a probability statement about
the approximation error. Defining

2

73 = VU] = [ P @ydo— ([ gteyan) |

it follows that

L iznjlgwi) - [ oty e

(1

where ®(z) is the standard Normal distribution function.
The simple Monte Carlo estimate of fol g(z) dz can be improved in

< %) ~ ®(a) — B(—a)
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a number of ways. We will mention two such methods: importance
sampling and antithetic sampling.
Importance sampling exploits the fact that

/Olg(fv)dx:/()l%f(x)dx:E(%>

where the random variable X has density f on [0,1]. Thus if
Xq,---, X, are ii.d. random variables with density f, we can
approximate fol g(x) dx by

How do Z and Z compare as estimates of 7 = fol g(x) dz? In simple
terms, the estimates can be assessed by comparing their variances
or, equivalently, Var[g(U;)] and Var[g(X;)/f(X;)]. It can be shown
that Var[g(X;)/f(X;)] is minimized by sampling the X;’s from the
density

k@l
T@ =@

in practice, however, it may be difficult to generate random
variables with this density. However, a significant reduction in
variance can be obtained if the X;’s are sampled from a density
f that is approximately proportional to |g|. (More generally, we
could approximate the integral [*_ g(x) dz by

1 =~ 9(X;)

where X7, -+, X,, are i.i.d. random variables with density f.)
Antithetic sampling exploits the fact that

/0 2/ z)+g(1l —z))dx.

Hence if Uy, Uy, - - - are i.i.d. Uniform random variables on [0, 1], we

can approximate fol g(x) dx by

1 n

n
Z

(9(U;) +g(1 = U;)).
1

Antithetic sampling is effective when ¢ is a monotone function
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(either increasing or decreasing); in this case, it can be shown that
Cov([g(U;), g(1 — U;)] < 0. Now comparing the variances of

2n n
To=5 > o) and T,= > (g(Ui) +9(1 - ),
i=1 i=1
we obtain
ez - Yot
and
V() = Yalo) o1 =)
Var[g(U1)] + Covlg(U1). g(1 — Uy)]

2n

Since Cov[g(U1), g(1 —U1)] < 0 when g is monotone, it follows that
Var(Z,) < Var(Zy).

EXAMPLE 3.13: Consider evaluating the integral

/1 exp(—x) cos(mz/2) dx
0

the integrand is shown in Figure 3.10. This integral can be evaluated
in closed-form as

2
We will evaluate this integral using four Monte Carlo approaches.
Let Uy, - - -, Ujggo be i.i.d. Uniform random variables on the interval

[0,1] and define the following four Monte Carlo estimates of the
integral:

R 1 1000
L = 1000 2 exp(—U;) cos(wU; /2)
R 1 500
I, = 1000 2 exp(—U;) cos(wU;/2)
500
1000 Zexp 1) cos(m(1 —U;)/2)

o 1 wzo:oexp(—V})cos(WW/Z)
° 1000 & 2(1 - V)
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g(x)
06 08 1.0
1 1

0.4

0.2

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.10 Graph of the function g(z) = exp(—x) cos(mz/2).

-1 wzo:oexp(—Wi)cos(WWi/2)
1000 & 2W;

~

where V; = 1 — (1 — U;)"/? and W; = Ui1/2. 7y is an antithetic
sampling estimate of the integral while fg, and 7, are both
importance sampling estimates; note that the density of V; is
fv(z) = 2(1 — x) while the density of W; is fyy(x) = 2z (for
0 <z <1 in both cases). Each of the four estimates was evaluated
for 10 samples of Uy, ---,Uyggp and the results presented in Table
3.2.

A glance at Tiible 3.2 reveals that tkle estimates i—g and i—g are
the best while Z4 is the glear loser; 7o comes the closet to the
true value 4 times WhileAI;:, comes the closest the other 6 times.
It is not surprising that Z3 does so well; from Figure 3.10, we can
see that the integrand g(z) = exp(—=z) cos(rz/2) is approximately
1 — x so that g(z)/fy(z) ~ 2 and so Zs should be close to the
optimal importance sampling estimate. The fact that g(x) ~ 1 —x
also explains the success of the antithetic sampling estimate Ty
9(U;)+g9(1-U;) =~ 1, which suggests that Var(g(U;)+¢(1—-U;)) ~ 0.
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Table 3.2 Monte Carlo estimates of fol exp(—z) cos(mx/2) dzx.

L L I L

0.4596 0.4522 0.4555 0.4433
0.4706 0.4561 0.4563 0.5882
0.4653 0.4549 0.4560 0.6569
0.4600 0.4559 0.4559 0.4259
0.4496 0.4551 0.4546 0.4907
0.4412 0.4570 0.4527 0.4206
0.4601 0.4546 0.4552 0.4289
0.4563 0.4555 0.4549 0.4282
0.4541 0.4538 0.4555 0.4344
0.4565 0.4534 0.4556 0.4849

(In fact, Var(Zy) = 0.97 x 1076 while Var(Z3) = 2.25 x 10~6 and
Var(Z;) = 90.95 x 107%; the variance of Z, is infinite.) &

3.7 Convergence with probability 1

Earlier in this chapter, we mentioned the existence of another
type of convergence for sequences of random variables, namely
convergence with probability 1. In the interest of completeness, we
will discuss this type of convergence although we will not make use
of it subsequently in the text; therefore, this section can be skipped
without loss of continuity.

DEFINITION. A sequence of random variables {X,,} converges
with probability 1 (or almost surely) to a random variable X
(Xp —wp1 X) if

P(|w: lim X,(w) = X(@)]) =1.

n—o0

What exactly does convergence with probability 1 mean? By
the definition above, if X,, —yp1 X then X, (w) — X(w) for all
outcomes w € A with P(A) = 1. For a given w € A and € > 0,
there exists a number n(w) such that | X, (w) — X(w)| < € for all
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n > n¢(w). Now consider the sequence of sets { B (¢)} with

B (e) = U [ Xx — X| > €];
k=n

{B(€)} is a decreasing sequence of sets (that is, By,+1(€) C By(e))
and its limit will contain all w’s lying in infinitely many of the
By, (€)’s. If w € A then for n sufficiently large | Xy (w) — X (w)| < € for
k > nand sow & By(e) (for n sufficiently large). Thus B, (e)NA |
as n — oo. Likewise, if w € A then w will lie in infinitely many of
the B,,’s and so B, N A¢ | A¢. Thus

P(Ba(©) = P(Bae) N A) + P(Bale) N AY)
—  lim P(Bn(e)NA) + Jim P(By(e) N A°)
= 0

Thus X;, —wp1 X implies that P(B,(e)) — 0 as n — oo for all
e > 0. Conversely, if P(B,(€)) — 0 then using the argument given
above, it follows that X,, —p1 X. Thus X,, —yp1 X is equivalent
to

Ji_)ngoP<U[|Xk—X\ >€]> =0
k=n
for all € > 0.

Using the condition given above, it is easy to see that if X,, —p1
X then X,, —, X; this follows since

1 X5 — X| > c J X — X]| > ¢

k=n
and so
P(|X,— X|>e¢) gP(U[[Xk—X\ >e]> — 0.
k=n

Note that if [|X,,+1 — X| > € C [|X;, — X| > ¢] for all n then

P(GHXk—X >e]> =P(|X, — X|>¢)

k=n

in which case X,, —, X implies that X, —,p1 X.
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EXAMPLE 3.14: Suppose that Xi, Xs,--- are i.i.d. Uniform
random variables on the interval [0, 1] and define

M,, = max(X1, -, Xp).

In Example 3.1, we showed that M, —, 1. However, note that
1> Mpt1(w) > My (w) for all w and so

([Mpy1 =1 >¢ = [Mpp1 <1—¢
C [My,<1—¢
= [|[M, —1] > €.

Thus

o0
P(U[\Mk—1\>e]>:P(\Mn—1]>e)—>0 as n — 00
k=n

as shown in Example 3.1. Thus M,, —up1 1. &

Example 3.14 notwithstanding, it is, in general, much more
difficult to prove convergence with probability 1 than it is to prove
convergence in probability. However, assuming convergence with
probability 1 rather than convergence in probability in theorems
(for example, in Theorems 3.2 and 3.3) can sometimes greatly
facilitate the proofs of these results.

EXAMPLE 3.15: Suppose that X, —up1 X and g(z) is a
continuous function. Then ¢(X,,) —up1 g(X). To see this, let A
be the set of w’s for which X,,(w) — X (w). Since g is a continuous
function X, (w) — X(w) implies that g(X,(w)) — ¢(X(w)); this
occurs for all w’s in the set A with P(A) = 1 and so g(X,) —wp1
9(X). o

We can also extend the WLLN to the so-called Strong Law of

Large Numbers (SLLN).

THEOREM 3.13 (Strong Law of Large Numbers) Suppose that
X1, Xo,--+ are i.i.d. random wvariables with E(|X;|) < oo and
E(X;) = p. Then

_ 1&
Xn = EZXZ —wpl K
=1

as n — Oo0.
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The SLLN was proved by Kolmogorov (1930). Its proof is more
difficult than that of the WLLN but similar in spirit; see, for
example, Billingsley (1995) for details.

There is a very interesting connection between convergence with
probability 1 and convergence in distribution. It follows that
convergence with probability 1 implies convergence in distribution;
the converse is not true (since X,, —4 X means that the distribution
functions converge and so all the X,,’s can be defined on different
sample spaces). However, there is a partial converse that is quite
useful technically.

Suppose that X, —4 X; thus F,(z) — F(z) for all continuity
points of F. Then it is possible to define random variables {X} '}
and X* with X ~ F, and X* ~ F such that X —,,1 X™.
Constructing these random variables is remarkably simple. Let U
be a Uniform random variable on the interval [0, 1] and define

X:=F'(U) and X*=F"YU)
where F;7! and F~! are the inverses of the distribution functions of
X, and X respectively. It follows now that X ~ F,, and X* ~ F.
Moreover, X —,p1 X™; the proof of this fact is left as an exercise
but seems reasonable given that F,,(x) — F(x) for all but (at most)
a countable number of z’s. This representation is due to Skorokhod
(1956).

As mentioned above, the ability to construct these random
variables {X*} and X* is extremely useful from a technical point
of view. In the following examples, we give elementary proofs of
the Continuous Mapping Theorem (Theorem 3.2) and the Delta
Method (Theorem 3.4).

EXAMPLE 3.16: Suppose that X,, —; X and g(x) is a
continuous function. We can then construct random variables { X'}
and X* such that X, =4 X, and X* =5 X and X, —,,,;1 X*. Since
g is continuous, we have

9<X7>;) —wpl g(X*)

However, g(X}) =4 9(X,) and g(X*) =4 g(X) and so it follows
that

9(Xn) —a 9(X)
since g(X}}) —q4 g(X™). &
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EXAMPLE 3.17: Suppose that Z, = a,(X, —0) —4 Z where
an T oo. Let g(z) be a function that is differentiable at = = 0.
We construct the random variables {Z*} and Z* having the same
distributions as {Z,} and Z with Z} —,,1 Z*. We can also define
X* = a,'Z* + 0 which will have the same distribution as Xp;
clearly, X} —p1 0. Thus

wax—g0) = (I axi-0)
—wpl g’(Q)Z*

9(X,) —g(0)
Xr—0

Now since a,(g(X;) — ¢(#)) and a,(g(X,) — g(f)) have the same
distribution as do ¢'(#)Z* and ¢'(0)Z, it follows that

an(9(Xn) = 9(0)) —a g'(0) 2.

—wpl gl(e)-

Note that we have required only existence (and not continuity) of
the derivative of g(x) at = 6. &

3.8 Problems and complements

3.1: (a) Suppose that {Xél)}, e {Xff)} are sequences of random
variables with Xﬁf) —p 0asn — oo for each i = 1,---, k. Show
that

(2)
112%}{1@ ’Xn | _)P 0

as 1 — OQ.

(b) Find an example to show that the conclusion of (a) is not
necessarily true if the number of sequences k = k,, — oo.

3.2: Suppose that Xi,---, X, are i.i.d. random variables with a
distribution function F'(x) satisfying

lim z%(1 - F(x)) =A>0

r—00

for some o > 0. Let M,, = max(Xy,---,X,). We want to show
that n~Y/*M, has a non-degenerate limiting distribution.

(a) Show that n[l1—F(n'/®z)] — A\z=* as n — oo for any > 0.
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(b) Show that

P(n oM, <z) = [PV

= [1—(1—F@/)r"
— 1l—exp(=Az™%)

as n — oo for any x > 0.
(¢) Show that P(n='/*M,, < 0) — 0 as n — oo.

(d) Suppose that the X;’s have a Cauchy distribution with
density function

1
f(x):m-

Find the value of a such that n~/®M,, has a non-degenerate
limiting distribution and give the limiting distribution function.

3.3: Suppose that X1, --, X, are i.i.d. Exponential random vari-
ables with parameter A and let M,, = max(Xy,---,X,). Show
that M,, —In(n)/\ —4 V where

P(V < z) = exp[— exp(—Az)]

for all z.

3.4: Suppose that Xq,---,X,, are i.i.d. nonnegative random vari-
ables with distribution function F'. Define

U, = min(Xy,- -+, X,).

(a) Suppose that F(x)/z — X as x — 0. Show that nU, —4
Exp()).

(b) Suppose that F(x)/x* — X as ¢ — 0 for some « > 0. Find
the limiting distribution of n!/®U,,.

3.5: Suppose that Xy has a Hypergeometric distribution (see
Example 1.13) with the following frequency function

My\ (N — My N
In(z) =
X rrN — % TN
for z = max(0,ry + My — N),---,min(My,ry). When the
population size NN is large, it becomes somewhat difficult to

compute probabilities using fx () so that it is desirable to find
approximations to the distribution of X as N — oc.
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(a) Suppose that 7y — r (finite) and My /N — 6 for 0 < 6 < 1.
Show that Xy —4 Bin(r,0) as N — oo
(b) Suppose that ry — oo with ryMy/N — X > 0. Show that
XN —4 Pois(\) as N — oc.

3.6: Suppose that {X,} and {Y,,} are two sequences of random
variables such that

an(Xn - Yn) —a 4

for a sequence of numbers {a,} with a,, — co (as n — o0).
(a) Suppose that X,, —, 6. Show that Y;, —, 6.

(b) Suppose that X,, —, 0 and g(z) is a function continuously
differentiable at = = 6. Show that

an(9(Xn) — 9(Yn)) —a g'(0)Z.

3.7: (a) Let {X,,} be a sequence of random variables. Suppose that
E(X,) — 0 (where 0 is finite) and Var(X,) — 0. Show that
Xp —p 0.

(b) A sequence of random variables {X,,} converges in proba-
bility to infinity (X, —, oo) if for each M > 0,

lim P(X, <M)=0.

n—oo

Suppose that E(X,) — oo and Var(X,) < kE(X,) for
some k < oo. Show that X, —, oo. (Hint: Use Chebyshev’s
inequality to show that

P[|Xn — E(X,)| > ¢B(X,)] — 0

for each € > 0.)

3.8: (a) Let g be a nonnegative even function (g(z) = (—a;)) that
is increasing on [0,00) and suppose that E[g(X)] < oo. Show
that

Elg(X)]
PHX‘ > 6] < Tf)

for any € > 0. (Hint: Follow the proof of Chebyshev’s inequality
making the appropriate changes.)

(b) Suppose that E[|X,|"] — 0 as n — co. Show that X,, —, 0.

3.9: Suppose that Xi,---, X, are i.i.d. Poisson random variables
with mean A. By the CLT,

Vn(X, — ) —q N(0, ).
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(a) Find the limiting distribution of /n(In(X,) — In(A)).
(b) Find a function g such that

Vn(g(Xn) = g(A) —a N(0,1).

3.10: Let {a,} be a sequence of constants with a, — oo and
suppose that
(079 (Xn — 9) —d A

where 6 is a constant.

(a) Let g be a function that is twice differentiable at 6 and
suppose that ¢'(f) = 0. Show that

@ (9(%0) ~ 9(6)) —a 57

(b) Now suppose that g is k times differentiable at 6 with

g6 = --- = g% () = 0. Find the limiting distribution
of ak(g(X,) — ¢g(0)). (Hint: Expand g(X,,) in a Taylor series
around 6.)

3.11: The sample median of i.i.d. random variables is asymptoti-
cally Normal provided that the distribution function F' has a
positive derivative at the median; when this condition fails, an
asymptotic distribution may still exist but will be non-Normal.
To illustrate this, let X1, ---, X, be i.i.d. random variables with
density

f(z) = é\a:|72/3 for || < 1.

(Notice that this density has a singularity at 0.)

(a) Evaluate the distribution function of X; and its inverse (the
quantile function).
(b) Let M, be the sample median of Xj,---,X,. Find the
limiting distribution of n3/2M,. (Hint: use the extension of
the Delta Method in Problem 3.10 by applying the inverse
transformation from part (a) to the median of n i.i.d. Uniform
random variables on [0, 1].)

3.12: Suppose that Xi,---, X, are i.i.d. random variables with
common density

f(z)=az™ 1 forz>1
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where o > 0. Define

n 1/n
Sy, = (H XZ») .
i=1

(a) Show that In(X;) has an Exponential distribution.
(b) Show that S;, —, exp(1/c). (Hint: Consider In(Sy).)

(c) Suppose a = 10 and n = 100. Evaluate P(S,, > 1.12) using
an appropriate approximation.

3.13: Suppose that X1, .-, X, be i.i.d. discrete random variables
with frequency function

f(:c):;—l forx=1,2,---,6.

(a) Let S,, = >p_; kXj. Show that

Var(Sy,) —a N0, 1).

(b) Suppose n = 20. Use a Normal approximation to evaluate
P(S20 > 1000).

(¢) Suppose n = 5. Compute the exact distribution of S,, using
the probability generating function of S,, (see Problems 1.18
and 2.8).

3.14: Suppose that X,1, X9, -, Xun are independent random
variables with
P(X,i=0)=1-p, and P(X,; <z|X, #0)=F(z).
Suppose that (t) = [0 exp(tz)dF(z) < oo for ¢t in a
neighbourhood of 0.

(a) Show that the moment generating function of X,; is
mn(t) = pn’}/(t) + (1 - pn)

(b) Let S, = > X,; and suppose that np, — A > 0 as
n — oo. Show that S, converges in distribution to a random
variable S that has a compound Poisson distribution. (Hint: See
Problem 2.7 for the moment generating function of a compound
Poisson distribution.)

3.15: Suppose that X1, X2, -, Xnn are independent Bernoulli
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random variables with parameters 6,1,---,0,, respectively.
Define S, = X1 + Xpo + -+ + X

(a) Show that the moment generating function of S, is

M (t) = f[ (1 = O + Opi exp(t)) -
=1

(b) Suppose that

NE

0,;, — A>0 and
i=1
i Oos = 0
as n — 00. Show that
Inmy,(t) = Aexp(t) — 1] 4+ rn(¢)
where for each t, ry,(t) — 0 as n — oo. (Hint: Use the fact that
In(l+x)=x—22/2+23/3+ - for |z| < 1.)
(c) Deduce from part (b) that S, —4 Pois()).
3.16: Suppose that {X,,} is a sequence of nonnegative continuous
random variables and suppose that X,, has hazard function

An(x). Suppose that for each x, A\,(x) — Mo(z) as n — oo
where [ Ao(z) dz = co. Show that X, —4 X where

P(X > z) =exp (— /Om Ao(t) dt)

3.17: Suppose that Xi,---, X, are independent nonnegative ran-
dom variables with hazard functions Ai(x),---, A, (x) respec-
tively. Define U,, = min(Xy, -+, X,,).

(a) Suppose that for some o > 0,
1 n
A Zl Ailt/n) = Xo(1)
1=
for all ¢ > 0 where [;° Ao(t)dt = oo. Show that n®U, —q V

where P(V > z) =exp (— /Ow Ao(t) dt) .

(b) Suppose that X, -, X,, are i.i.d. Weibull random variables
(see Example 1.19) with density function

f@) = Aga’Lexp (-Xa?)  (z>0)
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where A\,a > 0. Let U,, = min(Xy,---,X,) and find a such
that n*U,, —4 V.

3.18: Suppose that X,, ~ x%(n).

(a) Show that X, —n —q N(0,1/2) as n — oo. (Hint:
Recall that X,, can be represented as a sum of n i.i.d. random
variables.)

(b) Suppose that n = 100. Use the result in part (a) to
approximate P(X, > 110).

3.19: Suppose that {X,,} is a sequence of random variables such
that X,, —4 X where FE(X) is finite. We would like to
investigate sufficient conditions under which F(X,) — E(X)
(assuming that E(X,,) is well-defined). Note that in Theorem
3.5, we indicated that this convergence holds if the X,,’s are
uniformly bounded.

(a) Let 6 > 0. Show that
E(Xa[0) = (1 +5)/ PP Xn| > @) d.
0
(b) Show that for any M > 0 and § > 0,

M
/0 P(|X,| >2)dz < E(|Xa|)

IA

M
/ P(|X,| > z)dx
0

1 o
~ /M PP X > ) de.

(c) Again let 6 > 0 and suppose that E(|X,|'T) < K < oo
for all n. Assuming that X,, —4 X, use the results of parts (a)
and (b) to show that E(|X,|) — E(|X|) and E(X,) — E(X)
as n — oo. (Hint: Use the fact that

M
/ \P(|X,| > 2) — P(IX| > 2)| dz — 0
0

as n — oo for each finite M.)

3.20: A sequence of random variables {X,,} is said to be bounded
in probability if for every € > 0, there exists M, < oo such that
P(|X,| > M) < € for all n.

(a) If X,, —4 X, show that {X,,} is bounded in probability.

© 2000 by Chapman & Hall/CRC



(b) If E(|X,|") < M < oo for some r > 0, show that {X,} is
bounded in probability.
(c) Suppose that Y, —, 0 and {X,,} is bounded in probability.
Show that X,,Y,, —, 0.

3.21: If {X,} is bounded in probability, we often write X, =
Op(1). Likewise, if X;, —, 0 then X,, = o0p,(1). This useful
shorthand notation generalizes the big-oh and little-oh notation
that is commonly used for sequences of numbers to sequences
of random variables. If X,, = O,(Y,) (X,, = o0p(Yy)) then
Xn/Yn = 0p(1) (Xn/Yn = 0p(1)).

(a) Suppose that X, = O,(1) and Y;, = o0p(1). Show that
Xn + Y, =0,(1).

(b) Let {a,} and {b,} be sequences of constants where a,,/b,, —
0 as n — oo (that is, a, = o(b,)) and suppose that X, =
Op(ay). Show that X, = o,(by,).

3.22: Suppose that {U;} is an infinite sequence of i.i.d. random
variables with mean 0 and variance 1, and define {X;} by

00
Xz' = Z CjUZ'_j
j=0

where we assume that 322 |cj| < oo to guarantee that the
infinite summation is well-defined.

(a) Define ¢; = 3272 ;1 ¢ and define
o0
Z; = Z EjUifj
=0

and assume that 72 E? < o0 (so that Z; is well-defined). Show
that

J=0

Xi = (Z Cj) UZ + ZZ‘ — Zi—l‘

This decomposition is due to Beveridge and Nelson (1981).
(b) Using the decomposition in part (a), show that

1 n
— Y _X; —q N(0,0?
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where

3.23: Suppose that Aq, Ao, - - - is a sequence of events. We are some-
times interested in determining the probability that infinitely
many of the Ax’s occur. Define the event

oo o0
B= ) U A

n=1k=n
It is possible to show that an outcome lies in B if, and only
if, it belongs to infinitely many of the Ay’s. (To see this, first
suppose that an outcome w lies in infinitely many of the Ay’s.
Then it belongs to B, = Ui—,, Ax for each n > 1 and hence
in B =(\;2; By. On the other hand, suppose that w lies in B;
then it belongs to B,, for all n > 1. If w were in only a finite
number of A.’s, there would exist a number m such that Ay
did not contain w for £ > m. Hence, w would not lie in B,, for
n > m and so w would not lie in B. This is a contradiction, so
w must lie in infinitely many of the Ag’s.)
(a) Prove the first Borel-Cantelli Lemma: If >°72, P(Ag) < 0o
then

P(Aj, infinitely often) = P(B) = 0.

(Hint: note that B C By, for any n and so P(B) < P(B,).)

(b) When the Aj’s are mutually independent, we can streng-
then the first Borel-Cantelli Lemma. Suppose that

oo
k=1
for mutually independent events {Ay}. Show that

P( Ay, infinitely often) = P(B) = 1,

this result is called the second Borel-Cantelli Lemma. (Hint:

Note that
oo (@)
B =] ) 45

n=1k=n

© 2000 by Chapman & Hall/CRC



and so

P(B°)<P <ﬁ Ai) = ﬁ (1 - P(Ag)).
k=n k=n
Now use the fact that In(1 — P(Ag)) < —P(Ag).)

3.24: Suppose that {Xj} is an infinite sequence of identically
distributed random variables with E(|X}|) < oc.

(a) Show that for e > 0,
X
P (‘7’“‘ > ¢ infinitely 0ften> =0.

(From this, it follows that X,,/n — 0 with probability 1 as
(b) Suppose that the X}’s are i.i.d. Show that X,,/n — 0 with
probability 1 if, and only if, E(|X|) < oc.

3.25: Suppose that X, Xo,--- are i.i.d. random variables with
E(X;) =0 and E(X}) < co. Define

(a) Show that E[|X,|*] < k/n? for some constant k. (Hint: To

evaluate
n n n n

YD DD EIXX; XX

i=1j=1k=1 (=1

4

note that most of the n* terms in the fourfold summation are

exactly 0.)
(b) Using the first Borel-Cantelli Lemma, show that

Xn —wpl 0.

(This gives a reasonably straightforward proof of the SLLN
albeit under much stronger than necessary conditions.)
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CHAPTER 4

Principles of Point Estimation

4.1 Introduction

To this point, we have assumed (implicitly or explicitly) that all
the parameters necessary to make probability calculations for a
particular probability model are available to us. Thus, for example,
we are able to calculate the probability that a given event occurs
either exactly or approximately (with the help of limit theorems).
In statistics, however, the roles of parameters (of the probability
model) and outcomes (of the experiment) are somewhat reversed,;
the outcome of the experiment is observed by the experimenter
while the true value of the parameter (or more generally, the
true probability distribution) is unknown to the experimenter. In
very broad terms, the goal of statistics is to use the outcome of
the experiment (that is, the data from the experiment) to make
inference about the values of the unknown parameters of the
assumed underlying probability distribution.

The previous paragraph suggests that no ambiguity exists re-
garding the probability model for a given experiment. However,
in “real life” statistical problems, there may be considerable uncer-
tainty as to the choice of the appropriate probability model and the
model is only chosen after the data have been observed. Moreover,
in many (perhaps almost all) problems, it must be recognized that
any model is, at best, an approximation to reality; it is important
for a statistician to verify that any assumed model is more or less
close to reality and to be aware of the consequences of misspecifying
a model.

A widely recognized philosophy in statistics (and in science more
generally) is that a model should be as simple as possible. This
philosophy is often expressed by the maxim known as Occam’s
razor (due to the philosopher William of Occam): “explanations
should not be multiplied beyond necessity”. In terms of statistical
modeling, Occam’s razor typically means that we should prefer a
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model with few parameters to one with many parameters if the
data are explained equally well by both.

There are several philosophies of statistical inference; we will
crudely classify these into two schools, the Frequentist school
and the Bayesian school. The Frequentist approach to inference
is perhaps the most commonly used in practice but is, by no
means, superior (or inferior) to the Bayesian approach. Frequentist
methods assume (implicitly) that any experiment is infinitely
repeatable and that we must consider all possible (but unobserved)
outcomes of the experiment in order to carry out statistical
inference. In other words, the uncertainty in the outcome of the
experiment is used to describe the uncertainty about the parameters
of the model. In contrast, Bayesian methods depend only on the
observed data; uncertainty about the parameters is described via
probability distributions that depend on these data. However, there
are Frequentist methods that have a Bayesian flavour and vice
versa. In this book, we will concentrate on Frequentist methods
although some exposure will be given to Bayesian methods.

4.2 Statistical models

Let Xi,---,X, be random variables (or random vectors) and
suppose that we observe xi,---,x,, which can be thought of
as outcomes of the random variables Xi,---, X,. Suppose that
the joint distribution of X = (Xi,---,X,) is unknown but
belongs to some particular family of distributions. Such a family
of distributions is called a statistical model. Although we usually
assume that X is observed, it is also possible to talk about a model
for X even if some or all of the X;’s are not observable.

It is convenient to index the distributions belonging to a statisti-
cal model by a parameter 0; 6 typically represents the unknown or
unspecified part of the model. We can then write

X=(Xy, -, Xy)~Fy for 0€0©

where Fjy is the joint distribution function of X and © is the set
of possible values for the parameter 6; we will call the set © the
parameter space. In general, 8 can be either a single real-valued
parameter or a vector of parameters; in this latter case, we will often
write @ to denote a vector of parameters (61, --,6,) to emphasize
that we have a vector-valued parameter.

Whenever it is not notationally cumbersome to do so, we
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will write (for example) Py(A), Eg(X), and Varg(X) to denote
(respectively) probability, expected value, and variance with respect
to a distribution with unknown parameter 6. The reasons for
doing this are purely stylistic and mainly serve to emphasize the
dependence of these quantities on the parameter 6.

We usually assume that © is a subset of some Euclidean space so
that the parameter 6 is either real- or vector-valued (in the vector
case, we will write @ = (01, -,0;)); such a model is often called a
parametric model in the sense that the distributions belonging to
the model can be indexed by a finite dimensional parameter. Models
whose distributions cannot be indexed by a finite dimensional
parameter are often (somewhat misleadingly) called non-parametric
models; the parameter space for such models is typically infinite
dimensional. However, for some non-parametric models, we can
express the parameter space ® = 01 X Oy where 01 is a subset
of a Euclidean space. (Such models are sometimes called semi-
parametric models.)

For a given statistical model, a given parameter 6 corresponds to a
single distribution Fy. However, this does not rule out the possibility
that there may exist distinct parameter values #; and 6 such that
Fyp, = Fy,. To rule out this possibility, we often require that a
given model, or more precisely, its parametrization be identifiable;
a model is said to have an identifiable parametrization (or to be
an identifiable model) if Fy, = Fp, implies that #; = 62. A non-
identifiable parametrization can lead to problems in estimation of
the parameters in the model; for this reason, the parameters of
an identifiable model are often called estimable. Henceforth unless
stated otherwise, we will assume implicitly that any statistical
model with which we deal is identifiable.

EXAMPLE 4.1: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean A. The joint frequency function of
X =(X1,---,Xp) is

n .
_ exp(—A) A%
fla: ) =]] —
i=1 i
forxy,- -, x, =0,1,2,---. The parameter space for this parametric
model is {A : A > 0}. <&

EXAMPLE 4.2: Suppose that X1, ---, X, are i.i.d. random vari-
ables with a continuous distribution function F' that is unknown.
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The parameter space for this model consists of all possible continu-
ous distributions. These distributions cannot be indexed by a finite
dimensional parameter and so this model is non-parametric. We
may also assume that F'(z) has a density f(z — ) where 6 is an
unknown parameter and f is an unknown density function satisfy-
ing f(x) = f(—z). This model is also non-parametric but depends
on the real-valued parameter . (This might be considered a semi-
parametric model because of the presence of 6.) &

EXAMPLE 4.3: Suppose that X1, -+, X,, are independent Nor-
mal random variables with E(X;) = (o + S1t; + [B2s; (where t1,-- -,
t, and s1,- - -, 8, are known constants) and Var(X;) = o2; the pa-
rameter space is

{(50)517/8270-) P—oo < ﬂ(ﬁﬂl?ﬂ? < 00,0 > O}

We will see that the parametrization for this model is identifiable
if, and only if, the vectors

1 t S1

,21 = : , and z9 =

A
are linearly independent, that is, agzg + a121 + asz2 = 0 implies
that ag = a1 = a2 = 0. To see why this is true, let
E(X1)
n= :
E(Xy)
and note that the parametrization is identifiable if there is a one-
to-one correspondence between the possible values of g and the
parameters g, 81, 82. Suppose that zg, zi1, and z5 are linearly

dependent; then agzg + a121 + aszo = 0 where at least one of
ap, ai, or as is non-zero. In this case, we would have

o = [ozo+ frz1 + P2z2
= (Bo+ao)zo + (b1 +a1)z1 + (B2 + az)z2

and thus there is not a one-to-one correspondence between p and
(Bo, B1, B2). However, when zg, 21, and z9 are linearly dependent, it
is possible to obtain an identifiable parametrization by restricting
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the parameter space; this is usually achieved by putting constraints
on the parameters 3y, 81, and (s. &

Ezxponential families

One important class of statistical models is exponential family
models. Suppose that X1, ---, X,, have a joint distribution Fy where
0 = (01,---,0,) is an unknown parameter. We say that the family
of distributions { Fy} is a k-parameter exponential family if the joint
density or joint frequency function of (Xi,---, X,,) is of the form

k
f(x;0) = exp Z ci(0)Ti(x) — d(8) + S(x)

=1

forx = (x1,---,x,) € A where A does not depend on the parameter
6. 1t is important to note that k need not equal p, the dimension
of @, although, in many cases, they are equal.

EXAMPLE 4.4: Suppose that X has a Binomial distribution
with parameters n and 6 where 6 is unknown. Then the frequency
function of X is

fa:0) = @ 6°(1—0)""

exp [ln (%) z+nln(l—46)+In (Z)]

for zinA = {0,1,---,n} and so the distribution of X has a one-
parameter exponential family. &

EXAMPLE 4.5: Suppose that Xi,---,X, are iid. Gamma
random variables with unknown shape parameter a and unknown
scale parameter A. Then the joint density function of X =
(X1, -+, Xp) is

JAC DY
B i )\axf‘_lexp(—)\wi)]
- P

= exp l(a - 1) iln(xi) — )\zn:xi + naln(A) — nln(T'(«))

i=1 =1
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(for 1, - -+, > 0) and so the distribution of X is a two-parameter
exponential family. O

EXAMPLE 4.6: Suppose that Xi,---,X, are i.i.d. Normal
random variables with mean 6 and variance 6% where 6§ > 0. The
joint density function of (Xi,---, X,,) is

f(w;e)n
- 1I [ﬁ exp <—2—é2(xi - 9)2)}

= expl 262295 + = le 1—|—ln(92)—|—ln(27r))

and so A = R". Note that this is a two-parameter exponential
family despite the fact that the parameter space is one-dimensional.
&

EXAMPLE 4.7: Suppose that X1, ---, X,, are independent Pois-
son random variables with E(X;) = exp(a + (8t;) where t1,---,t,
are known constants. Setting X = (X1, ---, X},), the joint frequency
function of X is

flz;a,B)
ﬁ [exp(— exp(a + Bt;)) exp(ax; + ﬁxiti)}

z!

= exp [a sz + 4 inti + Z exp(a + (t;) — Zln(xi!)] .
i=1 i=1 i=1 i=1

This is a two-parameter exponential family model; the set A is
simply {0,1,2,3,---}". &

EXAMPLE 4.8: Suppose that Xi,---,X, are ii.d. Uniform
random variables on the interval [0, 0]. The joint density function
of X = (Xy,--+,X,) is

1
f(az;@)ze—n for 0 < zxy,-+,x, < 6.

The region on which f(x;6) is positive clearly depends on 6 and so
this model is not an exponential family model. &

The following result will prove to be useful in the sequel.
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PROPOSITION 4.1 Suppose that X = (X1,---,X,) has a one-
parameter exponential family distribution with density or frequency

function

f(@;0) = exp [e(0)T () — d(0) + S(z)]
for x € A where
(a) the parameter space © is open,
(b) c(0) is a one-to-one function on ©,
(c) c(8), d(0) are twice differentiable functions on ©.
Then

Ey[T(X)] =

d"(6)d(0) —d' ()" (0)

[ (0)]?
Proof. Define ¢ = ¢(0); ¢ is called the natural parameter of the
exponential family. Let do(¢) = d(c™1(¢)) where ¢~ is well-defined
since ¢ is a omne-to-one continuous function on ©. Then for s

sufficiently small (so that ¢+ s lies in the natural parameter space),
we have (Problem 4.1)

Eylexp(sT(X))] = expldo(¢ + 5) — do(9)],

which is the moment generating function of 7'(X). Differentiating
and setting s = 0, we get

Ey[T(X)] = dy(¢) and Varg[T(X)] = dg(¢).
Now note that

and Varyg[T(X)]

4o = 5
iy — LOLO-20C0)

and so the conclusion follows. [

Proposition 4.1 can be extended to find the means, variances
and covariances of the random variables T7(X),--,Tk(X) in k-
parameter exponential family models; see Problem 4.2.

Statistics

Suppose that the model for X = (Xi,---,X,) has a parameter
space ©O. Since the true value of the parameter 6 (or, equivalently,
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the true distribution of X') is unknown, we would like to summarize
the available information in X without losing too much information
about the unknown parameter 6. At this point, we are not interested
in estimating 6 per se but rather in determining how to best use
the information in X.

We will start by attempting to summarize the information in
X. Define a statistic 7' = T(X) to be a function of X that does
not depend on any unknown parameter; that is, the statistic T
depends only on observable random variables and known constants.
A statistic can be real- or vector-valued.

EXAMPLE 4.9: T(X) = X =n~' 3" | X;. Since n (the sample
size) is known, 7" is a statistic. &

EXAMPLE 4.10: T(X) = (X(l), s ,X(n)) where X(l) < X(Q) <
-+ < X(p) are the order statistics of X. Since T" depends only on
the values of X, T is a statistic. &

It is important to note that any statistic is itself a random variable
and so has its own probability distribution; this distribution may or
may not depend on the parameter 6. Ideally, a statistic 7' = T'(X)
should contain as much information about # as X does. However,
this raises several questions. For example, how does one determine
if T"and X contain the same information about 67 How do we find
such statistics? Before attempting to answer these questions, we
will define the concept of ancillarity.

DEFINITION. A statistic T is an ancillary statistic (for ) if its

distribution is independent of #; that is, for all § € ©, T has the
same distribution.

EXAMPLE 4.11: Suppose that X; and X5 are independent
Normal random variables each with mean y and variance o2 (where
02 is known). Let T = X1 — X»; then T has a Normal distribution
with mean 0 and variance 202. Thus 7 is ancillary for the unknown
parameter u. However, if both y and o2 were unknown, 7" would
not be ancillary for § = (u, 0?). (The distribution of 7' depends on
02 so T contains some information about ¢2.) &

EXAMPLE 4.12: Suppose that Xi,---, X, are ii.d. random
variables with density function

f(:v;uﬁ):% for p—0<axz<pu+0.
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Define a statistic R = X,y — X(1), which is the sample range of
X1,--+-, X,. The density function of R is

n(n —1)z" 2

x
fR(x):W@_%) for 0 < x < 20,

which depends on 6 but not p. Thus R is ancillary for u. <&

Clearly, if T is ancillary for 6 then T contains no information
about 0. In other words, if T is to contain any useful information
about 6, its distribution must depend explicitly on 6. Moreover,
intuition also tells us that the amount of information contained
will increase as the dependence of the distribution on # increases.

EXAMPLE 4.13: Suppose that Xi,---, X, are i.i.d. Uniform
random variables on the interval [0, 0] where § > 0 is an unknown
parameter. Define two statistics, S = min(Xy,---,X,) and T =
max(Xy,---,Xp). The density of S is

n—1
fs(w;9)—%<1—%> for 0<z<4

while the density of T is

n—1
fr(z;0) = n (E> for 0<xz<0.
AN
Note that the densities of both S and T" depend on 6 and so neither
is ancillary for 6. However, as n increases, it becomes clear that
the density of S is concentrated around 0 for all possible values of
f while the density of T is concentrated around 6. This seems to
indicate that T provides more information about 6 than does S. &

Example 4.13 suggests that not all non-ancillary statistics are
created equal. In the next section, we will elaborate on this
observation.

4.3 Sufficiency

The notion of sufficiency was developed by R.A. Fisher in the
early 1920s. The first mention of sufficiency was made by Fisher
(1920) in which he considered the estimation of the variance o2
of a Normal distribution based on i.i.d. observations X7i,---, X,.
(This is formalized in Fisher (1922).) In particular, he considered
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estimating o2 based on the statistics

n n

Ty => |Xi—X| and Th=)» (X;-X)?

i=1 =1
(where X is the average of Xi,---,X,). Fisher showed that the
distribution of 77 conditional on 75 = ¢ does not depend on the
parameter ¢ while the distribution of 75 conditional on 77 = ¢ does
depend on o. He concluded that all the information about o2 in the
sample was contained in the statistic 75 and that any estimate of
o2 should be based on Ty; that is, any estimate of o based on T}
could be improved by using the information in 75 while 75 could
not be improved by using 77 .

We will now try to elaborate on Fisher’s argument in a more
general context. Suppose that X = (X1, -+, X,,) ~ Fy for some
0 € © and let T = T(X) be a statistic. For each ¢ in the range of
T, define the level sets of T'

Ay ={x:T(x) =t}.

Now look at the distribution of X on the set A;, that is, the
conditional distribution of X given T = t. If this conditional
distribution is independent of # then X contains no information
about 6 on the set Ay; that is, X is an ancillary statistic on Ay.
If this is true for each ¢ in the range of the statistic 7', it follows
that T contains the same information about # as X does; in this
case, T is called a sufficient statistic for §. The precise definition of
sufficiency follows.

DEFINITION. A statistic T = T'(X) is a sufficient statistic for
a parameter 0 if for all sets A, P[X € A|T = t] is independent
of # for all ¢ in the range of T'.

Sufficient statistics are not unique; from the definition of suffi-
ciency, it follows that if g is a one-to-one function over the range
of the statistic 7' then g(T) is also sufficient. This emphasizes the
point that it is not the sufficient statistic itself that is important
but rather the partition of the sample space induced by the statistic
(that is, the level sets of the statistic). It also follows that if 7" is
sufficient for 6 then the distribution of any other statistic S = S(X)
conditional on T = t is independent of 6.

How can we check if a given statistic is sufficient? In some cases,
sufficiency can be verified directly from the definition.

EXAMPLE 4.14: Suppose that Xi,---, X are independent
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random variables where X; has a Binomial distribution with
parameters n; (known) and 6 (unknown). Let T'= X + -+ + Xj;
T will also have a Binomial distribution with parameters m =
ni + -+ +ng and 6. To show that T is sufficient, we need to show
that

P X =x|T =1

is independent of 6 (for all x,---,x; and t). First note that if
t # x1 + - - + x, then this conditional probability is 0 (and hence
independent of ). If t = x1 + - - - 4+ x, then

Py X =]
PylT =t
[1E, ()67 (1 - 0y~
(7)or(L — o)t
1 ()
(¥)

which is independent of . Thus T is a sufficient statistic for 8. <

PX =xT=t] =

Unfortunately, there are two major problems with using the
definition to verify that a given statistic is sufficient. First, the
condition given in the definition of sufficiency is sometimes very
difficult to verify; this is especially true when X has a continuous
distribution. Second, the definition of sufficiency does not allow us
to identify sufficient statistics easily. Fortunately, there is a simple
criterion due to Jerzy Neyman that gives a necessary and sufficient
condition for T  to be a sufficient statistic when X has a joint density
or frequency function.

THEOREM 4.2 (Neyman Factorization Criterion)
Suppose that X = (X1,---,Xy) has a joint density or frequency
function f(x;0) (0 € ©). Then T = T(X) is sufficient for 0 if, and
only if,

f(@;0) = g(T(2); 0)h(z).
(Both T and 0 can be vector-valued.)

A rigorous proof of the Factorization Criterion in its full gener-
ality is quite technical and will not be pursued here; see Billingsley
(1995) or Lehmann (1991) for complete details. However, the proof
when X is discrete is quite simple and will be sketched here.
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Suppose first that 7" is sufficient. Then

f(@;0) = Py[X =x]
= > PX=2T=t

= PX =2,T=T(x)]
Py[T = T(2)|P|X = z|T = T(z)].

Since T is sufficient, P[X = «|T = T'(x)] is independent of # and
so f(x;0) = g(T(x); 0)h(x).
Now suppose that f(x;0) = g(T'(x); 0)h(x). Then if T(x) =t,
Py X = a]
Py[T =1]
9(T'(x); 0)h(z)
> ry)= 9(T'(y); 0)h(y)
h(z)
Sr(y)=t M(y)’
which does not depend on 6. If T'(x) # t then Py[X = z|T =t] = 0.

In both cases, Py[X = z|T = t] is independent of # and so T is
sufficient.

Py[X = z|T = 1]

s

EXAMPLE 4.15: Suppose that Xi,---,X, are ii.d. random
variables with density function

1
f(:n;@)za for0<z <9

where 6 > 0. The joint density function of X = (Xq,---,X,,) is

1
flx;0) = on for 0 <xy, -+, 2, <0
1
= IO w e < 0)
= iI(mauxaciSQ)I(min:1:,~20)
on " \1i<i<n 1<i<n

= g(max(zy,- -, zn); 0)h(z)
and so X () = max(Xt,---, X,) is sufficient for 6. &

EXAMPLE 4.16: Suppose that X = (Xi,---,X,) have a
distribution belonging to a k-parameter exponential family with
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joint density or frequency function satisfying

k
f(x;0) = exp ZCZ(G)TZ(:B) —d@)+ S(x)| I(x € A).
i=1
Then (taking h(x) = exp[S(z)|I(x € A)), it follows from the
Factorization Criterion that the statistic

is sufficient for 4. O

From the definition of sufficiency, it is easy to see that the
data X is itself always sufficient. Thus sufficiency would not be a
particularly useful concept unless we could find sufficient statistics
that truly represent a reduction of the data; however, from the
examples given above, we can see that this is indeed possible. Thus,
the real problem lies in determining whether a sufficient statistic
represents the best possible reduction of the data.

There are two notions of what is meant by the “best possible”
reduction of the data. The first of these is minimal sufficiency;
a sufficient statistic 7' is minimal sufficient if for any other
sufficient statistic S, there exists a function g such that 7' = ¢(.5).
Thus a minimal sufficient statistic is the sufficient statistic that
represents the maximal reduction of the data that contains as
much information about the unknown parameter as the data itself.
A second (and stronger) notion is completeness which will be
discussed in more depth in Chapter 6. If X ~ Fj then a statistic
T = T(X) is complete if Fy(g(T)) = 0 for all § € © implies that
Py(g(T) =0) =1 for all # € ©. In particular, if T is complete then
g(T) is ancillary for 6 only if ¢g(7) is constant; thus a complete
statistic T' contains no ancillary information.

It can be shown that if a statistic 71" is sufficient and complete
then T is also minimal sufficient; however, the converse is not true.
For example, suppose that Xi,---, X, are i.i.d. random variables
whose density function is

exp(z — 0)
[+ exp(z — O

For this model, a one-dimensional sufficient statistic for 8 does not
exist and, in fact, the order statistics (X 1 X (n)) can be shown
to be minimal sufficient. However, the statistic 7' = X,y — X(q) is
ancillary and so the order statistics are not complete. Thus despite

f(x;0) =
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the fact that (X(y),- -+, X(y)) is a minimal sufficient statistic, it still
contains “redundant” information about 6.

How important is sufficiency in practice? The preceding discus-
sion suggests that any statistical procedure should depend only on
the minimal sufficient statistic. In fact, we will see in succeeding
chapters that optimal statistical procedures (point estimators, hy-
pothesis tests and so on discussed in these chapters) almost invari-
ably depend on minimal sufficient statistics. Nonetheless, statistical
models really serve only as approximations to reality and so pro-
cedures that are nominally optimal can fail miserably in practice.
For example, suppose X1, -, X, are i.i.d. random variables with
mean g and variance o2. It is common to assume that the X;’s
have a Normal distribution in which case (37 ; X;, S0, X2) is a
minimal sufficient statistic for (u, 02). However, optimal procedures
for the Normal distribution can fail miserably if the X;’s are not
Normal. For this reason, it is important to be flexible in developing
statistical methods.

4.4 Point estimation

A point estimator or estimator is a statistic whose primary purpose
is to estimate the value of a parameter. That is, if X ~ Fy for 6 € ©,
then an estimator 6 is equal to some statistic T'(X).

Assume that 6 is a real-valued parameter and that 7 is_an
estimator of §. The probability distribution of an estimator 6 is
often referred to as the sampling distribution of 6. Ideally, we
would like the sampling distribution of 8 to be concentrated closely
around the true value of the parameter, 6. There are several simple
measures of the quality of an estimator based on its sampling

distribution.
DEFINITION. The bias of an estimator @ is defined to be

be(9) = Ey(0) — 6.

~

An estimator is said to be unbiased if by(f) = 0, that is,
Ey(0) = 6.

DEFINITION. The mean absolute error (MAE) of 8 is defined
to be

MAE; () = Ey[|6 — 6]].

DEFINITION. The mean square error (MSE) of g is defined to
be

-~

MSEy(9) = Eq[(0 — 0)°);
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~ -~ ~

it is easy to show that MSEy(0) = Varg(6) + [by(0)]>.

The bias of 6 gives some indication of whether the sampling

-~ ~

distribution is centered around # while MAEy(6) and MSEg(6) are
measures of the dispersion of the sampling distribution of 0 around
0. MAE and MSE are convenient measures for comparing different
estimators of a parameter 6; since we would like 6 to be close
to 6, it is natural to prefer estimators with small MAE or MSE.
Although MAE may seem to be a better measure for assessing the
accuracy of an estimator, MSE is usually preferred to MAE. There
are several reasons for preferring MSE; most of these derive from
the decomposition of MSEg(#) into variance and bias components:

~ —~ ~

MSEQ( ) = Varg(ﬁ) + [bg(@)]Z

This decomposition makes MSE much easier to work with than
MAE. For example, when 6 is a linear function of Xi,---, X, the
mean and variance of # (and hence its MSE) are easily computed;
computation of the MAE is much more difficult. Frequently, the
sampling distribution of an estimator is approximately Normal; for
example, it is often true that the distribution of 6 is approximately
Normal with mean 6§ and variance o2(f)/n. In such cases, the
variance 02(8) /n is often approximated reasonably well by MSE(6)
and so the MSE essentially characterizes the dispersion of the
sampling distribution of #. (Typically, the variance component of

-~

the MSE is much larger than the bias component and so MSEy(6) =~
Varg(0).) However, it is also important to note that the MSE of an
estimator can be infinite even when its sampling distribution is
approximately Normal.

Unbiasedness is a very controversial issue. The use of the word
“biased” to describe an estimator is very loaded; it suggests that
a biased estimator is somehow misleading or prejudiced. Thus,
at first glance, it may seem reasonable to require an estimator
to be unbiased. However, in many estimation problems, unbiased
estimators do not exist; moreover, there are situations where
all unbiased estimators are ridiculous. A further difficulty with
unbiasedness is the fact that unbiasedness is not generally preserved
by transformation; that is, if ¢ is an unbiased estimator of ¢ then
g(0) is typically not an unbiased estimator of g(f) unless g is a
linear function. Thus unbiasedness is not an intrinsically desirable
quality of an estimator; we should not prefer an unbiased estimator
to a biased estimator based only on unbiasedness. However, this is
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not to say that bias should be ignored. For example, if an estimator
0 systematically over- or under-estimates 6 (in the sense that the
sampling distribution of 0 lies predominantly to the right or left of
0), steps should be taken to remove the resulting bias.

EXAMPLE 4.17: Suppose that Xi,---, X, are i.i.d. Normal
random varlables with mean g and variance o?. An unbiased
estimator of o2 is

1 & -
-1 Z(Xl o
=1

However, S = v/ 52 is not an unbiased estimator of o; using the fact

that
n—1)S?
Y—%NXQ(”—U:
it follows that
o
E.(S) = ——FEWY
(5) = ZEWY)
o V2D (n/2)

Vn—1I((n-1)/2)

”

However, as n — oo, it can be show that E(S) — o. O

EXAMPLE 4.18: Suppose that Xi,---, X, are i.i.d. random
variables with a Uniform distribution on [0,0]. Let § = X(;), the

sample maximum; the density of 0 is

f(z;0) = B <z <4.

gn
Note that § < 6 and hence Ey(f) < 6; in fact, it is easy to show
that ~ n

Ey(0) =

n+1"

The form of Eg(é’) makes it easy to construct an unbiased estimator
of 0. If we define § = (n + 1)8/n then clearly 6 is an unbiased
estimator of 6. &

Suppose that §n is an estimator of some parameter 6 based
on n random variables Xi,---,X,. As n increases, it seems
reasonable to expect that the sampling distribution of #,, should
become increasingly concentrated around the true parameter value
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f. This property of the sequence of estimators {gn} is known as

consistency.

DEFINITION. A sequence of estimators {f,} is said to be con-
sistent for 0 if {6,,} converges in probability to 6, that is, if

Tim Pyl — 6] > € =0

for each € > 0 and each 6.

Although, strictly speaking, consistency refers to a sequence of
estimators, we often say that 6, is a consistent estimator of 6 if
it is clear that 0, belongs to a well-defined sequence of estimators;
an example of this occurs when 6, is based on n i.i.d. random
variables.

EXAMPLE 4.19: Suppose that Xi,---,X, are ii.d. random
variables with E(X;) = p and Var(X;) = o2. Define

1 « -
-1 Z(Xz -
i=1
which is an unbiased estimator of o2. To show that S2 is a consistent

estimator (or more correctly {S2} is a consistent sequence of
estimators), note that

n
Sh = Z —p+p— Xp)?
n
_ T2
2 noo% 2
pu— —Xn_ .
<n_1 P (K )
By the WLLN, we have
—Z —p o2 and Xn—>p/,L

and so by Slutsky’s Theorem, it follows that
S2 —, o”.

Note that S2 will be a consistent estimator of 02 = Var(X;) for any
distribution with finite variance. &
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EXAMPLE 4.20: Suppose that Xi,---,X, are independent
random variables with

Eg(X;) = pBt; and Varg(X;) = o?

where t1,---,t, are known constants and 3, ¢2 unknown parame-
ters. A possible estimator of 3 is
3, = iy tiX;
=1 "

It is easy to show that Bn is an unbiased estimator of 3 for each
n and hence to show that 3, is consistent, it suffices to show that
Varg(6,) — 0. Because of the independence of the X;’s, it follows

that 9

= o
Varg(fn) = =—-
YTt
Thus [, is consistent provided that St sooasn— oo, O

4.5 The substitution principle

In statistics, we are frequently interested in estimating parameters
that depend on the underlying distribution function of the data; we
will call such parameters functional parameters (although the term
statistical functional is commonly used in the statistical literature).
For example, the mean of a random variable with distribution
function F' may be written as

u(F) = /oo x dF(z).

—0o0

The value of u(F) clearly depends on the distribution function F
thus we can think of u(-) as a real-valued function on the space
of distribution functions much in the same way that g(z) = z?
is a real-valued function on the real-line. Some other examples of
functional parameters include

e the variance: 0?(F) = [%_(x — u(F))?dF(z).

e the median: med(F) = F~1(1/2) = inf{x : F(z) > 1/2}.

e the density at xo: O(F) = F'(x0) (0(F) is defined only for those
distributions with a density).

e a measure of location #(F') defined by the equation

| wla o) ar() =0
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Figure 4.1 Lorenz curves for the Gamma distribution with o = 0.5 (solid curve)
and o =5 (dotted curve).

(where 1 is typically a non-decreasing, odd function).

The following example introduces a somewhat more complicated
functional parameter that is of interest in economics.

EXAMPLE 4.21: Economists are often interested in the distribu-
tion of personal income in a population. More specifically, they are
interested in measuring the “inequality” of this distribution. One
way to do so is to consider the so-called Lorenz curve that gives the
percentage of income held by the poorest 100t% as a function of ¢.
Let F' be a distribution function (with F(z) = 0 for z < 0) whose
expected value is u(F). For ¢t between 0 and 1, we define

_ o FTNs)ds _ JyF (s)ds
Jo F1(s)ds u(F)

qr(t)

(Note that the denominator in the definition of ¢p(t) is simply
the expected value of the distribution F.) It is easy to verify
that qp(t) < t with gp(t) = t (for 0 < t < 1) if, and only if,
F is concentrated at a single point (that is, all members of the
© 2000 by Chapman & Hall/CRC



population have the same income). The Lorenz curves for Gamma
distributions with shape parameters 0.5 and 5 are given in Figure
4.1. (It can be shown that the Lorenz curve will not depend on the
scale parameter.) One measure of inequality based on the Lorenz
curve is the Gini index defined by

o(F) = 2/01(t —qp(t)dt=1— 2/01 ar(t) dt.

The Gini index §(F') is simply twice the area between the functions
t and gp(t) and so 0 < 6(F) < 1; when perfect equality exists
(gr(t) = t) then 6(F) = 0 while as the income gap between
the richest and poorest members of the population widens, 6(F)
increases. (For example, according to the World Bank (1999),
estimated Gini indices for various countries range from 0.195
(Slovakia) to 0.629 (Sierra Leone); the Gini indices reported for
Canada and the United States are 0.315 and 0.401, respectively.)
The Gini index for the Gamma distribution with shape parameter
0.5 is 0.64 while for shape parameter 5, the Gini index is 0.25. (It
can be shown that as the shape parameter tends to infinity, the
Gini index tends to 0.) &

The substitution principle

Suppose that Xq,---, X,, are i.i.d. random variables with distribu-
tion function F'; F' may be completely unknown or may depend on
a finite number of parameters. (Hence the model can be paramet-
ric or non-parametric). In this section, we will consider the problem
of estimating a parameter # that can be expressed as a functional
parameter of F', that is, § = 6(F).

The dependence on # of the distribution function F' suggests that
it may be possible to estimate 6 by finding a good estimate of F'
and then substituting this estimate, F', for F' in §(F) to get an
estimate of 6, § = (F). Thus we have changed the problem from
estimating 6 to estimating the distribution function F'. Substituting
an estimator F' for F'in 0(F") is known as the substitution principle.
However, the substitution principle raises two basic questions: first,
how do we estimate F' and second, does the substitution principle
always lead to good estimates of the parameter in question?

We will first discuss estimation of F. If F' is the distribution
function of Xi,---, X, then for a given value z, F(z) is the
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probability that any X; is no greater than x or (according to the
WLLN) the long-run proportion of X;’s that are not greater than
x. Thus it seems reasonable to estimate F'(z) by

n
Flz) ==Y I(X; <)
i=1
(where I(A) is 1 if condition A is true and 0 otherwise), which
is simply the proportion of X;’s in the sample less than or equal
to z; this estimator is called the empirical distribution function of
Xi, -+, X,. From the WLLN, it follows that F(z) = F,(z) —p
F(z) for each value of z (as n — o0) so that F,(z) is a consistent
estimator of F(z). (In fact, the consistency of F), holds uniformly
over the real line:

sup  [Fp(z) = F(x)] = 0.)
—oo<xr<0o0o

Despite these results, it is not obvious that the empirical distribu-
tion function F), is necessarily a good estimator of the true distri-
bution function F'. For example, F;, is always a discrete distribution
giving probability 1/n to each of Xy, -+, X,,; thus, if the true distri-
bution is continuous, ﬁn will not be able to capture certain features
of F' (because of its discontinuities). (In such cases, we could obtain
a “smoother” estimator of F' and apply the substitution principle
with this estimator.)

Fortunately, the empirical distribution function F can be used as
described previously to estimate many functional parameters of F.

EXAMPLE 4.22: Suppose that §(F) = [ h(z) dF(x). Substi-
tuting F for F, we get

6= 0(F) = /oo h(z) dF(z) = %Zh(Xi).
oo i=1

Thus, the substitution principle estimator is simply the sample
mean of A(X1), -+, h(Xpy). &

EXAMPLE 4.23: Suppose that 8(F) = Var(X) where X ~ F.

Then i, . )
o(F) = / x2dF(x)—</ a:dF(m))

— 00 —0o0
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and following Example 4.22, we get

2
Aol (Isy) S iy w2
=X - (52"’@) =, X X%
=1 =1 =1
Note that (F) is slightly different from the unbiased estimator S2
given in Example 4.17. O

EXAMPLE 4.24: Suppose §(F) satisfies the equation

o
| g6 @) =0
—00
for some function g(z,u). The substitution principle estimator
0 = 0(F') satisfies

n

/Oo g(z,0) dF(z) = 1 Zg(Xi, 6) =0.

—o0 "ic
In this case, 0 is not necessarily explicitly defined. &

Does the substitution principle always produce reasonable esti-
mators when the empirical distribution function is used to estimate
F? The answer to this question (unfortunately) is no. For exam-
ple, consider estimating a density function f corresponding to a
continuous distribution function F'. The density is defined by the

relation -
Pa)= [ s

—00

and so the “natural” substitution principle estimator satisfies

= /7 moo F(t) dt.

However, since the empirical distribution function is a step func-
tion (with jumps at Xi,---, X,,), no such estimator f exists. For-
tunately, it is still possible to apply the substitution principle by
finding a more suitable (that is, smoother) estimator of F. One ap-
proach is to take a convolution of the empirical distribution func-
tion F' with a continuous distribution function G whose probability
is concentrated closely around 0. The “smoothed” estimator of F'
becomes

n

1
/ Gx—y dF EZ rz—X
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Note that F and F are “close” in the sense that |F/(z) — F(z)] is
small (provided that the probability in G is concentrated around 0)
and F is differentiable since G is differentiable. We can then apply
the substitution principle with F' and the resulting substitution

principle estimator of f is

where g = G’ is the density function corresponding to G. (More
information on density estimation can be found in the monograph
by Silverman (1986).)

As the example above indicates, we cannot blindly use the substi-
tution principle with the empirical distribution function to estimate
a density function as doing so clearly results in a ridiculous estima-
tor; however, in many other situations, the empirical distribution
function may yield estimators that seem reasonable on the surface
but are, in fact, inconsistent or extremely inefficient. This empha-
sizes the need to examine closely the properties of any estimation
procedure.

Method of moments

How can the substitution principle be applied to the estimation of
parameters in parametric models? That is, if Xq,---, X, are i.i.d.
random variables from a distribution with unknown parameters
01,---,0p, can the substitution principle be used to estimate these
parameters?

The simplest approach is to express 61,---,0, as functional
parameters of the distribution F' if possible; estimating these
functional parameters by the substitution principle will then result
in estimators of 01,---,0,. For example, if Xy,---,X,, are ii.d.
Poisson random variables with parameter A then A = [z dF (z)
and so an estimator of A can be obtained by estimating [;° z dF (z)
using the substitution principle; the resulting estimator of A is the
sample mean.

More generally, to estimate 6§ = (61,---,6,), we can find p
functional parameters of F, ni(F),---, np(F), that depend on 6;
that is,

me(F) = gx(0) (k=1,---,p)
where g1,---,gp are known functions. Thus for given n(F), ---,
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np(F), we have a system of p equations in p unknowns 6y, ---,0,.
Using the substitution principle, we can estimate 7 (F), - -, np(F)

by m(F), - ,np(ﬁ'). If for each possible 7y (F'),---,n,(F), there is
a unique solution (which lies in the parameter space), we can then
define @ such that

m(F) = gu(8) fork=1,---,p

How do we choose 1 (F'), - -, n,(F')? Obviously, some choices will
be better than others, but at this point, we are not too concerned
about optimality. A common choice for ny(F') is f z* dF(x) (that

is, the k-th moment of the X;’s) in which case 6 satisfies

~

—ZXk (@) for kE=1,---|p

For this reason, this method of estimation is known as the method

of moments. However, there is no particular reason (other than

simplicity) to use moments for the ng(F)’s.

EXAMPLE 4.25: Suppose that X1, ---, X, are i.i.d. Exponential
random variables with parameter A. For any r» > 0, we have
I(r+1)

AT
Thus for a given r > 0, a method of moments estimator of X is

n —1/r
~ 1 -
)\_<nf(r+1)ilei> '

(If we take 7 = 1 then A = 1/X.) Since r is more-or-less arbitrary
here, it is natural to ask what value of r gives the best estimator of
A; a partial answer to this question is given in Example 4.39. <

Ex(XT) =

EXAMPLE 4.26: Suppose that Xi,---, X, are ii.d. Gamma
random variables with unknown parameters o and \. It is easy

to show that
@ a
m(F)=E(X;) = 1 and  1o(F) = Var(X;) = N

Thus @ and A satisfy the equations

S Qa
X:— X’L — =
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no
|
SHE
L
|
S
e
I
X

and so @ = X2/62 and \ = X /52 &

EXAMPLE 4.27: Suppose that Xi,---,X, are ii.d. random
variables with a “zero-inflated” Poisson distribution; the frequency
function of Xj; is

) [0+ (1—0)exp(—A) forz=0
Fl@;0,2) = { (1 —6)exp(—=A)A\*/x! forz=1,2,3,---
where 0 < 0 <1 and A > 0. To estimate 0 and A via the method of
moments, we will use
m(F)=P(X;=0) and ny(F) = E(X;);

it is easy to show that

P(X;,=0) = 60+ (1—0)exp(—A)
and E(X;) = (1-0)\

Thus 6 and A satisfy the equations

-~

X = (1-0)A

I I(Xi=0) = B+ (- Bexp(-N);

however, closed form expressions for 6 and X do not exist although
they may be computed for any given sample. (For this model, the
statistic (> iy X;, > ieq I(X; = 0)) is sufficient for (6, )).) &

It is easy to generalize the method of moments to non-i.i.d. set-
tings. Suppose that (X1, -+, X,,) has a joint distribution depending
on real-valued parameters 8 = (61, - -, 6,). Suppose that 11, --,T),
are statistics with

Eg(Tg) = g1(0) for k=1,--- p.

If, for all possible values of Ey(T}),---, Ep(1)), this system of
equations has a unique solution then we can define the estimator 6
such that

o~

Ty = gr(0) for k=1,---,p

However, in the general (that is, non-i.i.d.) setting, greater care
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must be taken in choosing the statistics 11, - - -, T}; in particular, it
is important that Tj be a reasonable estimator of its mean Fy(T})
(for k=1,---,p).

4.6 Influence curves

Suppose that h is a real-valued function on the real line and that
{zy} is a sequence of real numbers whose limit (as n — oo) is . If
h is continuous at zg, then h(z,) — h(zg) as n — oo; thus for large
enough n, h(x,) ~ h(zg). If we assume that h is differentiable, it
is possible to obtain a more accurate approximation of h(x,) by
making a one term Taylor series expansion:

h(zn) ~ h(wo) + h' (o) (xn — o).
This approximation can be written more precisely as
h(.%'n) = h(on) + h/(xO)(xn - iL'()) + 7y

where the remainder term r, goes to 0 with n faster than x, — zq:

Tn

lim =0.

An interesting question to ask is whether notions of continuity
and differentiability can be extended to functional parameters and
whether similar approximations can be made for substitution prin-
ciple estimators of functional parameters. Let 8(F') be a functional
parameter and F’n be the empirical distribution function of i.i.d.
random variables Xi,---, Xj;,. Since I}, converges in probability to
F uniformly over the real line, it is tempting to say that 6(F,)
converges in probability to 0(F") given the right kind of continuity
of (F'). However, continuity and differentiability of functional pa-
rameters are very difficult and abstract topics from a mathematical
point of view and will not be dealt with here in any depth. In prin-
ciple, defining continuity of the real-valued functional parameter
O(F) at F' is not difficult; we could say that 6(F') is continuous at
F if (F,) — 6(F) whenever a sequence of distribution functions
{F,} converges to F. However, there are several ways in which con-
vergence of {F,} to F' can be defined and the continuity of 6(F)
may depend on which definition is chosen.

Differentiability of (F’) is an even more difficult concept. Even
if we agree on the definition of convergence of {F,} to F, there
are several different concepts of differentiability. Thus we will not
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touch on differentiability in any depth. We will, however, define a
type of directional derivative for §(F) whose properties are quite
useful for heuristic calculations; this derivative is commonly called
the influence curve of 6(F).

The idea behind defining the influence curve is to look at the
behaviour of §(F) for distributions that are close to F' in some sense.
More specifically, we look at the difference between 0(F) evaluated
at F and at (1 —¢)F 4+ tA, where A, is a degenerate distribution
function putting all its probability at = so that A,(y) = 0 for
y<zand Ay(y) =1fory > z;for 0 <t <1, (1 —-t)F +tA, is
a distribution function and can be thought of as F' contaminated
by probability mass at x. Note that as ¢t | 0, we typically have
0((1—t)F+tA,) — O(F) for any x where this convergence is linear
in ¢, that is,

O((1 = t)F +tA,) — 0(F) ~ d(a; )t

for ¢ close to 0.
DEFINITION. The influence curve of §(F') at F is the function

(1= )F +tA,) — O(F)
¢($’F)_1§f6‘ ;

provided that the limit exists. The influence curve can also be
evaluated as

oo F) = Lo = )F +1,)
dt =0
whenever this limit exists.

The influence curve allows for a “linear approximation” of the
difference 0(F,) — 0(F') much in the same way that the derivative
of a function h allows for a linear approximation of h(x,) — h(xo);
in particular, it is often possible to write

o(F) ~o(F) = [ Z o(z; F)d(Fy(x) — F(z)) + Ry

where R, tends in probability to 0 at a faster rate than ﬁn converges
to F. This representation provides a useful heuristic method for
determining the limiting distribution of v/n(6(F,) —6(F)). In many
cases, it is possible to show that

/o:o ¢(x; F) dF (z) = E[p(Xy; F)] =0
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and so
0(Fy) — 0(F) =

S

S ¢(Xii F) + R,
=1

where the remainder term R, satisfies v/nR, —, 0. Thus by the
Central Limit Theorem and Slutsky’s Theorem, it follows that

VI(B(Fn) = 6(F)) =4 N(0,0%(F))

where ~
oA(F) = [ 6w F)dF (),

—0o0
provided that o?(F) is finite. This so-called “influence curve
heuristic” turns out to be very useful in practice. However, despite
the fact that this heuristic approach works in many examples, we
actually require a stronger notion of differentiability to make this
approach rigorous; fortunately, the influence curve heuristic can
typically be made rigorous using other approaches.

The influence curve is a key concept in theory of robustness,
which essentially studies the sensitivity (or robustness) of estima-
tion procedures subject to violations of the nominal model assump-
tions. For more information on the theory of robust estimation, see
Hampel et al (1986).

We will now discuss some simple results that are useful for
computing influence curves. To make the notation more compact,
we will set Fy ;, = (1 —t)F +tA,.

e (Moments) Define 0(F) = [ h(z)dF(x); if X ~ F then
8(F) = E[h(X)]. Then

0(Fra) = (1=) [ h(w)dF(w)

— o0

ot / " h(w)dA, ()

—0o0

— (1-1) /  h(w) dF (u) + th(z)

—0o0

and so 1
L (0P ) — B(F)) = h(z) — B(F).
Thus the influence curve is ¢(x; F') = h(z) — 0(F).

e (Sums and integrals) Suppose that 0(F) = 61(F') + 62(F') where
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¢i(x; F') is the influence curve of 6;(F) (for i = 1,2). Then
¢(x; F), the influence curve of 6(F), is simply
(x; F) = ¢1(z; F) + do(a; F).

This result can be extend to any finite sum of functional
parameters. Often we need to consider functional parameters of

the form
e(F):/ ()05 (F) ds
A

where 05(F') is a functional parameter for each s € A and g is a
function defined on A. Then we have

L 0(F) - 0(F))

t
_ / g(s)%(es(pt,x)_es(p)) ds.
A

Thus, if ¢s(x; F') is the influence curve of 05(F') and we can take
the limit as t | 0 inside the integral sign, the influence curve of
0(F) is defined by

0(ai F) = [ g(s)ou(ai F) ds

(The trimmed mean considered in Example 4.30 is an example
of such a functional parameter.)

e (The chain rule) Suppose that 8(F') has influence curve ¢(x; F').
What is the influence curve of g(6(F)) if g is a differentiable
function? First of all, we have

(9(0(Fz)) — 9(0(F)))

( 9(0(Fi ) — <9<F>>> (em,x) —9<F>>
0(F.) — 0(F) t ‘

Ast — 0, (Fi ) — 0(F) (for each z) and so

~ | =

D o
and by definition
1

S (0(Fu) = 0(F)) — 6(: F).

Therefore the influence curve of g(6(F)) is ¢'(6(F))d(x; F); this
is a natural extension of the chain rule. For a given distribution
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function F', the influence curve of g(f(F)) is simply a constant
multiple of the influence curve of 6(F).

e (Implicitly defined functional parameters) Functional parameters
are frequently defined implicitly. For example, 6(F') may satisfy
the equation

h(F,0(F)) =0
where for a fixed number u, h(F, ) has influence curve \(x; F, u)
and for a fixed distribution function F', h(F,u) has derivative
(with respect to u), h/(u; F'). We then have

0 = - (h(Fie,0(F2)) — h(F,0(F)))

| =k =

(h(Ftz, 0(Fi2)) = h(Fya, 0(F)))

47 (h(F, () — (F, 0(F))
— W(O(F); F)p(x; F) + Na; F,0(F))
as t — 0 where ¢(x; F) is the influence curve of §(F'). Thus
W(O(F); F)g(z; F) + Ma; F,0(F)) =0

and so Aa; F,0(F))
i F) =~ .

EXAMPLE 4.28: One example of an implicitly defined functional
parameter is the median of a continuous distribution F, 6(F),
defined by the equation

or equivalently 0(F) = F~1(1/2) where F~! is the inverse of F.

Since 00
Flu) = / I(x < u)dF(z),
it follows that the influence curve of F'(u) is

AMz; Fyu) = I(x < u) — F(u).

Thus if F(u) is differentiable at v = 6(F) with F'(0(F)) > 0, it
follows that the influence curve of §(F) = F~1(1/2) is

Iz <O(F)) = F(6(F))
F(O(F))

oz F) = —
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sgn(z — 0(F))
2F(0(F))
where sgn(u) is the “sign” of u (sgn(u) is 1if u > 0, =1 if u <0
and 0 if v = 0). Note that we require F'(u) to be differentiable at

u = 6(F) so ¢(x; F) is not defined for all F' (although F' does not
have to be a continuous distribution function). Using the heuristic
N 1
d(F,) —0(F) = — Xy F)+ R,
med(Fa) ) = 360X ) +
it follows that
V(O(F,) = 6(F)) —a N(0, [2F'(6(F))] %)

since Var(sgn(X; — 0(F'))) = 1. Indeed, the convergence indicated
above can be shown to hold when the distribution function F' is
differentiable at its median; see Example 3.6 for a rigorous proof of
the asymptotic normality of the sample median. <&

EXAMPLE 4.29: Let o(F') be the standard deviation of a random
variable X with distribution function F'; that is,

o(F) = (6a(F) - 83(F)) "
where 61(F) = [%_ ydF(y) and 62(F) = [*_y*dF(y). The
influence curve of 02 (F) is
bo(2; F) = 2% — 0o(F)
while the influence curve of §?(F) is
¢1(x; F) = 20, (F)(x — 0.(F))

by applying the chain rule for influence curves. Thus the influence
curve of Oy(F) — 02(F) is

¢s3(z; F) = 22 — 05(F) — 261 (F)(z — 01(F)).

Since o (F) = (f2(F) —63(F))'/2, it follows that the influence curve
of o(F) is

IL‘2 — 92(F) — 291(F)(l‘ — 91(F))

S F) =
by applying the chain rule. Note that ¢(z; F) — oo as x — +oo
and that ¢(z; F') =0 when z = 0,(F) £ o(F). &

EXAMPLE 4.30: A functional parameter that includes the mean
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and median as limiting cases is the a-trimmed mean defined for
continuous distribution functions F' by

1 11—«
o(F) = Fl(t)dt
io(F) 1_2a[; (t)

where 0 < a < 0.5. If f(z) = F'(x) is continuous and strictly
positive over the interval

[P (@), F7H(1 - a)]

as well as symmetric around some point p then o (F) = p and the
influence curve of p, (F') is

(F~Ya) — p)/(1 - 2a) for x < F~1(a)
bo(r;F)=<{ (F1(1-a)—p)/(1—-2a) forz>F1(1-a)
(x —p)/(1—2a) otherwise.

To find a substitution principle estimator for pu,(F') based on
i.i.d. observations Xy, ---, X,,, we first find a substitution principle
estimator of F~1(¢) for 0 < ¢t < 1 based on the inverse of the
empirical distribution function ﬁn:

~

E7Mt) =X if(i—1)/n<t<i/n

n

(where X ;) is the i-th order statistic) and substitute this into the
definition of p,(F') yielding

N 1 l—a
o(F) = F71(¢) dt.
palF) = == [ B0

Applying the influence curve heuristic, we have
Vi(ia(Fn) = pa(F)) —a N(0,0%(F))

where
) = [ @i

-2 [/F_l(la) (@ — p)? dF(x)]

(1=2a)? |Jr1(a)
+7(1 —QZQ)Q [F—l(l —a) — M]Q
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A somewhat simpler alternative that approximates i, (ﬁn) is

where g, is chosen so that g,/n ~ a. (If g,/n = « then 1, =
tio(Fy.) The limiting distribution of /n(f, — po(F)) is the same
as that of /n(ua(Fn) — pa(F)). <&
EXAMPLE 4.31: Consider the Gini index (F") defined in Ex-
ample 4.21. To determine the substitution principle estimator of

0(F) based on i.i.d. observations X1, ---, X,, we use the substitu-
tion principle estimator of F~!(¢) from Example 4.30:

// s)dsdt = /Ol/slﬁn_l(s)dtds

0

= X) / 1—s)ds
— (i-1)/n
1 & 21 —1

= E;(l_ o )X(Z)

and so

no\ T L 21

- (in) > (F 1) X

. ; n
=1 =1

As with the trimmed mean, the influence curve of the Gini index

is complicated to derive. With some work, it can be shown that

o r) = 2] [ art)at - ar(F@)

+2ﬁ (/01 gt dt—1— F(:U))

w(F) = / xdF(x /F

and qp(t) = W/OF_I

where
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The influence curve heuristic suggests that
V(0(F,) = 6(F)) —a N(0,0°(F))
with 00
o2(F) = / 6 (z; F) dF (z).
0

Unfortunately, o%(F) is difficult to evaluate (at least as a closed-
form expression) for most distributions F'. &

The influence curve has a nice finite sample interpretation.
Suppose that we estimate #(F') based on observations x1,-- -,z
and set 6, = 6(F,). Now suppose that we obtain another
observation z,41 and re-estimate 8(F) by 8,41 = 0(F,+1) where

. n -~ 1
Fo(@) = img @) + 07

A:Un+1 (l‘)

Letting ¢ = 1/(n + 1) and assuming that n is sufficiently large to
make ¢ close to 0, the definition of the influence curve suggests that
we can approximate 6,11 by

o~ ~

1 _
Ony1 ~ 0 + n—H¢($n+13 Fy).

(This approximation assumes that ¢(z; F},) is well defined; it need
not be. For example, the influence curve of the median is not
defined for discrete distributions such as F},.) From this, we can see
that the influence curve gives an approximation for the influence
that a single observation exerts on a given estimator. For example,
consider the influence curve of the standard deviation o(F') given

in Example 4.29; based on z1,---,x,, the substitution principle
estimate 1s | 1/2
On=|— Z(xz - -fz'n)z
ni4

where Z, is the sample mean. The approximation given above
suggests that if the observation x,1 lies between Z, — &, and
Zn + 0, then 0,41 < 7, and otherwise 6,11 > &,. Moreover, 6,11
can be made arbitrarily large by taking |x,1| sufficiently large.
Suppose that Xi,---, X, are i.i.d. random variables with dis-
tribution function Fy where 6 is a real-valued parameter and let
G = {¢ : ¢(Fp) = 0}; the functional parameters ¢ in G are called
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Fisher consistent for #. Many statisticians consider it desirable for
a functional parameter to have a bounded influence curve as this
will limit the effect that a single observation can have on the value
of an estimator. This would lead us to consider only those Fisher
consistent ¢’s with bounded influence curves. For example, sup-
pose that Xi,---, X, are i.i.d. random variables with a distribu-
tion symmetric around 6; if E[|X;|] < oo then we could estimate
0 by the sample mean with the substitution principle estimator
of W(F) = [ xzdF(z). However, the influence curve of u(F) is
o(x; F) = x — u(F'), which is unbounded (in x) for any given F. As
an alternative, we might instead estimate 6 by the sample median or
some trimmed mean as these are substitution principle estimators
of functional parameters with bounded influence curves.

4.7 Standard errors and their estimation

The standard error of an estimator is defined to be the standard
deviation of the estimator’s sampling distribution. Its purpose is to
convey some information about the uncertainty of the estimator.

Unfortunately, it is often very difficult to calculate the standard
error of an estimator exactly. In fact, there are really only two
situations where the standard error of an estimator 6 can be
computed exactly:

e the sampling distribution of 0 is known.

e  is a linear function of random variables X7, - -, X,, where the
variances and covariances of the X;’s are known.

However, if the sampling distribution of 0 can be approximated
by a distribution whose standard deviation is known, this standard
deviation can be used to give an approximate standard error for 6.
The most common example of such an approximation occurs when
the sampling distribution is approximately Normal; for example,
if /n(6 — 0) is approximately Normal with mean 0 and variance
o2 (where 0% may depend on 6) then o/\/n can be viewed as
an approximate standard error of 9. In fact, it is not uncommon
in such cases to see o/y/n referred to as the standard error of
7 despite the fact that it is merely an approximation. Moreover,
approximate standard errors can_be more useful than their exact
counterparts. For example, Varg(f) can be infinite despite the fact
that the distribution of 0 is approximately Normal; in this case,
the approximate standard error is more informative about the
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uncertainty of 9. (The variance can be distorted by small amounts
of probability in the tails of the distribution; thus the variance of
the approximating Normal distribution gives a better indication of
the true variability.)

“Delta Method” type arguments are useful for finding approx-
imate standard errors, especially for method of moments estima-
tors. For example, suppose that Xi,---, X,, are independent ran-
dom variables with E(X;) = y; and Var(X;) = ¢? and

Then a Taylor series expansion gives
N n n
0-0 =g (Z&) -9 (Zm)
i=1 i=1
n n
g <Z Mi) > (X — )
i=1

i=1

where

Q

and taking the variance of the last expression, we obtain the
following approximate standard error:

()] (&)

The accuracy of this approximation depends on the closeness the
distribution of # to normality. When Xi,---, X, are i.id. it is
usually possible to prove directly that 6 is approximately Normal
(provided n is sufficiently large).

se(f) ~

EXAMPLE 4.32: Suppose that Xi,---, X, are ii.d. random
variables with mean p and variance o2. The substitution principle
estimator of u is X whose variance is 0 /n. Thus the standard error

of X is o/\/n. &

EXAMPLE 4.33: Suppose that X1, ---, X, are i.i.d. Exponential
random variables with parameter A. Since E)(X;) = 1/, a method
of moments estimator of A is A = 1/X. If n is sufficiently large
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then /n(X — A7!) is approximately Normal with mean 0 and
variance A™2; applying the Delta Method, we have \/ﬁ(j\ - A)
is approximately Normal with mean 0 and variance A2, Thus an
approximate standard error of A is A\/y/n. &

EXAMPLE 4.34: Suppose that Xi,---,X, are independent
Poisson random variables with Eg(X;) = exp(ft;) where § is an

unknown parameter and tq,---,t, are known constants. Define B
to satisfy the equation

o Xi = exp(Bt:) = g(B).
i=1 i=1

To compute an approximate standard error for B, we will use a
“Delta Method” type argument. Expanding g in a Taylor series, we
get

9B —9(8) = S (X — exp(Bt)

—1

J(B)(B - B)

~

Q

and so

5 ~ 909 —9(9)
q'(B)
> i1 (Xi — exp(Bti))
im1tiexp(Bti)

Since Varg(X;) = Eg(X;) = exp(ft;), it follows that an approxi-

~

mate standard error of 3 is

w(f) ~ Zim ()"
[>2i1 ti exp(Bts)]
This approximation assumes that the distribution of B is approxi-

mately Normal. The standard error of B can be estimated by sub-
stituting 3 for § in the expression given above. <&

EXAMPLE 4.35: Suppose that Xi,---,X, are ii.d. random
variables with density f(x — #) where f(x) = f(—=x); that is, the
Xi’s have distribution that is symmetric around 0. Let v (z) be
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a non-decreasing odd function (¢¥(x) = —¢(—=x)) with derivative
Y'(z) and define 6 to be the solution to the equation

Note that @ is a substitution principle estimator of the functional
parameter 0(F') defined by

/ Z ¥z — O(F)) dF (z) = 0;

the influence curve of 6(F) is

O ey
i E) = 10 e~ 6(F)) dF (z)

Hence for n sufficiently large, \/ﬁ(é — 0) is approximately Normal
with mean 0 and variance

o = [ ) arw
[ V3@~ 0)f(x— 0) do
(J '@ — 0)f(a — 0)dz)”
[ V3 (@) () de
()% /(@) f(x) do)”

and so an approximate standard error of fiso //n. &

As we noted above, standard errors (and their approximations)
can and typically do depend on unknown parameters. These stan-
dard errors can themselves be estimated by substituting estimates
for the unknown parameters in the expression for the standard er-
TOr.

EXAMPLE 4.36: In Example 4.35, we showed that the approxi-
mate standard error of 6 is o/y/n where

o SR -0 - 0)dn
(S (= 0)f(x — 6) da)”

© 2000 by Chapman & Hall/CRC



Substituting 0 for 0, we can obtain the following substitution
principle estimator of o2:

-2
~ L& - 1 & ~
5* = <—Z¢/(Xi —9)> <—Z¢(Xz' —9)> :
= =
The estimated standard error of 8 is simply & /y/n. &

Another method of estimating standard errors is given in Section
4.9.

4.8 Asymptotic relative efficiency

Suppose that @n and §n are two possible estimators (based on
X1, -+, Xp) of a real-valued parameter 6. There are a variety of
approaches to comparing two estimators. For example, we can
compare the MSEs or MAEs (if they are computable) and choose
the estimator whose MSE (or MAE) is smaller (although this choice
may depend on the unknown value of 6). If both estimators are
approximately Normal, we can use a measure called the asymptotic
relative efficiency (ARE).

DEFINITION. Let Xy, Xo, - - be a sequence of random variables
and suppose that 6, and 6, are estimators of 6 (based on
X1, -+, Xp) such that

0, — 0 0, — 0
N(0,1 d
om(0) ¢ (0.1) an oon(0)

for some sequences {01,(0)} and {02, (0)}. Then the asymptotic
relative efficiency of 6,, to 6,, is defined to be

—a N(0,1)

AREy(8,,8,) = Tim 222)

n=o o, (6)

provided this limit exists.

What is the interpretation of asymptotic relative efficiency? In
many applications (for example, if the X;’s are i.i.d.), we have

o1n(0) = 0\1/(%9) and o9,(0) = Jf/(g)
and so 2(0)
e o5
AREy(0,,60,) = 20)"
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Suppose we can estimate 6 using either §n or 0, where n and m are
the sample sizes on which the two estimators are based. Suppose
we want to choose m and n such that

Py (|§n—9| < A) ~ P, (|5m—9| < A)

for any A. Since for m and n sufficiently large both estimators are
approximately Normal, m and n satisfy

P(|Z] < Aoi(6)/vn) = P (|Z] < Aoa(0)/v/m)
(where Z ~ N (0, 1)), which implies that
o1(0) _ o2(0)

or

Thus the ratio of sample sizes needed to achieve the same precision
is approximately equal to the asymptotic relative efficiency; for
example, if AREy(0,,0,) = k, we would need m ~ kn so that
O, has the same precision as 6, (when 0 is the true value of the
parameter).

In applying ARE to compare two estimators, we should keep
in mind that it is a large sample measure and therefore may be
misleading in small sample situations. If measures such as MSE
and MAE cannot be accurately evaluated, simulation is useful for
comparing estimators.

EXAMPLE 4.37: Suppose that Xi,---, X, are i.i.d. Normal
random variables with mean p and variance o?. Let i, be the
sample mean and f, be the sample median of Xi,---,X,,. Then
we have

V(fin — ) —a N(0,0%) and  Vn(fin — p) —q N(0,70°/2).

Hence N T
AREu(ﬁn,,un) = 5 = 1.571.

We say that i, is more efficient than fi,. &
EXAMPLE 4.38: Suppose that Xi,---,X,, are ii.d. Poisson

random variables with mean A. Suppose we want to estimate
0 = exp(—\) = P\(X; = 0). Consider the two estimators

~ _ -~ 1

0, = exp(—X,) and 6, = - ZI(X =
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It is easy to show (using the CLT and the Delta Method) that

Vn(0, —0) —gq N(0,Xexp(—2)\))
and  n(0, —0) —g N(0,exp(—A) — exp(—2X)).
Hence
exp(A) — 1
—
Using the expansion exp(\) = 1+ A+ A%/2 + -+, it is easy to see
that this ARE is always greater than 1; however, for small values

of A, the ARE is close to 1 indicating that there is little to choose
between the two estimators when A is small. <&

ARE\(6,,,6,,) =

EXAMPLE 4.39: Suppose that X1, ---, X,, are i.i.d. Exponential
random variables with parameter \. In Example 4.25, we gave a

family of method of moments estimators of A using the fact that
E\(X;) =T(r+1)/A" for r > 0. Define

1 n =1/r
) — N x7
An <nF(r +1) ; Z) '

Using the fact that Vary(X7) = (D(2r+1)—T2(r+1))/A?", it follows
from the Central Limit Theorem and the Delta Method that

V(A = A) =4 N(0,0%(r))
where A2 T(2r+1)
9 r
=2 (22T ).
g (7“) r2 (FQ(T+1) >
The graph of 02(r)/A? is given in Figure 4.2; it is easy to see that

o?(r) is minimized for 7 = 1 so that 1/X is the most efficient
(asymptotically) estimator of A of this form. &

EXAMPLE 4.40: Suppose that Xi,---, X, are i.i.d. Cauchy
random variables with density function

1 o

fwb.0) = o T =

This density function is symmetric around 6; however, since E(X;)
is not defined for this distribution, the sample mean X, is not a
good estimator of 6. A possible estimator of € is the a-trimmed
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10

scaled variance

mean

where the X(;)’s are the order statistics and gy, /n — «aasn — oo
where 0 < a < 0.5. It can be shown (for example, by using the
influence curve of the trimmed mean functional parameter given in
Example 4.30) that

V(0 (@) = 0) =4 N(0,7%(a))

where
7*(a)
o2
~ 2r Mtan (7(0.5 — @) + 2o — 1 + 2a tan? (7(0.5 — o))
B (1—2a)? '
If §n is the sample median of Xq,---, X,,, we have

\/ﬁ(gn —0) =4 N (0, 02712/4) .
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ARE
0.4 0.8 1.0
1

0.2

0.0
L

0.0 0.1 0.2 0.3 0.4 0.5

trimming fraction

Figure 4.3 ARFE of a-trimmed means (for 0 < a < 0.5) with respect to the
sample median in Example 4.40.

The ARE of 6, (o) with respect to 0, is thus given by the formula

AREy (0, (cv), 0,,)
(1 - 2a)?
4271 tan (7(0.5 — @) + 2 — 1 + 2a tan? (7(0.5 — «))]

o~ ~

A plot of AREy(0,(«v),0,) for a between 0 and 0.5 is given in
Figure 4.3. The trimmed mean 6,,(«) is more efficient than 6, for
a > 0.269 and the ARE is maximized at o = 0.380. We will see in

Chapter 5 that we can find even more efficient estimators of 6 for
this model. &

4.9 The jackknife

The jackknife provides a general-purpose approach to estimating
the bias and variance (or standard error) of an estimator. Sup-
pose that 0 is an estimator of 6 based on i.i.d. random variables
Xi,--+,X,; 0 could be an unknown parameter from some para-
metric model or 6 could be functional parameter of the common
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distribution function F' of the X;’s (in which case § = 0(F")). The
jackknife is particularly useful when standard methods for comput-
ing bias and variance cannot be applied or are difficult to apply.
Two such examples are given below.

EXAMPLE 4.41: Suppose that Xi,---,X, are ii.d. random
variables with density f(z —#) that is symmetric around 6 (f(x) =
f(=z)). One possible estimator of § is the trimmed mean

which averages Xy 1), -+, X(n_g), the middle n — 2 g order statis-
tics. The trimmed mean is less susceptible to extreme values than
the sample mean of the X;’s, and is often a useful estimator of 6.
However, unless the density function f is known precisely, it is dif-
ficult to approximate the variance of 6. (If f is known, it is possible
to approximate the variance of 0 using the influence curve given in
Example 4.30; see also Example 4.40.) &

EXAMPLE 4.42: In survey sampling, it is necessary to estimate
the ratio of two means. For example, we may be interested in
estimating the unemployment rate for males aged 18 to 25. If
we take a random sample of households, we can obtain both the
number of males between 18 and 25 and the number of these
males who are unemployed in each of the sampled households. Our
estimate of the unemployment rate for males aged 18 to 25 would
then be

number of unemployed males aged 18 - 25 in sample

" number of males aged 18 - 25 in sample

The general problem may be expressed as follows. Suppose that

(X1,Y1), -+, (X,,Y,) are independent random vectors from the

same joint distribution with E(X;) = px and E(Y;) = uy; we

want to estimate r = pux/uy. A method of moments estimator of

r is _
7= zn:l Xi _ 5 )

i Y Y

Unfortunately, there is no easy way to evaluate either E(X/Y)

or Var(X/Y) (although the Delta Method provides a reasonable

approximation). O
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The name “jackknife” was originally used by Tukey (1958) to
suggest the broad usefulness of the technique as a substitute to more
specialized techniques much in the way that a jackknife can be used
as a substitute for a variety of more specialized tools (although,
in reality, a jackknife is not a particularly versatile tool!). More
complete references on the jackknife are the monographs by Efron
(1982), and Efron and Tibshirani (1993).

The jackknife estimator of bias

The jackknife estimator of bias was developed by Quenouille
(1949) although he did not refer to it as the jackknife. The basic
idea behind the jackknife estimators of bias and variance lies in
recomputing the parameter estimator using all but one of the
observations.

Suppose that 6 is an estimator of a parameter 6 based on sample
of i.i.d. random variables X1, -, X,,: 6 = 6(X). (For example,

6 = 0(F) if 0 = 6(F).) Quenouille’s method for estimating the bias
of 0 is based on sequentially deleting a single observation X; and
recomputing # based on n — 1 observations. Suppose that

Eg(8) = 0+ by (6)

where by() is the bias of 6. Let 6_; be the estimator of 6 evaluated
after deleting X; from the sample:

é\—i - é\(Xlu e 7Xi—17Xi+17 T 7Xn)

The jackknife estimator of bias is then
b(0) = (n —1)(6. — 6).

A bias-corrected version of § can be constructed by subtracting b(9)
from 9 we will show below that this procedure reduces the bias of 0.

The theoretical rationale behind b(f) assumes that Ey(f) can be
expressed as a series involving powers of 1/n; for simplicity, we will
first assume that for any n

al (9)

E.(0) =
0(0) =0+ -
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where a1 (#) can depend on 6 or the distribution of the X;’s but not

-~

the sample size n; in this case, by(6) = a1(#)/n. Since 6_; is based
on n — 1 observations (for each i), it follows that
~ 1 & ~ a1 (6
Ep(Be) = ~ > Ep(0-) =0+ 1(6).

i=1 n—1

he (0) (0) (0)
~ ~ al al al
Ey(0 = 04) = n _n—lzn(n—l)

~

and so (n — 1)(6 — 6,) is an unbiased estimator of by(6).
In the general case, we will have

a1(0) + CLQ(@) + a3(0)

n n n3

-~

Eo(8) =0 +

or

bo(0) = alff) + ai(f) + a?;l(f) T

where a1(0),a2(0),as(0),- - can depend on 6 or the distribution of
the X;’s but not on n. Again, it follows that

B = LY B0
i=1

a1(9)+ az(0) n as(0)

S e Sl e s PR o

(since each f_; is based on n — 1 observations). Thus the expected
value of the jackknife estimator of bias is

o~ o~

E(b(6)) = (n—1) (Es(B) — Eo(9))
a1(0)  (2n—1)az(0)
n n?(n—1)
(3n2 — 3n + 1)az(9)
n3(n —1)2

We can see from above that E(é) is not an unbiased estimator of

~

bp(0) as it was in the simple case considered earlier. However, note

o~ o~

that the first term of Fy(b(0)) (namely a;(0)/n) agrees with that

-~

of by(0). Thus if we define
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to be the bias-corrected (or jackknifed) version of 8, it follows that

Eg(Ojack) = 60— n(‘:(_e)l) B (2;;(711_)a13)(20) .
as(0) _ 2a3(6)

n? n3

0 —

for large n. Since 1/n2, 1/n3,--- go to 0 faster than 1/n goes to 0
(as n gets large), it follows that the bias of ;4 is smaller than the
bias of 6 for n sufficiently large. In the case where

~ 0
n
(so that az(0) = a3(0) =---=0), gjack will be unbiased.

EXAMPLE 4.43: Suppose that Xi,---,X, are ii.d. random
variables from a distribution with mean p and variance o2, both
unknown. The estimator

. 1 >
5’ == (Xi— X)*
g
is a biased estimator with b(6?) = —o?/n. Thus the bias in 52

can be removed by using the jackknife. An educated guess for the
resulting unbiased estimator is

To find the unbiased estimator using the jackknife, we first note

that
P

nX Xi)

and so

- n—1%
jF#

£
1 _ X,
- n—1 (Xj_nﬁlX—'_n—ll)
J#i
LS (%)
= J n—1""
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_(nf1)3(XZ_X)2

_ nilg(xj_)()u(nf1)3(XZ_X)2
(n ﬁz1)3 (X = %)°

- nil;og— P - - X

Now &2 is just the average of the 52,’s so that

nilg(Xi—Xf—ﬁZ(Xi—Xf

=1

52 =

and the unbiased estimator of o2 is

1

— — 1 —
ne” — (n—1)o, = —

n
(X; — X)? =52
i=1
as was guessed above. <&

EXAMPLE 4.44: Suppose that Xi,---,X,, are i.i.d. random
variables with probability density function

1
f(:n;ﬁ):g for 0<z<86

where 6 is an unknown parameter. Since 6 is the maximum possible
value of the X;’s, a natural estimator of 6 is
52 X(n) = maX(Xl, ce ,Xn).

However, since the X;’s cannot exceed 0, it follows that their
maximum cannot exceed 6 and so # is biased; in fact,

~ n
E —
() n+1
B 1
T 14+1/n

Since N
0_; = max(Xy, -, Xi—1, Xit1.- -+, Xn),
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it follows that 5_,- = X(n) for n—1 values of i and §_i = X(n—1) for
the other value of 7. Thus, we obtain
n—1

~ 1
Ho: Xn —Xn_
o) T A

and so the jackknifed estimator of 6 is

~ n—1
Hjack = X(n) +

(X(n) - X(n—l))

The bias of @-ack will be smaller than that of 5; nonetheless, we

can easily modify 6 to make it unbiased without resorting to the
jackknife by simply multiplying it by (n + 1)/n. &

The latter example points out one of the drawbacks in using
any general purpose method (such as the jackknife), namely that
in specific situations, it is often possible to improve upon that
method with one that is tailored specifically to the situation at
hand. Removing the bias in § = X, by multiplying X, by
(n + 1)/n relies on the fact that the form of the density is known.
Suppose instead that the range of the X;’s was still [0,60] but
that the density f(z) was unknown for 0 < z < 6. Then X,
is still a reasonable estimator of 6 and still always underestimates
6. However, (n+1)X(,)/n need not be unbiased and, in fact, may be
more severely biased than X(,). However, the jackknifed estimator

~ n—1
Ojack = X(n) +

(X(n) = X(n—1))

will have a smaller bias than X(,) and may be preferable to X,
in this situation.

The jackknife estimator of variance

The jackknife estimator of bias uses the estimators 571, e ,é\,n
(which use all the observations but one in their computation) to
construct an estimator of bias of an estimator 6. Tukey (1958)
suggested a method of estimating Var(é\) that uses 0_1,---,0_,.
Tukey’s jackknife estimator of Var(6) is

~ n—-1

Var(f) = > (0-i — 6.)?

i=1

n
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where as before g_i is the estimator evaluated using all the
observations except X; and

The formula for the jackknife estimator of variance is somewhat
unintuitive. In deriving the formula, Tukey assumed that the
estimator # can be approximated well by an average of independent
random variables; this assumption is valid for a wide variety of
estimators but is not true for some estimators (for example, sample
maxima or minima). More precisely, Tukey assumed that

-~
~
~

Sl

> o(Xa),
i=1

which suggests that

Var(@) ~ Yr@X)
n
(In the case where the parameter of interest 6 is a functional
parameter of the distribution function F' (that is, § = 6(F")), the
function ¢(-) — 0(F) is typically the influence curve of 6(F).)

In general, we do not know the function ¢(z) so we cannot
use the above formula directly. However, it is possible to find
reasonable surrogates for ¢(X1),---,#(X,). Using the estimators
0_; (t=1,---,n) and 0, we define pseudo-values

=0+ (n—1)(0-0-,)
(for i = 1,---,n) that essentially play the same role as the ¢(X;)’s
above; in the case where § = 0(F'), (n—1)(6 —0_;) is an attempt to
estimate the influence curve of (F) at x = X;. (In the case where
f is exactly a sample mean

it easy to show that ®; = ¢(X;) and so the connection between ®;
and ¢(X;) is clear in this simple case.) We can then take the sample
variance of the pseudo-values ®; to be an estimate of the variance
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Table 4.1 Pre-tax incomes for Example 4.45.

3841 7084 7254 15228 18042 19089
22588 23972 25694 27592 27927 31576
32528 32921 33724 36887 37776 37992
39464 40506 44516 46538 51088 51955
94339 57935 75137 82612 83381 84741

of ¢(X1) and use it to estimate the variance of . Note that

“ -1

1 n
P I
= nf—(n 1)9.

= Hjack

where 04 is the bias-corrected version of 6. The sample variance
of the ®,;’s is

LY@ = LS @ - i
=1

We now get the jackknife estimator of variance by dividing the
sample variance of the ®;’s by n:

Var

It should be noted that the jackknife estimator of variance does
not work in all situations. One such situation is the sample median;
the problem here seems to be the fact that the influence curve of
the median is defined only for continuous distributions and so is
difficult to approximate adequately from finite samples.

EXAMPLE 4.45: The data in Table 4.1 represent a sample of 30
pre-tax incomes. We will assume that these data are outcomes of
i.i.d. random variables X, ---, X359 from a distribution function F’
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Table 4.2 Values of éli obtained by leaving out the corresponding entry in
Table 4.1.

0.2912 0.2948 0.2950 0.3028 0.3055 0.3064
0.3092 0.3103 0.3115 0.3127 0.3129 0.3148
0.3153 0.3154 0.3157 0.3166 0.3168 0.3168
0.3170 0.3170 0.3169 0.3167 0.3161 0.3159
0.3152 0.3140 0.3069 0.3033 0.3028 0.3020

we will use the data to estimate the Gini index
1
O(F) = 1— 2/ gr(t)dt
0

where

_ fg F~1(s)ds
Jo F=X(s)ds

is the Lorenz curve. The substitution principle estimator of 6(F') is

qr(t)

R R 30 130 0
0=0F)=(>_Xi| > (— - 1) Xa)
; ; 30
=1 =1
where X(l) < X(g) < .0 < X(go) are the order statistics of
X1, Xao0.

For these data, the estimate of §(F") is 0.311. The standard error
of this estimate can be estimated using the jackknife. The leave-
out-estimates 6_; of O(F) are given in Table 4.2.

The jackknife estimate of the standard error of 6 is

92930 N
2(0) = — S (0_; — 0,)% = 0.0398
#(0) = 5530~ 0.
where 8, = 0.310 is the average of 5_1, e ,5_30. &

Comparing the jackknife and Delta Method estimators

How does the jackknife estimator of variance compare to the Delta
Method estimator? We will consider the simple case of estimating
the variance of g(X) where X is the sample mean of i.i.d. random
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variables X1, -+, X,,. The Delta Method estimator is

Vara(9(X) = 1/ (0 s Y0 = X

i=1
while the jackknife estimator is

n
Varj( Z

where 1 -

Je = — ZQ(X—z)

iz
Recalling that
X, = — (nX — X;)
- - x-x
- n — 1 7 I

9(Xi) =~ g(X)+ (X - X)g'(X)

= o(X) - (X~ X)g(X)
and hence
go = %ig(Xi)
~ oD

Substituting these approximations into @j(g(f( )), we get

%

Vary(9(X) = (X

n
1=

[y

= Vard(g(ff))-

Thus the jackknife and Delta Method estimators are approximately
equal when 6 = g(X).

4.10 Problems and complements

4.1: Suppose that X = (Xj,---,X,,) has a one-parameter expo-
nential family distribution with joint density or frequency func-
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tion f(x;0) = exp [0T(x) — d(0) + S(x)]

where the parameter space © is an open subset of R. Show that

Eylexp(sT(X))] = d(6 + 5) — d(0)

if s is sufficiently small. (Hint: Since © is open, f(x;6 + s) is a
density or frequency function for s sufficiently small and hence
integrates or sums to 1.)

4.2: Suppose that X = (Xq,---, X,,) has a k-parameter exponen-
tial family distribution with joint density or frequency function

P
f(2:8) = exp |3 0,73 (x) — d(6) + S(x)
i=1
where the parameter space © is an open subset of R¥.

(a) Show that 5
Ey[Ti(X)] = 8_&d(0)
fori=1,---,k.

(b) Show that

2
)= ae?aejd(‘g)

Covy[T3(X), T(X

fori,j=1,--- k.
4.3: Suppose that Xi,---,X, are ii.d. random variables with
density

. . a(01, eg)h(l’) for 91 S X S 62
F(w;01,62) = { 0 otherwise

where h(zx) is a known function defined on the real line.

(a) Show that

0 -1
a(f1,60z) = ( h(z) d:c) .

01

(b) Show that (X (), X(y)) is sufficient for (61, 62).

4.4: Suppose that X = (X1, ---, X,;) has joint density or frequency
function f(x;01,602) where 6; and 62 vary independently (that
is, @ = ©1 x O2) and the set

S={z: f(x;0,62) > 0}
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does not depend on (01, 602). Suppose that 77 is sufficient for 6;
when 65 is known and 715 is sufficient for 5 when 6 is known.
Show that (73,T%») is sufficient for (61,0) if 71 and T do not
depend on 3 and 6 respectively. (Hint: Use the Factorization
Criterion.)

4.5: Suppose that the lifetime of an electrical component is known
to depend on some stress variable that varies over time;
specifically, if U is the lifetime of the component, we have

1
im — < < > =
lim TP <U <o+ AU 2 2) = Aexp(66(2))

where ¢(x) is the stress at time z. Assuming that we can
measure ¢(z) over time, we can conduct an experiment to
estimate A and 3 by replacing the component when it fails and
observing the failure times of the components. Because ¢(x) is
not constant, the inter-failure times will not be i.i.d. random
variables.

Define nonnegative random variables X; < --- < X,, such that
X1 has hazard function

A(z) = Aexp(Bé(z))
and conditional on X; = x;, X;41 has hazard function

0 if z < x;

Aiv1(z) = { Aexp(Bo(x)) if x> ay

where A\, # are unknown parameters and ¢(x) is a known
function.

(a) Find the joint density of (X1, -, Xp).
(b) Find sufficient statistics for (X, 3).

4.6: Let Xq,---, X, be ii.d. Exponential random variables with
parameter \. Suppose that we observe only the smallest r values
of X1,---, Xy, that is, the order statistics X(y),- -+, X(,y. (This
is called type II censoring in reliability.)

(a) Find the joint density of X(y),- -+, X(;).
(b) Show that
V= X(l) + -+ X(rfl) +(n—r+ 1)X(T)

is sufficient for \.
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4.7: Suppose that X1,---, X, are i.i.d. Uniform random variables
on [0, 6]: )
f(z;0) = 7 for 0 <z <4.
Let X (1) = min(Xy, -+, X;,) and X(,,) = max(Xy, -+, Xp).
(a) Define T' = X(,,)/ X(1). Is T' ancillary for 67
(b) Find the joint distribution of 7" and X,,). Are T" and X,
independent?
4.8: Suppose that Xi,---,X, are ii.d. random variables with
density function
f(z;0) =0(1+ x)_(G‘H) for z >0

where 6 > 0 is an unknown parameter.
(a) Show that T'= ;" ; In(1 + X;) is sufficient for 6.
(b) Find the mean and variance of T
4.9: Consider the Gini index §(F') as defined in Example 4.21.

(a) Suppose that X ~ F and let G be the distribution function
of Y = aX for some a > 0. Show that 0(G) = 0(F).

(b) Suppose that F), is a discrete distribution with probability
p at 0 and probability 1 — p at > 0. Show that 0(F,) — 0 as
p—0and §(F,) — Llasp— 1

(c) Suppose that F' is a Pareto distribution whose density is

—a—1
f(a:;a):g(ﬁ) for x > 29 >0
o \Xo

a > 0. (This is sometimes used as a model for incomes
exceeding a threshold zp.) Show that §(F) = (2a — 1)7! for
a > 1. (f(z;a) is a density for a > 0 but for a < 1, the
expected value is infinite.)

4.10: An alternative to the Gini index as a measure of inequality
is the Theil index. Given a distribution function F whose
probability is concentrated on nonnegative values, the Theil
index is defined to be the functional parameter

o(F) = /OOO M(””F) In (ufF)) dF (z)

where p(F) = [;° xdF(x).
(a) Suppose that X ~ F and let G be the distribution function
of Y = aX for some a > 0. Show that 0(G) = 0(F).
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(b) Find the influence curve of §(F).

(c) Suppose that Xi,---, X, are i.i.d. random variables with
distribution function F'. Show that

~ " X; X;
0, = — In
"o ; Xn (Xn>
is the substitution principle estimator of 6(F).
(d) Find the limiting distribution of \/ﬁ(gn —6(F)).
4.11: The influence curve heuristic can be used to obtain the joint

limiting distribution of a finite number of substitution prin-
ciple estimators. Suppose that 61(F),---, 0, (F') are functional

parameters with influence curves ¢1(x; F),- - -, ¢r(x; F'). Then
if Xq,---,X, is an i.i.d. sample from F', we typically have

Vi0y(Ey) — 0,(F)) = Ti o1(Xis F) + R

where Ry, -, Ry —p 0.

(a) Suppose that X7,---, X, are i.i.d. random variables from
a distribution F' with mean p and median 6; assume that
Var(X;) = o2 and F'() > 0. If i, is the sample mean and
§n is the sample median, use the influence curve heuristic to
show that

Ja [ Br TR S N0, 0)
0, — 6
and give the elements of the variance-covariance matrix C'.
(b) Now assume that the X;’s are i.i.d. with density
p
f(@;0) =
0= a0(1/p)

where 6 is the mean and median of the distribution and p > 0
is another parameter (that may be known or unknown). Show
that the matrix C in part (a) is

- ( L3/p)/T(1/p) T(2/p)/p >
r'(2/p)/p  [T1/p)/p)*.
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(¢) Consider estimators of 6 of the form 6, = sfin + (1 — 5)6,.
For a given s, find the limiting distribution of \/n(6, — 0).
(d) For a given value of p > 0, find the value of s that minimizes
the variance of this limiting distribution. For which value(s) of
p is this optimal value equal to 0; for which value(s) is it equal
to 17

4.12: (a) Suppose that F' is a continuous distribution function with
density f = F’. Find the influence curve of the functional
parameter 6,(F") defined by F(6,(F)) = p for some p € (0,1).
(6,(F) is the p-quantile of F.)
(b) Let F,(z) be the empirical distribution function of i.i.d.

random variables X1, -+, X,, (with continuous distribution F’
and density f = F’) and for 0 < t < 1 define

E7N(t) = inf{x : E,(z) > t}.

n
Define 7, = F;;71(0.75)— F71(0.25) to be the interquartile range
of X1, -+, X,. Find the limiting distribution of
\/ﬁ(?n - T(F))

where 7(F) = 03/4(F)—0,/4(F). (Hint: Find the influence curve
of 7(F); a rigorous derivation of the limiting distribution can
be obtained by mimicking Examples 3.5 and 3.6.)

4.13: Suppose that Xi, Xo,- - are i.i.d. nonnegative random vari-
ables with distribution function F' and define the functional
parameter )

X xdF
Jo~ x?dF(z)

Note that 0(F) = (E(X))?/E(X?) where X ~ F.)

a) Find the influence curve of 6(F).

o~ o~

(b) Using Xy, -+, Xy, find a substitution principle estimator,
0,,, of O(F) and find the limiting distribution of /n (6, — ).
(You can use either the influence curve or the Delta Method to
do this.)

4.14: Size-biased (or length-biased) sampling occurs when the size
or length of a certain object affects its probability of being
sampled. For example, suppose we are interested in estimating
the mean number of people in a household. We could take
a random sample of households, in which case the natural
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estimate would be the sample mean (which is an unbiased
estimator). Alternatively, we could take a random sample of
individuals and record the number of people in each individual’s
household; in this case, the sample mean is typically not a
good estimator since the sampling scheme is more likely to
include individuals from large households than would be the
case if households were sampled. In many cases, it is possible
to correct for the biased sampling if the nature of the biased
sampling is known. (Another example of biased sampling is
given in Example 2.21.)

(a) Suppose we observe i.i.d. random variables X1, - - -, X,, from
the distribution

Glz) = </0°° wl(t) dF(t))l /Ox w(t) dF (1)

where w(t) is a known (nonnegative) function and F is an
unknown distribution function. Define

_1n

Fule) = (Z[wmw) S lw(X)] (X < a).

i=1 =1

Show that for each x, F,(z) is a consistent estimator of F(x)
provided that E[1/w(X;)] < co.

(b) Using the estimator in part (a), give a substitution principle
estimator of O(F) = [g(x)dF(x). What is the estimator of
[z dF(x) when w(z) = z? Find the limiting distribution of
this estimator when E[1/w?(X;)] < oco.

(¢c) Suppose that we have the option of sampling from F or from
the biased version G where w(x) = x. Show that the estimator
of [z dF(x) based on the biased sample is asymptotically more
efficient than that based on the sample from F' if

(/:EdF(x)>3 </£L'_1 dF(ac)) < /x2dF(x).

4.15: Suppose that Xy,---, X, are i.i.d. Normal random variables

with mean 0 and unknown variance o2.

(a) Show that E(|X;|) = ov/2/m7.
(b) Use the result of (a) to construct a method of moments
estimator, 7, of 0. Find the limiting distribution of \/n (5, —0o).
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(¢) Another method of moments estimator of o is

Lo 1/2
==Y X? .
n(3)

Find the limiting distribution of \/n(&, — o) and compare the
results of parts (b) and (c).

4.16: Suppose that Xi,---, X, are i.i.d. random variables with
density function

f(z;p) = exp[—(z — p)] forz>p

(a) Show that Z, = min(Xy,---,X,) is a sufficient statistic
for .
(b) Show that Z, —, u as n — oc.

4.17: Let Uy,---,U, be i.i.d. Uniform random variables on [0, 6)].
Suppose that only the smallest r values are actually observed,
that is, the order statistics U1y < Uy < -+ < Ujp).

(a) Find the joint density of Uy),U),- -, Uy and and find
a one-dimensional sufficient statistic for 6. (Hint: The joint
density of (U(1)7 T U(n)) is f(ug, - ,up) =nl07 " for 0 < u; <
<y < 1))

(b) Find a unbiased estimator of 6 based on the sufficient
statistic found in (a).

4.18: Suppose that Aq,---, A, are i.i.d. Gamma random variables
with (reparametrized) density function

a/p)*z® 1 exp(—ax
sy — (/) (ox/u)
I(a)
so that E(A;) = p. Given A;, let X; and Y; be independent
Poisson random variables with E(X;|A;) = A; and E(Y;|A;) =
OA;. We will observe i.i.d. pairs of (dependent) random variables

(X1,Y1), -, (Xp,Ys) (that is, the A;’s are unobservable). (See
Lee (1996) for an application of such a model.)

for x >0

(a) Show that the joint frequency function of (Xj,Y;) is

0Y T(z+y+a) ( a)—(x+y+a)

T = v @y faye "0

for z,y = 0,1,2,3,---. (Hint: P(X; = 2,Y; = y) = E[P(X; =
x,Yi = y|Ai)].)
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(b) Find the expected values and variances of X; and Y; as well
as Cov(X;,Y;).

(¢) Show that 6,, = Y,,/X,, is a consistent estimator of 6.

(d) Find the asymptotic distribution of \/n(6,, — ).

4.19: Suppose that Xi,---, X, are i.i.d. random variables with
a continuous distribution function F. It can be shown that
g(t) = E(|X; —t]) (or g(t) = E[|X; —t| — | X;|]) is minimized at
t = 6 where F(6) = 1/2 (see Problem 1.25). This suggests that
the median # can be estimated by choosing 6,, to minimize

gn(t) =D |1Xi — 1.
i=1

(a) Let X1y < Xy < -+ < X(p,) be the order statistics.
Show that if n is even then g,(t) is minimized for X, 9) <
t < X(i4ns2) while if n is odd then g,(t) is minimized at
t = X((nt1)/2)- (Hint: Evaluate the derivative of g,(t) for
X4 <t < Xgq) (i =1,---,n—1); determine for which values
of t gn(t) is decreasing and for which it is increasing.)

(b) Let Fy,(z) be the empirical distribution function. Show that
FY1/2) = X(ny2) if n is even and F7Y1/2) = X((nt1)/2) if n
is odd.

4.20: Suppose that X7, Xs,--- are i.i.d. random variables with
distribution function

Flz) = (1—0)® (x_“) 00 ("”_”)

o 50

where 0 < # < 1, p and o are unknown parameters. (® is
the N(0,1) distribution function.) Define fi,, to be the sample
mean and i, to be the sample median of Xi,---, X,,. (This is
an example of a contaminated Normal model that is sometimes
used to study the robustness of estimators.)

(a) Find the limiting distributions of \/n(f, — p) and /n(f, —
). (These will depend on # and ¢2.)

(b) For which values (if any) of # is the sample median more
efficient than the sample mean?

4.21: Suppose that X1, ---, X, are i.i.d. random variables with dis-
tribution function. The substitution principle can be extended

© 2000 by Chapman & Hall/CRC



to estimating functional parameters of the form
O(F) = E[h(Xy, -, Xk)]

where h is some specified function. (We assume that this
expected value is finite.) If n > k, a substitution principle
estimator of 0(F') is

-1
0= <k> Z h(Xin""Xik)

i1 <<y

where the summation extends over all combinations of k
integers drawn from the integers 1 through n. The estimator
0 is called a U-statistic.

(a) Show that 6 is a unbiased estimator of O(F).
(b) Suppose Var(X;) < co. Show that

Var(X;) = E[(X; — X32)?]/2.

How does the “U-statistic” substitution principle estimator
differ from the the substitution principle estimator in Example
4.237

4.22: Suppose that (Xi,Y1), -+, (X,,Y,) are independent pairs
of correlated Bernoulli random variables. The correlation be-
tween X; and Y; is introduced using a mixing distribution. Take
01, --,0, to be i.i.d. random variables with a non-degenerate
distribution function G. Then given 6;, X; and Y; are indepen-
dent random variables with

P(XZ = 1|91) = Qi and P(Y; = 1|92) = h(&i, ¢)
where h is such that

1- h(ew ¢) B

Thus, for example, we have

P(Xi=1)= /Oleda(e)

and 1
Pi=1)= [ h(0.6)dG(0).

We would like to estimate ¢, the so-called odds ratio, given
(X1,Y1), -, (Xp,Y,). (Both ¢ and the distribution function
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G are unknown in this problem; however, we will not have to
explicitly estimate G.)

(a) Show that E[Y;(1 — X;)] = ¢E[X;(1 —Y;)]. (Hint: Look at
the conditional expectations given 6;.)
(b) Show that the estimator
- YR Y- X))
DV EP (SS9

is a consistent estimator of ¢. (ggn is a special case of the Mantel-
Haenszel estimator of the odds ratio.)

(¢) Find the limiting distribution of \/n(¢, — ¢) and suggest an
estimator of the standard error of ¢,.
(d) Find the limiting distribution of v/n(In(é,) — In(¢)) and

o~

suggest an estimator of the standard error of In(¢y,).

4.23: Suppose that Xj,---, X, are iid. random variables and
define an estimator 6 by

S U(X— ) =0
=1

where 1 is an odd function (¢(z) = —¢(—=x)) with derivative
Y.

(a) Let §_j be the estimator computed from all the X;’s except
Xj. Show that

(b) Use the approximation

~

P(Xi—0_5) = p(X; —0) + (0 — ;)0 (X; — 0)
to show that

Y(X; — 0) _
(X —0)

~

(c) Show that the jackknife estimator of Var(¢) can be approx-
imated by

~

9_]'%5—

o1 S (X - )
(S (- )
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4.24: Consider the jackknife estimator of the variance of the sample
median. Suppose that Xi,---,X,, are i.i.d. random variables
with distribution function F' with median 6 and F’(0) = \ > 0;
for simplicity, we will assume that n is even (n = 2m). Define
§n to be the sample median.

(a) Let X(1) < X(3) < -+ < X(y,) be the order statistics. Show

~

that the jackknife estimator of 6, is

n—1

2
1 Xomtn) = Xm)™

\//E;"(gn) =
(b) Ideally, we would like nVar(d,) to have the same limit
as nVar(gn). However, this does not work for the sample
median. To see this, start by assuming that the X;’s are
i.i.d. Exponential random variables with mean 1. Show that
(see Problem 2.26) m(X(;,41) — X)) has an Exponential
distribution with mean 1.

(c) In general, show that for n = 2m,

Z
m(Xnt1) = X)) —a
as n — oo where Z has an Exponential distribution with mean
1. (Hint: Find a function that transforms the Exponential ran-
dom variables in part (b) to Uniform random variables on [0, 1]
and then to random variables with distribution function F.)

(d) Show that

1
4 g2z

1

Var(6,) — DE

VART

Note that the mean of the limiting distribution is 1/(2A?).

© 2000 by Chapman & Hall/CRC



CHAPTER 5

Likelihood-Based Estimation

5.1 Introduction

We saw in the last chapter that the substitution principle (or the
method of moments) provides an approach for finding reasonable
estimators of parameters in statistical models. However, the sub-
stitution principle does not prescribe any particular estimator and,
in fact, the quality of different substitution principle estimators
can vary greatly. Moreover, the substitution principle is tailored to
i.i.d. data and can be difficult to apply for non-i.i.d. data. These
problems are somewhat unsettling since we would like to find a
general-purpose algorithm for generating good (if not “optimal”)
estimators. We will see in this chapter that one such algorithm is
provided by maximum likelihood estimation. The maximum likeli-
hood estimator is defined to be the maximizing value of a certain
function called the likelihood function. We will see in Chapter 6 that
the maximum likelihood estimator has some very nice optimality
properties.

The likelihood function (defined in the next section) has a much
wider significance in statistical theory. An important principle in
statistics (called the likelihood principle) essentially states that
the likelihood function contains all of the information about an
unknown parameter in the data. The likelihood function also plays
an integral role in Bayesian inference in which we deal with the
uncertainty in the value of parameters via probability distributions
on the parameter space.

5.2 The likelihood function

Suppose that X = (Xi,---,X,,) are random variables with joint
density or frequency function f(x;6) where § € ©. Given outcomes
X = x, we define the likelihood function

L(0) = f(=x;0);
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for each possible sample © = (z1,---,x,), the likelihood function
L(0) is a real-valued function defined on the parameter space O.
Note that we do not need to assume that Xi,---,X, are i.i.d.
random variables.

DEFINITION. Suppose that for a sample = (z1,---,zy), L(0)
is maximized (over ©) at 0 = S(x):

sup £(6) = £(S())
6O

(with S(z) € ©). Then the statistic § = S(X) is called the
maximum likelihood estimator (MLE) of 6. (S(x) is sometimes
called the maximum likelihood estimate based on x.)

For continuous random variables, the likelihood function is not
uniquely defined since the joint density is not uniquely defined.
In practice, we usually choose a form for the likelihood function
that guarantees (if possible) the existence of a MLE for all possible
values of X1, ---, X,,. For discrete random variables, such difficulties
do not occur since the joint frequency function (and hence the
likelihood function) is uniquely defined.

If T = T(X) is a sufficient statistic for 6 then from the
Factorization Criterion, it follows that

L(0) o< g(T(); 0).

From this, it follows that if the MLE 0 is unique then 0 is a function
of the sufficient statistic 7'

Another attractive property of MLEs is invariance. For example,
if = g(f) where g is a monotone function (or more generally,
one-to-one) and @ is the MLE of 6 then g(f) is the MLE of ¢.
It is conventional to extend this invariance property to arbitrary
functions; thus if ¢ = g(f) then we typically say that ¢ = g(0) is
the MLE of ¢.

There are essentially two distinct methods for finding MLEs:

e Direct maximization: Examine £(#) directly to determine which
value of 6 maximizes £(f) for a given sample xy,---,z,. This
method is particularly useful when the range (or support) of the
data depends on the parameter.

e Likelihood equations: If the range of the data does not depend on
the data, the parameter space © is an open set, and the likelihood
function is differentiable with respect to 8 = (61, - -, 6),) over ©,
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then the maximum likelihood estimate @ satisfies the equations

0 ~
8—6?km£(9) =0 fork=1,---,p.
These equations are called the likelihood equations and In £(6)

is called the log-likelihood function.

For the vast majority of statistical models, we can use the
likelihood equations to determine the MLE. We use the log-
likelihood function for convenience. If § maximizes L£(0), it also
maximizes In £(#). In addition, £() is often expressed as a product
so that In £(f) becomes a sum, which is easier to differentiate. The
likelihood equations can have multiple solutions, so it is important
to check that a given solution indeed maximizes the likelihood
function. If the parameter space © is not an open set then the
likelihood equations can be used provided that we verify that the
maximum does not occur on the boundary of the parameter space.

EXAMPLE 5.1: Suppose that Xi,---, X, are ii.d. Uniform
random variables on the interval [0, 8] for some 6 > 0. The likelihood
function is

LO)=0"I0<zq, 2, <0)=0""1(0>max(z1, -, Tn)).

Thus if 0 < max(zy, -+, 2,), £(0) = 0 while £(0) is a decreasing
function of 6 for § > max(zy,---,z,). Hence, L£(#) attains its
maximum at § = max(zy,---,z,) and so

é\: X(n) = max(Xl, . ',Xn)
is the MLE of 6. &

Note that in Example 5.1, we could have defined the likelihood
function to be

L) =6""I(0 <max(xy,---,xp))
(by defining the density of X; to be f(z;6) =1/60 for 0 < z < 6).
In this case, the MLE does not exist. We have
sup £L(0) = [max(z1, -+, 2z,)] "
0>0
however, there exists no S(x) such that

L(S(x)) = sup L(0).

6>0
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EXAMPLE 5.2: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean A > 0. The likelihood function is

ey = [T {2

X
i=1 Lt

and the log-likelihood is

n n
In £(A) = —nA + In(A) le — Zln(xi!).
i=1 i=1
Assuming that >i* ; x; > 0 and taking the derivative with respect
to A, we find that

d 1 &
ﬁlnﬁ()\) = —n—i—xizzlxi

and setting the derivative to 0 suggests that A=z To verify that
this is indeed a maximum, note that

2 1 n

which is always negative. Thus ¥ maximizes the likelihood function
(for a given sample x1,---,7,) and the MLE of X\ is A = X
provided that >>7* ; X; > 0. If > ; X; = 0 then strictly speaking
no MLE exists since the log-likelihood function In £(A) = —nA has

no maximum on the interval (0, c0). &
EXAMPLE 5.3: Suppose that the joint density or frequency
function of X = (Xi,---,X,) is a one-parameter exponential

family; the log-likelihood function is then
InL(0) =c(0)T(x) —d(0) + S(x).

Differentiating with respect to 6 and setting this derivative to 0, we
get the following equation for the MLE 6:
PN
0
) _rix).
d'(6)
However, since T'(X) is the sufficient statistic, we know that

_ d'(9)
- d(0)

Ey[T(X)]

© 2000 by Chapman & Hall/CRC



and so it follows that the MLE is simply a method of moments
estimator for one-parameter exponential families. Also note that
does maximize the likelihood function; the second derivative of the
log-likelihood function is

d? o 1"
102 InL£(0) ="(0)T(x) — d"(0)
and substituting 0 for 0, we get
d? ~ . d'(6) ~
1 _ 7
102 nL(f) =c"(0) 2(0) d"(0) <0
since
d' (6
Vary[T'(X)] = d"(0) — " (0) c’§9§ > 0.

A similar result also holds for k-parameter exponential families. &

Why does maximum likelihood estimation make sense? For
simplicity, assume that Xi,---, X,, are i.i.d. random variables with
density or frequency function fy(x) and distribution function Fy(z).
For any other density (frequency) function f(x), we can define the
Kullback-Leibler information number

K(f : fo) = Eo [In (fo(Xi)/f(Xi))]

where the expected value Ejy is computed assuming that fo(x)
is the true density (frequency) function of X;. K(f : fo) can
be interpreted as measuring the distance to the “true” density
(frequency) function fy of some other density (frequency) function
f; it is easy to see that

K(fo: fo)=0

and since —In(z) is a convex function, it follows (from Jensen’s
inequality) that

K(f:fo) = Eol-In(f(X:)/fo(Xi))]
f(X;)
z ~ink [fo(Xi)}
= 0.

Thus over all density (frequency) functions f, K(f : fo) is
minimized (for a given fy) at f = fy. Moreover, unless f(z) = fo(x)
for all x, K(f : fo) > 0. K(f : fo) can also be interpreted as the
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inefficiency in assuming that the density (frequency) function is f
when the true density (frequency) function is fj.

We will now use these facts to rationalize maximum likelihood
estimation in the case of i.i.d. observations. Since

K(f: fo) = —Eo[In(f(X:))] + Eo [In(fo(X;))],

we can also see that for fixed fy,

L(f : fo) = Eo [In(f(X;))]

is maximized over all f at f = fy. This suggests the following
method for estimating the density (frequency) function fy of i.i.d.
observations X1, -+, Xj:

e For each f in some family F, estimate L(f : fp) using the
substitution principle

L(f: fo) = Zlnf

e Find f to maximize f/(f : fo)-
If F = {f(2:0) : 0 € O}, then nL(f : fo) is simply the log-likelihood

function. Thus maximum likelihood estimation can be viewed as a
sort of substitution principle estimation.

Maximum likelihood estimation has been described as the origi-
nal jackknife in the sense that it is an estimation procedure that is
applicable in a wide variety of problems. As will be shown in Chap-
ter 6, maximum likelihood estimation has some very attractive opti-
mality properties and for this reason, it is often viewed as the “gold
standard” of estimation procedures. However, as with any method-
ology, maximum likelihood estimation should be viewed with the
appropriate degree of scepticism as there may be estimation proce-
dures that are better behaved in terms of robustness or efficiency
when the model is slightly (or grossly) misspecified.

5.3 The likelihood principle

The likelihood function has a much greater significance in statistical
inference; we will discuss this briefly in this section. Suppose we are
given a choice between two experiments for estimating a parameter
0. From the first experiment, we obtain data x while £* is obtained
from the second experiment. The likelihood principle provides a
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simple criterion for when identical inferences for 8 should be drawn
from both x and x*; it is stated as follows:

Likelihood principle. Let £(6) be the likelihood function for
based on observing X = x and L£*(#) be the likelihood function
for 0 based on observations X* = x*. If £(0) = kL*(0) (for some
k that does not depend on ) then the same inference for  should
be drawn from both samples.

In point estimation, the likelihood principle implies that if x
and x* are two samples with likelihood functions £(#) and £*(6)
where L£(0) = kL£*(0) (for all #) then the two point estimates
T(x) and T*(x*) should be equal. Clearly, maximum likelihood
estimation satisfies this condition but many of the substitution
principle and other estimators discussed in Chapter 4 do not. For
example, the biased-reduced jackknife estimator typically violates
the likelihood principle. However, certain inferential procedures
based on maximum likelihood estimation may violate the likelihood
principle.

It is also worth noting at this point that the likelihood principle
refers only to the information about 6 contained in the sample;
we may also have additional information about 6 available to us
from outside the sample. For example, we can express our beliefs
about the true value of 6 (prior to observing the sample) by
specifying a probability distribution over the parameter space ©;
this distribution is called a prior distribution. This approach (called
the Bayesian approach) is often cited as the “correct” approach to
implementing the likelihood principle. More details on the Bayesian
approach are given in section 5.7.

Does the likelihood principle make sense? This is a very controver-
sial issue in theoretical statistics and there is really no clear answer.
The likelihood principle can be shown to follow by assuming two
other somewhat less controversial principles, the (weak) sufficiency
principle and the (weak) conditionality principle. The sufficiency
principle states that the sufficient statistic contains as much infor-
mation about the value of a parameter as the data themselves while
the conditionality principle essentially states that no information is
lost by conditioning on an ancillary statistic. For some compelling
arguments in favour of the likelihood principle, see the monograph
by Berger and Wolpert (1988). The book by Lee (1989) also con-
tains some interesting discussion and examples on the likelihood
principle.
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The likelihood principle is not universally accepted; in fact, much
of classical statistical practice violates it. Of course, the likelihood
principle assumes that the true parametric model for the data is
known; we have stated previously that statistical models are almost
inevitably used to approximate reality and are seldom exactly true.
This, of course, does not immediately invalidate the likelihood
principle but rather emphasizes the point that any principle or
philosophy should not be accepted without closely examining its
tenets.

5.4 Asymptotic theory for MLEs

Under what conditions is the MLE a consistent and asymptotically
Normal estimator of a parameter? We will show in this section
that, under fairly mild regularity conditions, it is possible to prove
consistency and asymptotic normality for the MLE of a real-valued
parameter based on i.i.d. observations. However, in many cases,
it is possible to find the asymptotic distribution of a sequence of
MLESs using standard techniques. This is common when the MLE
corresponds to a method of moments estimator.

EXAMPLE 5.4: Suppose that Xi,---,X, are i.i.d. Geometric
random variables with frequency function

f(z;0)=0(1—-6)" forx=0,1,2,---
The MLE of 0 based on X1, -+, X, is
~ 1
O, = = .
"X+
By the Central Limit Theorem, we have that

V(X — (071 = 1)) —a N(0,072(1 - 0)).

Thus we obtain

by applying the Delta Method with g(z) = 1/(1 + z) and ¢'(z) =
—1/(1 4+ z)2. O

EXAMPLE 5.5: Suppose that Xi,---, X, are ii.d. Uniform
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random variables on [0, #]. The MLE of 0 is

~

Hn = X(n) = max(Xl, ety Xn)
whose distribution function is given by

P(énga:):<§> for0 <z <4.

Thus for € > 0,

P(6,—0]>¢ = Pl,<0—¢

- ()

— 0 asn— o

since (6 —¢€)/0 < 1. We also have that

P[n(@—gn)ga:} = P{@nZO—g]

T n
( 9n)
— 1—exp(—z/0) forxz>0

and so n(6—6,,) converges in distribution to an Exponential random
variable. O

For the remainder of this section, we will assume that X7, Xo,
-+, X, are ii.d. random variables with common density or fre-
quency function f(x;60) where 6 is a real-valued parameter.

Define £(x;0) = In f(x;0) and let ¢'(x;0), ¢"(x;0), and £ (x;0)
be the first three partial derivatives of ¢(x;6) with respect to 6. We
will make the following assumptions about f(z;60):

(A1) The parameter space O is an open subset of the real-line.
(A2) The set A = {z: f(x;0) > 0} does not depend on 6.

(A3) f(x;0) is three times continuously differentiable with respect
to 6 for all x in A.

(A4) Ey[l/(X;;0)] = 0 for all § and Varg[¢/(X;;0)] = I() where
0 < I(f) < oo for all 6.

(A5) Ey[t"(X;;60)] = —J(0) where 0 < J(6) < oo for all 6.

(A6) For each 6 and § > 0, |0/ (x;t)] < M(z) for |6 — t| < § where
Ey[M(X;)] < oc.
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Suppose that f(z;0) is a density function. If condition (A2) holds
then

/f(w;@)dle for all 9 € ©
A

and so J
@/Af(:c;e)dxzo.

If the derivative can be taken inside the integral we then have

0 = A%f(m;&)dx
— AE’(m;Q)f(x;@) dz
= Ep[t'(Xi;0)]
and so the assumption that Ey[¢/(X;;60)] = 0 is, in many cases,

a natural consequence of condition (A2). Moreover, if we can
differentiate [, f(z;0) dz twice inside the integral sign, we have

0 = /A%(e'(x;e)f(x;e)) dz

_ /e”(x;e)f(x;e) dm—i—/ (¢ (2:0))? f(2:0) da
A A
— _J(0) + 1(0)

and so [(0) = J(0). (Similar results apply if f(x;0) is a frequency
function.) I(#) is called the Fisher information.

EXAMPLE 5.6: Suppose that Xi, Xs,--- are ii.d. random
variables with the one-parameter exponential family density or
frequency function

f(z:0) = explc(0)T (z) — d(0) + S(z)] for x € A.
In this case,
O(x;0) =
and ("(x;0)

Since we have

BT = 50
and Varg[T'(X;)] = [c’(le)p <d”(9)6/,(9)i’/532>’
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it follows that
Boll'(Xi;0)] = c(0)B[T(X;)] —d'(0)

and so I(0) = J(0).

EXAMPLE 5.7: Suppose that Xi,---,X, are ii.d. random

variables with a Logistic distribution whose density function is

L exp(z — 0)
M@0 = 1y @ — OF
The derivatives of ¢(x;6) = In f(x;0) with respect to 0 are
;o exp(z—0)—1
tlw:0) = 1+ exp(z —0)
and 0
el/(x; 0) — _ exp(a: — )

[1+exp(z —6)]*
It follows then that

g = [F SRR 0) —expz—0)
Bl (X)) = [ O da =0,
1) = Varg[l'(X;;0)]
B 00 5 exp(x —0)
= [m (exp(z —0) — 1) [1+ exp(xz —0)]* e
1
-3
and J(0) = —FEp[l"(X;; 9)}
B exp(2(z — 0))
- 2/ 1+exp woor
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and so I(0) = J(6). <&

Under conditions (A1) to (A3), if #, maximizes the likelihood,
we have

ZE’(Xi; f,) =0
i=1

and expanding this equation in a Taylor series expansion, we get

0= 0(Xi0,) = Y V(X::0)
=1 =1
+(0, - 0) >0 (X350)

=1
n

+%(§n — 023 0" (X5;05)

=1

where 0, lies between 6 and 0, Dividing both sides by /n, we get

zn: U(X550) + V0, — 0)~ Zf”Xl,H

n

SV — 072 (X507,

i=1

\/7
+
which suggests that

—n T2 (X5 0)
nl S (X5 0) + (B — 0)(20) LI 07 (X5 05)

From the Central Limit Theorem (and condition (A4)), it follows
that

\F Zf’ (Xi;0) —q Z ~ N(0,1(0))
and from the WLLN (and condition (A5)), we have that
1 n
=N 0"(X560) —p —J(0).
n <=

Thus it follows from Slutsky’s Theorem that

~

V(B — 0) — % ~ N(0,1(0)/7%(0))
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provided that

~ 1

0, —6)— "Xy 0 ;

( )n Z:ZI w ( ) n) —p 07
we will show later that this latter statement holds provided that
condition (A6) holds and 6,, —, 6.

Proving consistency of the MLE 6’An is somewhat subtle. Consider
the (random) function

= LS (X ) — In f (X 0)]
=1

3

which is maximized at ¢ = én By the WLLN, for each fixed t € O,

6u(t) —p 0(0) = Eo I (jféii 8)] |

Now note that —¢(¢) is simply a Kullback-Leibler information
number, which is minimized when ¢ = 6 and so ¢(t) is maximized
at t =6 (¢(0) = 0). Moreover, unless f(z;t) = f(x;0) forallz € A
then ¢(t) < 0; since we are assuming (implicitly) identifiability of
the model, it follows that ¢(¢) is uniquely maximized at t = 6.
Does the fact that ¢,(t) —, ¢(t) for each t (where ¢(t) is
maximized at ¢ = ) imply that O, —p 07 Unfortunately, the
answer to this question is, in general, “no” (unless we make more
assumptions about the ¢,,’s). To keep things simple, we will consider
some examples where {¢,(t)} and ¢(t) are non-random functions.

EXAMPLE 5.8: Let {¢,(t)} be a sequence of functions with

l—n‘t—%‘ for 0 <t <2/n
On(t) =9 L —|t—2| for3/2<t<5/2
0 otherwise.

Note that ¢, (t) is maximized at ¢, = 1/n and ¢,(1/n) = 1. It is
easy to see that for each ¢, ¢, (t) — ¢(t) where

1
[ 5—t=2] for3/2<t<5/2
o(t) = { 0 otherwise.
Thus ¢(t) is maximized at ty = 2; clearly, ¢, — 0 # to. O

What goes wrong in the previous example? The main problem
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seems to be that although ¢, (t) — ¢(t) for each ¢, the convergence
is not uniform; that is, for any M > 0,

sup |¢n(t) — @(t)] =1 (for n sufficiently large)

[t|<M
and so ¢,(t) does not converge to ¢(t) uniformly for [t| < M.
However, this uniform convergence is not by itself sufficient to
guarantee the convergence of the maximizers of ¢,(t) to the
maximizer of ¢(t) as evidenced by the following example.

EXAMPLE 5.9: Let {¢,(t)} be a sequence of functions with

{ T —2lt]) for|t|<1/2

Pn(t)=<¢ 1=2/t—n| forn—1/2<t<t+1/2

0 otherwise.

It is easy to see that for any M > 0,
sup [¢n(t) — ¢(t)] — 0

lt|<M
where L2t f <1/2
s { szl forl <1/
0 otherwise.
However, ¢, (t) is maximized at t,, = n while ¢(t) is maximized at
to = 0; again, t, — o0 # tg. &

Even though uniform convergence of ¢,(t) to ¢(t) holds over
closed and bounded sets in this example, the sequence of maxi-
mizers {t,} cannot be contained within a closed and bounded set
and so the sequence does not converge to the maximizer of ¢(t).
The following result shows that adding the condition that the se-
quence of maximizers is bounded is sufficient for convergence of %,
to top where ¢y maximizes ¢(t); moreover, this result covers the case
where {¢,,(t)} and ¢(t) are random.

THEOREM 5.1 Suppose that {¢n(t)} and ¢(t) are real-valued
random functions defined on the real line. Suppose that
(a) for each M > 0,

sup |dn(t) — o(t)] —p 0;
jt]<M

(b) T, mazimizes ¢n(t) and Ty is the unique mazximizer of ¢(t);
(c) for each € > 0, there exists M, such that P(|T,| > M.) < € for
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all n.
Then T, —, Tp.

As appealing as Theorem 5.1 seems to be, it is very difficult to use
in practice. For example, although it is not too difficult to establish
the uniform convergence, it can be extremely difficult to show that
P(|T,,| > M.) < e. However, if we assume that ¢, (t) is a concave
function for each n, we can weaken the conditions of the previous
theorem considerably.

THEOREM 5.2 Suppose that {¢,(t)} and ¢(t) are random con-
cave functions. If

(a) for each t, ¢n(t) —p (1), and

(b) T, mazimizes ¢ (t) and Ty is the unique mazimizer of ¢(t)
then T,, —, Tp.

In most applications of the preceding theorem, ¢, (t) will be an
average of n random variables (depending on t) and so we can use
the WLLN (or a similar result) to show that ¢,(t) —, ¢(t); in
such cases, the limiting function ¢(¢) will be non-random and so its
maximizer Ty will also be non-random. Theorem 5.2 also holds if
the functions {¢,} are defined on RP; the same is true for Theorem
5.1.

Theorem 5.2 can also be used if the functions ¢, (t) are convex.
Since the negative of a convex function is a concave function, we
can use this theorem to establish convergence in probability of
minimizers of convex functions.

EXAMPLE 5.10: Suppose that X1, Xo,---, X, are i.i.d. random
variables with continuous distribution function F(z) and assume
that u is the unique median of the distribution so that F'(u) = 0.5.
The sample median fi,, of X1, -+, X,, can be defined as a minimizer

of
n
DX —t]
i=1
or equivalently as the minimizer of

on(t) =2 1%~ 1~ 1]
=1

It is easy to see that ¢, () is a convex function since |a—t| is convex
in ¢ for any a. By the WLLN,

Pn(t) —p E[|X1 —t] = [Xa]] = 6(t)
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and it can be easily shown that ¢(t) is minimized at ¢ = . Thus
fn, —p p. (Note that this result is valid even if E[|X;|] = oo since
E[|X; —t| — | Xi|] < oo for all t.) It is interesting to compare this
proof of consistency to the proof given in Example 3.3. &

EXAMPLE 5.11: Suppose that X1, Xo,---, X, are i.i.d. random
variables from a one-parameter exponential family density or
frequency function

f(x;0) =exp[c(0)T(z) —d(0) + S(x)] for z € A.
The MLE of 6 maximizes

however, ¢, (t) is not necessarily a concave function. Nonetheless,
if ¢(-) is a one-to-one continuous function with inverse c¢=!(-), we
can define u = ¢(t) and consider

w) = LSO () - dofu)] = dule(t))
=1

3

where do(u) = d(c™1(u)). It follows that ¢* (u) is a concave function
since its second derivative is —d{j(u), which is negative. By the
WLLN, for each u, we have

O (1) —p uBp[T(X1)] — do(u) = ¢*(u)
and ¢*(u) is maximized when dfj,(u) = Ey[T(X1)]. Since
Ep[T(X1)] = do(c(0)),

it follows that ¢*(u) is maximized at ¢(6). Since u = ¢(t), it follows
that ¢(6,) —p c(f) and since c¢(-) is one-to-one and continuous, it
follows that 6,, —, 0. &

We will now state a result concerning the asymptotic normality
of MLESs for i.i.d. sequences. We will assume that consistency of the
estimators has been proved.

THEOREM 5.3 (Asymptotic normality of MLEs) Suppose
that X1, Xo, -+, X, are i.i.d. random variables with density or fre-
quency function f(x;0) that satisfies conditions (A1)-(A6) and sup-
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pose that the MLEs satisfy §n —p 0 where

S V(Xi56,) = 0.

=1
Then
V(0 — 0) —a N(0,1(0)/J2(0)).
When 1(0) = J(0), we have /n(0, — ) —q N(0,1/1(8)).
Proof. From above we have that
\/ﬁ(é\n - 0)
—n1/2 i V(X 0)
n=U S (X33 0) + (B — 0)(20) 71 1y 07(XG305)

rvn

Given our previous development, we need only show that
~ 1 & .
Ry = (60— 0)5- ;z”’(xi; 0:) —, 0.
We have that for any € > 0,
P(IRy| > €) = P(|Ry| > €10, — 0] > 6) + P(|Ry| > €, |0, — 0] < 6)

and R R
P(|R,| > €,|0, — 0| > 6) < P(|6,, — 0] >0) — 0

as n — oo. If |6,, — 8] < & , we have (by condition (A6)),
Rl < 23 M(x)
2n —
and since .
2 M) = BM () < o
(by the WLLN), it follows that

P(|Ry| > €, |0, — 6] < 6)

can be made arbitrarily small (for large n) by taking ¢ sufficiently
small. Thus R,, —, 0 and so

V(B — 0) —a N(0,1(6)/.7%(9))

applying Slutsky’s Theorem. [J
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The regularity conditions (Al) through (A6) are by no means
minimal conditions. In particular, it is possible to weaken the
differentiability conditions at the cost of increasing the technical
difficulty of the proof. For example, we could replace conditions
(A5) and (A6) by a somewhat weaker condition that

n

! S (X Ty) —p —J(0)

i
for any sequence of random variables {7} with T,, —, 6; it is
easy to see that this latter condition is implied by (A5) and (A6).
However, conditions (A1) through (A6) are satisfied for a wide
variety of one-parameter models and are relatively simple to verify.
An alternative condition to (A6) is considered in Problem 5.11.

Estimating standard errors

In all but rare cases, we have I(f) = J(f) and so the result of
Theorem 5.3 suggests that for sufficiently large n, the MLE én is
approximately Normal with mean 6 and variance 1/(nI(6)). This
result can be used to approximate the standard error of §n by
[nI(6)]~'/2. Since I() typically depends on 6, it is necessary to
estimate I(6) to estimate the standard error of 6,,. There are two
approaches to estimating I(#) and hence the standard error of §n
e If 1(0) has a closed-form, we can substitute 0., for 0; our standard
error estimator becomes
nl(6,)

~

nl(6,) is called the expected Fisher information for 6.
e Since I(0) = —Ey[l"(X;;0)], we can estimate I(0) by

— 12 ~
I 9 = —— EU X’uen )
B = LX)
which leads to the standard error estimator

~ . n o\ 12
(l,) = ———= = (— > (X 0n)> .
nl(0) i=1

nl/(y) is called the observed Fisher information for 6.
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EXAMPLE 5.12: Suppose Xi,---,X, have a one-parameter
exponential family density or frequency function

f(z;0) = exp[c(0)T (xz) —d(0) + S(x)] forze A
Using the facts that

18 (6,
LS rix) - d/(g )
"o ()
and
d'(0)
10) =d"(9) — " (9)—=%
(6)=d"6) ') 55
it follows that the expected and observed Fisher information for 6
are the same. <&

EXAMPLE 5.13: Suppose that Xi,---, X, are i.i.d. Cauchy
random variables with density function

1 1
10 = w2

Then E/( . 2z — 0)

A (x—0)2
d

. a0 — 20 =0
YT T A - 0)2)2

It possible to show that )

and so the expected Fisher information for 6 is n/2 and the
corresponding standard error estimate is

se(6,) = \/%

On the other hand, the observed Fisher information for 8 is

S 2(1 — (X — 00)%)

D

- L+ (X - 0)2)2

(which is not equal to the expected Fisher information) and so the
corresponding standard error estimator is

P 2(1 — (X; — 00)?) o
se(0n) = (; (1+ (X, — §n)2)2> .
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It is interesting to compare the limiting variance of the MLE with
that of the trimmed means in Example 4.40; we can compute the
minimum limiting variance for all trimmed means to 2.278, which
implies that the MLE is more efficient since its limiting variance is
2. O

In Example 5.13, we see that different estimates of the standard
error can result by using the observed and expected Fisher informa-
tion. This raises the question of whether either of the two estimators
can be shown to be superior to the other. While there is some de-
bate, results of Efron and Hinkley (1978) indicate that there are
reasons to prefer the estimator based on the observed Fisher in-
formation. Their rationale is that this estimator actually estimates

Var1/2 (6,]5 = s) where S = S(X) is an ancillary statistic for 0 and
s = S(m)

Multiparameter models

Extending the consistency and asymptotic normality results from
the single- to multi-parameter cases is simple, if somewhat nota-
tionally messy. Assume that X1, Xo,--- are i.i.d. random variables
with density or frequency function f(z;0) where 8 = (61,---,6,).
The MLE @n based on X7, -- -, X, satisfies the likelihood equations

S V(Xi:6,) =0
=1

where now ¢'(x;8) is the vector of partial derivatives of ¢(x;0) =
In f(z;0) (with respect to the components of 8). The idea behind
proving asymptotic normality is really exactly the same as that used
in the single parameter case: we make a Taylor series expansion of
the likelihood equations around the true parameter value. Doing
this we get

Zﬂae (ZW%¢>[@ ~6)

where
(a) £"(x; 0) is the matrix of second partial derivatives (with respect
to 61,---,0,); the (j, k) element of this matrix is given by

62
00,00,

e(;0) = (x5 0).
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(b) 67 is on the line segment joining 6 and 6,,.
Now solving for /n(6,, — 0), we get

-1
1 n
f(@ —0) ( K” XZ,O:L)> — ) V(X;;0)
and so, under appropriate regularlty conditions, we should have

¢_Zy5&ﬁyﬁﬂvm[w»
=1

(with I(0) = Covy[l/(X;;0)]) and

—ZW&% p —J(0) = Ey [("(X10)]
where 1(0) and J(0) are p X p matrices. Now provided J(0) is
invertible, we have

Vn(0, — 0) —4 N,(0,J(0)"'1(8).J(6)7).

As in the single parameter case, for many models (including ex-
ponential families) we have I(0) = J(0) in which case the limit-
ing variance-covariance matrix J(6)~11(8).J(6)~! above becomes
I1(6)7L. I(0) = J(0) if we are able to differentiate twice inside the
integral (or summation) sign with respect to all p components of 6.
(1(0) is called the Fisher information matrix.)

We now state the regularity conditions that are sufficient to “rig-
orize” the previous argument. The conditions are simply analogues
of conditions (A1)-(A6) used previously.

(B1) The parameter space © is an open subset of RP.
(B2) The set A = {x: f(z;0) > 0} does not depend on 6.
(B3) f(z;0) is three times continuously differentiable with respect
to @ for all z in A.

(B4) Ey[l'(X;;0)] = 0 for all 8 and Covy[l'(X;;0)] = 1(6) where
1(0) is positive definite for all 6.

(B5) Ey[l"(X;;0)] = —J(0) where J(0) is positive definite for all

6.
(B6) Let €7, (z;0) be the mixed partial derivative of £(z;6) with
respect to 6;,0y,0;. For each 8,0 >0 and 1 < j,k, 1 < p,
[k (: )] < Mjpa(z)
for H9 - t” < 0 where E@[Mjkl(Xi)] < oQ.
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THEOREM 5.4 Suppose that X1, Xs, -+, X, are i.i.d. random
variables with density or frequency function f(x;0) that satisfies
conditions (B1)-(B6) and suppose that the MLEs satisfy 6, —, 0
where n

S U(X5;6,) = 0.

i=1
Then R

Vn(8, — 6) —a Np(0,J(0)'1(8)J(6)7").

When 1(8) = J(8), we have /n(0, — 0) —q Np(0,1(6)71).

The proof of Theorem 5.4 parallels that of Theorem 5.3 and will
not be given. Note that Theorem 5.4 assumes consistency of 6,,.
This can be proved in a variety of ways; for example, in the case
of p-parameter exponential families, Theorem 5.2 can be used as in
Example 5.11.

It should also be noted that both Theorems 5.3 and 5.4 hold even
if X1, X9, -+, X, are i.i.d. random vectors.

EXAMPLE 5.14: Suppose that Xi,---,X,, are i.i.d. Normal
random variables with mean p and variance o2. The MLEs of
and o2 are

~ 1 & o 1{ ~ 32

[y = _ZXi and o = _Z(Xi — [in)°.

n 4 n -
i=1 =1

The joint limiting distribution of \/n(fi, — ) and \/n(c, — o) can
be derived quite easily using Theorem 5.4. (Of course, v/n(fi, — 1)
is exactly Normal for any n.) Writing

1 1
—ﬁ(:n —u)? —1In(o) — 5 In(27)
and taking partial derivatives of ¢ with respect to u and o, it is
easy to show that

Uz p,0) =

Ho) =Ty = (% e ).

Thus (after verifying conditions (B1)-(B6) of Theorem 5.4 hold),
we have

\/ﬁ( fin = 1t ) —a Na (0,1 (1, 0));

On—0
note that the variance-covariance matrix I~'(u, o) is diagonal with
diagonal entries 0 and ¢2/2. It is also worth noting that we could
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have determined the joint limiting distribution via the Multivariate
CLT more or less directly. O

EXAMPLE 5.15: Suppose that Xi,---,X, are ii.d. Gamma
random variables with shape parameter a and scale parameter \.
The MLEs of a and X satisfy the equations

S =
g
=
I

1P

(an) — ln(Xn)

<

1

where () is the derivative of InT'(«). (¢(«) is called the digamma
function and its derivative ¢’ («) the trigamma function.) Since this
is a two-parameter exponential family model, we can compute the
information matrix by looking at the second partial derivatives of
the log-density; we have

0?2 ) ,
W lnf(x, «, )‘) = _w (Oé)
H? «
Wlnf(m,a,)\) = —F
0? 1

and mlnf(x,a,)\) = 1

Since none of these derivatives depends on z, we can easily compute

o= (Y5 )

Inverting I(«, A), we obtain the limiting variance-covariance matrix
22 a/A? 1)\
e = ( ).
@A = P -1\ 1a wla)
In particular, this implies that
V(@ — @) =a N (0, /(o () = 1))

and

Vi = A) =a N (0,29 (a)/ (0t (@) = 1)) .

It is interesting to compare the limiting distribution of \/(A, — A)
(assuming « is unknown) to the limiting distribution of the MLE
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Table 5.1 Comparison of a™' and g(a) = ¥'(a) /(o' (&) — 1) in Ezample 5.15
for various a.

a al ga)

0.1 10 11.09
0.5 2 3.36

1 1 2.55
2 0.5 2.22
) 0.2 2.08

10 0.1 2.04
100 0.01 2.00

of A when « is known. In this latter case, the MLE is

and we have N
VA, = A) =4 N(0,2%/a).

We should expect An to be the more efficient estimator of A since
we are able to incorporate our knowledge of o into the estimation
of . In fact, it can be shown that a=! < ¢/(a)/(at)’(a) — 1) for any
a > 0; Table 5.1 compares o~ ! and g(a) = ¢'(a) /(' (a) — 1) for
several values of «. Note that as a becomes larger, the difference
in efficiency is more substantial. In practice, of course, one would
rarely “know” « and so we would have no choice but to use A\,. ¢

Example 5.15 illustrates a more general point. Given two equally
valid statistical models, we can obtain more efficient estimators
in the model with fewer parameters (or more precisely, we will
not do worse with the lower parameter model). However, the
penalties we pay in assuming a “too small” model can be quite
severe. In practice, model selection is often the most difficult and
important step in the analysis of data. Some of the consequences
of misspecifying a model are examined in the next section.

5.5 Misspecified models

It is important to remember that statistical models are typically
merely approximations to reality and so the wrong model is, more
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often than not, fit to the observed data. As troubling as this
observation may seem, it may not be a problem from a practical
point of view. First, the assumed model may be “close enough” to
the true model so that very little is lost by assuming the wrong
model. Second, the parameters estimated for a given model can
often be interpreted usefully even if the assumed model is wrong.
The following two examples illustrate these points.

EXAMPLE 5.16: Suppose that X1, ---, X, are i.i.d. Exponential
random variables with parameter A. However, suppose that we
decide that the appropriate model for the data is given by the
following two-parameter family of densities for the X;’s:

—(a+1

f(z;a,0) = & (l—i—z) ot for z > 0.
0 0

a > 0 and 6 > 0 are the unknown parameters. Even though

the Exponential distribution is not a member of this family of

distributions, it is easy to see that by letting o and 6 tend to infinity

such that /6 tends to A, we have (for x > 0),

f(z;a,0) — Xexp(—Ax) (as a,0 — oo and a/6 — N).

Thus given reasonable estimators & and (9\, the estimated density

-~

f(z; @, 0) will be close to true density of the X;’s. O

EXAMPLE 5.17: Suppose that Xq,---,X, are independent
random variables with

B(X;) =a+Bt; and Var(X;) =02

where «, (3, and o2 are unknown, and ti,---,t, are known

constants. In estimating «, # and o2, it is often assumed that
the X;’s are Normal and the parameters estimated by maximum
likelihood; we will see in Chapter 8 that these estimators remain
valid even when the X;’s are non-normal. &

Suppose that X7, X9, --, X, are ii.d. random variables with
distribution function F. We assume, however, that the X;’s have a
common density or frequency function f(z;60) for some 6 € © where
the true distribution function F' does not necessarily correspond to
any f(z;0). Suppose that an estimator 6,, satisfies the likelihood

equation
n

S U(Xi0,) =0

=1
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where ¢/(z;0) = ¢'(z;6). (In general, this type of relation that
defines an estimator is called an estimating equation and includes
the likelihood equation as a special case.) What exactly is 6,
estimating? What is the behaviour of the sequence of estimators
{60,,} for large n?

Consider the functional parameter 6(F') defined by

/_ o:o ¢ (@:0(F)) dF (z) = 0.

The substitution principle estimator of §(F’) is simply the solution
to the likelihood equation given above. The influence curve of 6(F)
is

U (z;0(F))
J2o " (; 0(F))”

P(z; F) = —

which suggests that

o~

V0, — 0(F)) —4 N(0,02)

where

s 0@ ) dF (x)
_ N
(/o5 (s 6(F)) dP(x) )

The following theorem gives precise conditions under which the
preceding statement is true; these conditions parallel the differen-
tiability conditions (A4) through (A6).

THEOREM 5.5 Suppose that X1, Xo,---, Xy, are i.i.d. random
variables with distribution function F and that the estimator 0,
satisfies the estimating equation

S V(Xi30,) =0
i=1
for some 0,, in an open set ©. If
(a) U'(x;0) is a strictly decreasing (or strictly decreasing) function
of 0 (over the open set ©) for each x,
(b) [20 U (x;0)dF(x) = 0 has a unique solution § = O(F) where
0(F) €0,
(c) T(F) = [ [¢(x: 0(F)]2 dF (z) < oo,
(d) J(F) = — 1% 0"(z;6(F)) dF (x) < o6,
(e) [0 (x;t)] < M(x) for O(F) — 06 <t < O(F)+ 6 and some 6 > 0
where [0 M (z)dF(x) < oo,
then 0, —, O(F) and /n(0, — 0(F)) —q N(0,I1(F)/J2(F)).
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Proof. Since ¢'(z;0) is strictly decreasing in 6 and 0(F') is the unique
solution of the equation

/ ¢(2;0) dF(z) = 0,
we have for any € > 0,

o
Pl|= (X, 0(F
nZE( O(F)4+¢) >0 —0

and o _
P|—- V(X 0(F) —
3K O(F) — ) < 0] = 0

as n — oo. From this it follows that

P |6y~ 0(F)| > ¢| =0

and so 0, —p 0(F). Now expanding the estimating equation in a
Taylor series, we have
1 n

0 = —(=> U(X;0(F)) + vVn(0, — 0(F Zz” (X 0(F
\/ﬁizl

+\/ﬁ(§n - G(F))

1 n
2 ui *
E (X505

2n “ ( )

where 6 lies between 6, and O(F). The remainder of the proof is
identical to the proof of Theorem 5.3. O

We can remove the assumption that ¢'(x;0) is strictly monotone
in 6 for each z by adding the assumption that 6, —, 6(F). In
certain cases, we will not have

/ ¢(2:0)dF(x) = 0
for any 6 € © but may instead have
gim O (x;0)dF(x) =0

for some a lying at the boundary of the set © (but not in ©); for
example, a can be +oo. In this case, it is usually possible to show
that the sequence of estimators {6, } converges in probability to a.

It is also possible to extend the result to the multiparameter case.
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Suppose X1, -+, X, are i.i.d. random variables with distribution F
and let 6,, satisfy

S V(Xi6,) =0
=1

where ¢'(x; 0) is the vector of partial derivatives (with respect to the
components of €) of In f(z;60). Then under appropriate regularity
conditions, we have

V(B — O(F)) —a Np(0, J(F) " I(F)J(F)™")
where O(F) = (01(F),---,0,(F)) satisfies

/_o:o ¢ (2;0(F)) dF(z) = 0

and the matrices I(F'), J(F') are defined by

1F) = [ @oE)e o) dF )

J(F) = —/OO (2:0(F)) dF ().

—0o0
(As before, ¢"(z;0) is the matrix of second partial derivatives of

{(x;0) with respect to 01,---,60p; the integrals defining I(F') and
J(F) are defined element by element.)

EXAMPLE 5.18: Suppose the X1, Xo,---, X, are i.i.d. Normal
random variables with (true) mean p and variance 0. However,
we (erroneously) assume that the density of the X;’s is
exp(z — )
-0) =

F(@:0) [1+ exp(x — 0)]?
for some 6. The MLE of 6 for this model based on X7, -+, X, is
the solution to the equation

" exp(X; — gn) -1 0
im1 exp(XZ' — gn) +1

It is possible to show that §n —p Op since
o rexp(x —0y) — 1) 1 (z — 6p)?
———— ] dx=0.
/—oo (EXP@ —60y)+1) ov2r xp 202 *

We also have that /n(f, — 6g) —a N(0,7%(c2)). The values of
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Table 5.2 Asymptotic variances of \/ﬁ(/@\n — 0) in Example 5.18.
o 0.5 1 2 ) 10 20 50
v2(0?)/0? 1.00 1.02 1.08 1.24 1.37 1.46 1.53

7v?(0?)/0? (as a function of o) are given in Table 5.2. (The quantity
72 /o? is the asymptotic relative efficiency of the sample mean to
the estimator 6,,.) &

EXAMPLE 5.19: Suppose that Xi,---,X,, are i.i.d. Uniform
random variables on the interval [0, b]. We erroneously assume that
the X;’s have the Gamma density

flz;o,\) = =2 Lexp(=Az) for z > 0.

I'(«)

The estimators a,, and Xn satisfy the equations

where () is the derivative of InI'(«a). It follows that &, —, a(b)
and A, —p A(b) where «(b) and \(b) satisfy

b
1n(A(b))+%/0 In(z) dz — b(a(b)) = 0

alb) 1 b B
W_E/oxdx = 0.

From the second equation above, it is easy to see that «(b) =
bA(b)/2 and so A\(b) satisfies

In(A(b)) + In(b) — 1 — 1 (bA()/2) = 0.

Numerically solving this equation, we get

~ 3.55585
T

and so a(b) = bA(b)/2 = 1.77793. Now using a(b) and A(b), we can

A(D)

© 2000 by Chapman & Hall/CRC



compute the matrices I(F) and J(F):

B 1 —b/4
IF) = (—b/4 b2/12>
B 0.74872  —b/3.55585
— \ —b/3.55585 b%/7.11171

From this it follows that

an — a(b)

N ( A AD) ) —q No(0, J(F) ' 1(F)J(F)™Y
with

<&

J(F)_ll(F)J(F)—1:< 9.61 16.03/b)

16.03/b 29.92/b>

EXAMPLE 5.20: Suppose that Xi,---, X, are ii.d. Gamma
random variables with shape parameter o and scale parameter
A that represent incomes sampled from some population. Using
X1, -+, Xy, we wish to estimate the Gini index (see Examples
4.21 and 4.31) of the distribution; for a Gamma distribution, this

depends only on « and is given by the expression
172 o +1/2)

J(a+ 1)

However, we erroneously assume that the observations are log-

Normal with density
1 _ 2
exp [~ B =W7)p s
202

f(z3m,0) =

2mox

(In(X;) will have a Normal distribution with mean p and variance

02). The Gini index for the log-Normal depends only on ¢ and is

given by v(0) = 2®(0/v/2) — 1 where ®(z) is the standard Normal
distribution function. The MLE of o is

1o 1/2
Op = (— Z(Yl - Yn)2> where Y; = In(X;)
n “
i=1

and the corresponding estimator of the Gini index (assuming the
log-Normal model) is v(7,,). By the WLLN,

%ZW@' —Y,)? =, Var(In(X;)) = ¢/(a)
i=1
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Table 5.3 Comparison of true Gini index (from a Gamma model) with its
misspecified version based on a log-Normal model in Example 5.20.

o  True Misspecified

0.1 0.883 1.000
0.2 0.798 1.000
0.5 0.637 0.884
1 0.500 0.636
2 0375 0.430
5 0.246 0.261
10 0.176 0.181
20 0.125 0.127
50 0.080 0.080

where 1’ is the derivative of the function ¢ in Example 5.19 (that
is, the second derivative of the logarithm of the Gamma function).
Thus applying the Continuous Mapping Theorem, it follows that

Y(Fn) = 22 ((¢(2)/2)2) ~ 1.

The limit can now be compared to the true value of the Gini index
in order to assess the asymptotic bias involved in assuming the
wrong model; these values are given in Table 5.3 for various a.
Table 5.3 shows that the estimator v(a,) is quite badly biased for
small o but also that the bias gradually disappears as « increases.
Note that we could also use the substitution principle estimator
discussed in Example 4.31; this estimator does not require us to
know the form of the distribution of the X;’s but could be extremely
inefficient compared to an estimator that assumes the data comes
from a particular parametric model. <&

The result of Theorem 5.5 suggests that an estimator of the
standard error of §,, (when a single parameter is estimated) is given
by

n

R n N\t R 1/2
se(6,) = (— > (X 9n>> <Z[€’(Xi; 9n>]2> :
i=1

=1

In the multiparameter case, the variance-covariance matrix of 6,
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can be estimated by

— o~ o~ ~ ~

Cov(B,) = J(0,) " 1(6,)T(0,)"

where
~ 1 —~
0, = —— "(X;: 0,
TO) = =3 xad)
~ 1 ~ ~
(0,) = n Z[E/(Xﬁ 6,)] [El(Xi? on)]T‘
i=1

This estimator has come to be known as the sandwich estimator.

5.6 Non-parametric maximum likelihood estimation

In discussing maximum likelihood estimation, we have assumed
that the observations have a joint density or frequency function
(depending on a real- or vector-valued parameter), from which we
obtain the likelihood function. This formulation effectively rules
out maximum likelihood estimation for non-parametric models
as for these models we typically do not make sufficiently strong
assumptions to define a likelihood function in the usual sense.

However, it is possible to define a notion of non-parametric
maximum likelihood estimation although its formulation is some-
what tenuous. Suppose that Xi,---, X, are i.i.d. random variables
with unknown distribution function F'; we want to define a (non-
parametric) MLE of F. In order to make the estimation problem
well-defined, we will consider only distributions putting positive
probability mass only at the points X1, ---, X,. For simplicity, we
will assume here that the X;’s are distinct (as would be the case
if the X;’s were sampled from a continuous distribution). If p; is
the probability mass at X; then the non-parametric log-likelihood
function is

hlﬁ(Pla e 7pn) - Z In(pz)
i=1

where p; >0 (i =1,---,n) and p; + - - - + p, = 1. Maximizing the
non-parametric log-likelihood, we obtain p; = 1/n (i = 1,---,n);
thus the non-parametric MLE of F' is the empirical distribution
function F' with

F(z) = % STI(X; < ).
=1
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See Scholz (1980) and Vardi (1985) for more discussion of non-
parametric maximum likelihood estimation.

Given our non-parametric MLE of F, we can determine the
non-parametric MLE of an arbitrary functional parameter 6(F)
to be 6 = O(F), provided that this latter estimator is well-defined.
Thus the non-parametric MLE of §(F) is simply the substitution
principle estimator as described in section 4.5.

More discussion of non-parametric maximum likelihood estima-
tion will be given in section 7.5 where we discuss using the non-
parametric likelihood function to find confidence intervals for cer-
tain functional parameters 0(F").

5.7 Numerical computation of MLEs

In many estimation problems, it is difficult to obtain closed-form
analytical expressions for maximum likelihood estimates. In these
situations, it is usually necessary to calculate maximum likelihood
estimates numerically. Many numerical methods are available for
calculating maximum likelihood (or other) estimates; a good survey
of such methods is available in the monograph by Thisted (1988).
We will describe just two methods here: the Newton-Raphson and
EM algorithms.

The Newton-Raphson algorithm

The Newton-Raphson algorithm is a general purpose algorithm
for finding the solution of a non-linear equation; it can also
be generalized to finding the solution of a system of non-linear
equations. The Newton-Raphson algorithm is natural in the context
of computing maximum likelihood estimates as these estimates
are often the solution of a system of equations (the likelihood
equations).

Suppose that we want to find the solution to the equation
g(zp) = 0 where ¢ is a differentiable function. Given a number x
that is close to xg, it follows from a Taylor series expansion around
x that

0= g(wo) = g(x) + g'(z)(xo — )

and solving for xg, we get

To T —
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Thus given an estimate xx, we can obtain a new estimate x4 by

g(x)
9 (wk)

T+l = Tk —

and this procedure can be iterated for k = 1,2,3,--- until |g(xy)]
(or |g(zk)/g'(zx)|) is sufficiently small.

The Newton-Raphson algorithm can be applied to the computa-
tion of maximum likelihood estimates (as well as other estimates
defined as the solution to a single equation or system of equa-
tions). Suppose that the joint density or joint frequency function
of X = (X1,---,X,) is f(x;0) and let L(0) = f(x;6) be the like-
lihood function based on X = @. Suppose that the maximum like-
lihood estimate 6 satisfies S(f) = 0 where S(6) is the derivative of
the log-likelihood function, In £(6). (S(0) is often called the score
function.) Let 9 be the estimate of 6 after k iterations of the
algorithm; then

Ak
k1) _ gk S(GA( )
H(0W)
where
o InL(0
H(0) = 9z n (0).

The procedure is then iterated until convergence (that is, when
|S(@®))| or the absolute difference between #*) and #*+D s
sufficiently small).

In order to use the Newton-Raphson algorithm, one needs an
initial estimate of 6, (9. In fact, in some cases, this initial estimate
is critical as the algorithm will not always converge for a given
9(0). It is also possible that there may be several solutions to the
equation S (5) = 0, each solution corresponding to either a local
maximum, local minimum, or “saddle-point” of the log-likelihood
function; thus it is possible that the sequence of estimates {6(%)}
will converge to the “wrong” solution of S(6) = 0. (The convergence
question is much more important when estimating three or more
parameters; with one or two unknown parameters, it is possible to
plot the log-likelihood function and determine appropriate initial
estimates from this plot.) If it is not clear that the algorithm will
converge to the maximizer of the likelihood function then several
different initial estimates can be tried. Alternatively, one can use
another estimate (for example, a method of moments estimate) as
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an initial estimate for the algorithm. In fact, if 00 is a sufficiently
good estimator of 8 then the “one-step” estimator

n(0
jv _ gor . SO)
H(B0)

has virtually the same large sample properties as the MLE. More
precisely, if 6" is based on n observations and \/ﬁ(/flo) —0)
converges in distribution then typically \/ﬁ(@(}) —0,) —p 0 where
§n is the MLE and %1) is the “one-step” estimator using %0) as a

starting value. Thus we could take %O) to be a method of moments
estimator (or some other substitution principle estimator) of 6.

EXAMPLE 5.21: Suppose that Xi,---, X, are i.i.d. Cauchy
random variables with density function

1
J@:0) = o
Given outcomes z1, - - -, T, the log-likelihood function is

InL£(0) = — zn:ln[l + (z; — 0)%] — nln(m).
i=1

The maximum likelihood estimate § satisfies the equation

~

~ " Az —0
s =y 2=l
im1 L+ (2 —0)
Note that S(f) is not monotone in 6 and hence the equation
S(#) = 0 may have more than one solution for a given sample
1, -+, Ty. To illustrate the Newton-Raphson algorithm, we take a

sample of 100 observations with § = 10. Plots of the log-likelihood
In £(6) and the score function S(6) are given in Figures 5.1 and 5.2.

To find 5(0), we must first find a reasonable initial estimate of 6.
Since the density of the X;’s is symmetric around 6, it makes sense
to consider either the sample mean or sample median as an initial
estimate; however, F(X;) is not well-defined so that the sample
mean need not be a good estimate of 8. Thus we will use the sample

median as an initial estimate. Successive values of #%) are defined
by

alk+1) — k)
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Figure 5.1 Log-likelihood function for the Cauchy data in Example 5.21.

Table 5.4 Iterates of the Newton-Raphson algorithm for Cauchy data in
Ezxample 5.21.

o) 1In£(O®)

10.04490 -239.6569
10.06934 -239.6433
10.06947 -239.6433
10.06947 -239.6433

W RO

where

o1 — 1'2—9 2
=22 4% o

The values of %) and In £(6) are given in Table 5.4. The choice
of 8 is crucial here; for example, if () is taken to be less than 8.74
or greater than 11.86 then the sequence {#*)} will not converge (at
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Figure 5.2 Score function for the Cauchy data in Example 5.21.

least to the maximum likelihood estimate). &

The Newton-Raphson algorithm can also be extended to the
multi-parameter case. Let 8 = (61, - - ,9p)T and suppose that the

maximum likelihood estimate of 0 is given by the equation S(6) = 0
where

T
S(6) = (a%lnc(e),m,a%plnﬁ(o)> .

Then given é(k), we define é(k“)

~ —~ 71 —~
50+ _ 50 {H (0@))} S<9<k>)

by

where H(0) is the matrix of negative second partial derivatives of
In £(0); the (i, ) element of H is given by

82

1
Q) — — -~
150 = = 5,90,

In £(6).
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(H () is sometimes called the observed Fisher information matrix.)
Estimates of standard error for the parameter estimates can
be obtained from the Newton-Raphson algorithm. In the single
parameter case, the variance of # can be estimated by [H(#)]~*
while in the multi-parameter case, the VarlaAnce covariance matrix
of 6 can be estimated by the matrix [H(6)]~!. These variance
estimates assume that the model is correctly spec1ﬁed (that is,
the data belong to the family of distributions being estimated).
In the case where the model is incorrectly specified, these variance
estimates can be modified to make them valid as in Section 4.5.

The Fisher scoring algorithm

A simple modification of the Newton-Raphson algorithm is the
Fisher scoring algorithm. This algorithm replaces H by H* where
the (7,7) element of H*(0) is

82
86,00,

H5(6) = Eg[Hi;(0)] = —Eg [ In f(X; 0)1 :
the expected value above is computed assuming that 6 is the true

value of the parameter. (H is the observed Fisher information
matrix while H* is the expected Fisher information matrix.) Now

if 5( ) | is the estimate of @ after k iterations, we define B(kﬂ) by

-1
0(k+1) _ O(k) n {H (a(k)ﬂ g <0(k)) .

The important distinction between the Newton-Raphson and Fisher
scoring algorithms is the fact that H*(0) depends on the observed
value of X, @, only through the value of @ while H(0) depends, in
general, on both 6 and x.

EXAMPLE 5.22: As in Example 5.21, let Xy, -+, X, be i.i.d.
Cauchy random variables. From before, we have

1 —( :cz—ﬁ)
; —0)%)?

and so

e [ 1= (z—0)> n
H(e)_;/mmd@«_g.
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Table 5.5 Iterates of the Fisher scoring algorithm for the Cauchy data in
Ezxzample 5.21.

") InL(O®)

10.04490 -239.6569
10.06710 -239.6434
10.06923 -239.6433
10.06945 -239.6433
10.06947 -239.6433

B whoe~ROoO|

Hence the Fisher scoring algorithm is

— 9(k)
(x; — 0(’“))2'

N 4 n
k+1) k)
t — gk H E_’

Values for %) and In E(g(k)) are given in Table 5.5; as before, (%) is
taken to be the sample median. One advantage of the Fisher scoring
algorithm in this particular example is the fact that (%) converges
for a much wider interval of starting values §(©). <&

The differences between the Newton-Raphson and Fisher scoring
algorithms are subtle but still important. Although it is difficult to
generalize too much, we can make the following observations:

e The convergence of the Newton-Raphson algorithm is often fas-
ter when both algorithms converge.

e The radius of convergence for the Fisher scoring algorithm is
often larger; this suggests that the choice of an initial estimate
is less important for the Fisher scoring algorithm.

In the case of exponential family models, the Newton-Raphson

and Fisher scoring algorithms are almost equivalent; if (61, ---,6))

are the natural parameters then H(0) = H*(0) and so the two
algorithms are identical.

The EM algorithm

The EM algorithm provides a useful framework for computing max-
imum likelihood estimates in so-called incomplete data situations,
for example, when data are missing or are not observed exactly. It
was formalized in a paper by Dempster, Laird and Rubin (1977)
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although special cases of the algorithm had been used in specific
problems for many years before 1977. Today, the EM algorithm
is widely used in a variety of problems. The following example il-
lustrates an incomplete data problem where a continuous random
variable is not observed exactly but rather in a given interval.

EXAMPLE 5.23: Suppose that X1, ---, X,, are i.i.d. Exponential
random variables with parameter A. Given outcomes z1,---,z, of
X1,-++, Xy, the maximum likelihood estimate of 0 is 1/Z, where
T is the average of the x;’s. However, suppose that rather than
observing X; exactly, we observe lower and upper bounds, u; and
v, for X; so that u; < X; < v;. Given (ug,v1),- -+, (up,vy), the
likelihood function of A is

n

L) = J[P(w < X <wy)

i=1
n
= H (exp(—Au;) — exp(—Av;)) .
i=1
This is simple example of interval censored data. &

The main idea behind the EM algorithm is to construct an esti-
mate of the complete data likelihood, which can then be maximized
using traditional numerical methods (such as the Newton-Raphson
algorithm). Thus the EM algorithm is not really a numerical algo-
rithm but instead a general purpose procedure for computing pa-
rameter estimates from incomplete data by iteratively computing
parameter maximum likelihood estimates based on the complete
data likelihood function; implicit in the use of the EM algorithm is
the assumption that complete data maximum likelihood estimates
can be readily computed and the incomplete data likelihood func-
tion is difficult to work with. The EM algorithm iterates 2 steps
(called the E and M steps) to convergence. Before discussing the
algorithm in any depth, we will illustrate it using the example given
above.

EXAMPLE 5.24: In Example 5.23, the log-likelihood function of

A based on the exact outcomes x1,- - -, x, is

InL.(A) =nln(\) — )\ixi.

=1
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The first step of the EM algorithm involves finding an estimate
of InL.(\) given the incomplete data (ui,vi),---, (un,v,) and
assuming that the true parameter value is AF) where A(®) is the
estimate of A after k iterations of the algorithm; this is done by
finding the expected value of

n

nln(A) — 2> X;

=1

given u; < X1 <wp 00, up < Xp <y and assuming that the
value of the parameter is A(¥). By simple integration, it follows that

1 | ujexp(—Au;) — v; exp(—Av;)

E(Xilu; < Xi <wvizA) =
(Xifus < X <vis A) A exp(—Au;) — exp(—Av;)

and so to complete the E step of the algorithm, we substitute

)

55(’6) _ 1 1 Usg eXP(—X(k)ui) —V; eXP(—X( v;)
i NG exp(—A® ;) — exp(— A,

for z; in In L.. The M step of the algorithm involves maximizing
this new log-likelihood; it is maximized at

n —1
NG <} Zﬁk)) ‘
n

i=1

The E and M steps are then iterated until convergence. <&

We can now discuss the EM algorithm in more or less complete

generality. Suppose that X = (X1, -+, X,,) are continuous random
variables with joint density function fx(x;6) (where 6 can be real-
or vector-valued) and let Y = (Y1, --,Y;,) be random variables

such that Y; = ¢;(X) where g1, -, gm are known functions. The
mapping that produces the Y;’s from the X;’s is typically not one-
to-one; this means that any given outcome of the Y;’s, y1, -, ym
can be produced by more than one outcome of the X;’s. We thus
think of the X;’s as being the complete data and the Y;’s as being
the incomplete data. The joint density of Y is

fy(y:8) = /A J Ix(@) i

where
Aly) ={x:y;i=gi(x) fori=1,---m}.
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If Xq,---,X, are discrete, the integral sign is replaced by a

summation over A(y).

If we observed X = x, we could estimate # by maximizing the
complete data likelihood function L.(0) = fx(x;6). Instead we
observe Y = y. In general, the joint density function of Y (as
given above) will be quite difficult to compute directly; hence, it
will be difficult to compute maximum likelihood estimates from
incomplete data using standard algorithms. However, it is often
possible to impute (or “estimate”) the values of the complete data
using the observed (incomplete) data. Given a preliminary estimate
of the parameter, the EM algorithm first constructs an estimate
of the complete data likelihood function and then maximizes this
likelihood to obtain a new parameter estimate; this two step
procedure is then iterated until convergence.

o (E step) The E (for expectation) step of the EM algorithm
involves finding an estimate of the likelihood function of 6 for the
complete data given the observed (or incomplete) data. Given an
estimate of 0, 5(]“), after k iterations of the algorithm, we define

In £8)(0) = Elln fx (X;0)|Y = y; 0]

where the expectation is taken assuming that the true parameter
value is 0.

e (M step) An updated estimate of 6 is obtained in the M
(maximization) step of the EM algorithm. The updated estimate,
g(kﬂ), is chosen to maximize the estimate of the complete data
log-likelihood function, In £(¥)(6), that was obtained in the E
step. Computation of 61 will often involve the use of some
numerical method such as the Newton-Raphson algorithm; it is
often useful to use 0%) as an initial estimate of O T1 in this
case. Once 01 is computed, we return to the E step.

The E and M steps are repeated until convergence.

In many situations (for example, exponential family models),
fx(x;0) is a product of two non-constant factors, one of which
does not depend on #. We can then write

In fx(x;0) = hi(x;0) + ho(x).
In such cases, we can redefine In £(¥)(0) in the E step by
In £L#)(0) = E[hy(X;0)|Y = y;0¥)].
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This modification of the algorithm can considerably simplify com-
putations. The M step of the algorithm remains the same; as before,
9+ maximizes In £L*) (9).

What can be said about the convergence properties of the EM
algorithm? If £(#) is the likelihood function based on yi, -, ym, it
can be shown that

In £(B*HD) > In £(8R)

for any initial estimate 6. Unfortunately, this does not neces-
sarily imply that the sequence {H(k)} converges to the maximum
likelihood estimate (namely the maximizer of £(¢)). This suggests
that the choice of initial estimate can be very important as it is
for the Newton-Raphson algorithm. In practice, it is a good idea to
use a variety of initial estimates. If oU+1) ig computed numerically
in the M step of the algorithm, it is important to ensure that an
appropriate initial estimate is chosen to guarantee that Olk+1) will
maximize £*)(0). A rigorous treatment of the convergence proper-
ties of the EM algorithm is given by Wu (1983).

EXAMPLE 5.25: Suppose that X1, -+, X, are i.i.d. random vari-
ables whose distribution is a mixture of two Poisson distributions:

T

Fx(@; ), 0) =9‘m(;¢+(1—9)w

for x = 1,2, --. The frequency function given above arises if we
observe a Poisson random variable with mean A\ with probability
f and a Poisson distribution with mean p with probability 1 — 6.
(Note that when p = A, the model becomes a i.i.d. Poisson model
and the parametrization is not identifiable.

The log-likelihood function for 6, A, and p is given by

In L0, \, 1) = Zl (exp_ﬂwm_g)w)

Lg: x;!

Given 1, -+, xn, it is possible to estimate the parameters using the
Newton-Raphson algorithm; however, the implementation of the
Newton-Raphson algorithm in this example is somewhat difficult
and so the EM algorithm is a natural alternative.

To use the EM algorithm, we must find a suitable “complete”
data problem. Assume that (X1,Y7),- -, (Xy, Ys) are i.i.d. pairs of
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random variables with

P(Y,=y) = 01-0)""Y fory=0,1
P(X;=zl]Y =0) = W forz=0,1,2,- -
—A)A"
P(Xi=z]y =1) = —eXp(') for = 0,1,2,--
xZ.:

The complete data likelihood based on (x1,y1), -, (Zn, yn) is then

InL.(0,\,pn) = z”: yi [In(0) + x; In(X\) — A]
=1
£3°01 — y3) (1 - ) + () — 4
=1

- Zln(mi!).
i=1

We must now find the expected value of the complete data
log-likelihood given the observations z1,---,z,; to do this, it is
sufficient to find the expected value of Y; given X; = z; for any
values of the parameters 6, \, and p; an easy computation using
Bayes’ Theorem yields

- B 0 exp(=A)A"
E(YiX; = ;0,A, ) = 0 exp(=A)AT + (1 = 0) exp(—p)u*

Thus given estimates g(k), X(k), and %), we obtain g(k+1), X(l’”l),

and i*t1) by maximizing

me® O, pm) = 35" n(0) + 2in()) -

n i(l —7") In(1 = 0) + 2 In() — p)
=1

where JUR
5" = B (YilXi = ;6% X9, 510

7

It is easy to see that
5 )
9(k+1) - = Z :/y\z
=1
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Table 5.6 Frequency distribution of goals in First Division matches.

Goals 0 1 2 3 4 5 6 7
Frequency 252 344 180 104 28 11 2 3

n ~(k
Nk Die1 xzy@( :
n  ~(k)
i=1Y;
n ~(k
kD) — iz i(1 — 3/1( ))'
=)

To illustrate the convergence EM algorithm in this example, we
consider the number of goals scored during a game by teams in the
First Division of the English Football League during the 1978-79
season; at that time, there were 22 teams with each team playing
42 games for a total of 924 observations. The data are summarized
in Table 5.6. The EM algorithm is very slow to converge in this
example even when the initial estimates are taken to be close to
the maximizing values. For example, starting from initial estimates
00 = 095 A9 = 1.23, and g® = 3.04, the EM algorithm
described above takes about 300 iterations to converge (to three
decimal places) to the maximum likelihood estimates 6 = 0.954,
A= 1.232, and i = 3.043. The Newton-Raphson algorithm can,
of course, also be applied; its performance in this example is very
erratic. For example, using the same starting values as above, the
Newton-Raphson algorithm actually diverges. <&

Comparing the Newton-Raphson and EM algorithms

Frequently, it is feasible to use both the Newton-Raphson and
EM algorithms to compute maximum likelihood estimates. This
raises the question of which algorithm is best to use. There are
two compelling theoretical reasons to prefer the Newton-Raphson
algorithm:

e standard error estimates are a by-product of the Newton-Raph-
son algorithm and not of the EM algorithm;

e the Newton-Raphson algorithm has a faster rate of convergence
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in the sense thatAg(k) — 6 more quickly when %) is in a

neighbourhood of 6.
Nonetheless, there are also many reasons to prefer the EM algo-
rithm, perhaps the most important being ease of implementation.
For example, the EM algorithm often leads to a considerable sav-
ings in programming time that far outweigh the savings in com-
puter time incurred by using the Newton-Raphson or other more
sophisticated algorithm. Moreover, in many problems, the number
of iterations to convergence for the EM algorithm can be compara-
ble to the Newton-Raphson algorithm; much depends on how close
the complete data problem is to the incomplete data problem. For
example, in Example 5.24, there is virtually no difference in the
convergence rate between the EM and Newton-Raphson algorithm.

5.8 Bayesian estimation

To this point, we have regarded a parameter 6 as a fixed quan-
tity whose value is unknown and used the data to estimate (or
make inference about) its value. In essence, we treat the observable
quantities (the data) as outcomes of random variables and the un-
observable quantity (the parameter) as a constant. The Bayesian
approach describes the uncertainty in 6 with a probability distri-
bution on the parameter space ©. This approach works by specify-
ing a distribution for € prior to observing the data and considering
f(x;0) as a “conditional” density or frequency function given 6; the
observed data is then used to update this distribution. The proba-
bilities placed on different subsets of © are generally not interpreted
as “long-run frequencies” but instead are usually subjective proba-
bilities that reflect “degrees of belief” about 6 lying in the various
subsets of ©.

Before we go into the specifics of the Bayesian approach, we will
discuss some of its pros and cons. First, if we accept the notion of
describing uncertainty in the parameter by means of a probability
distribution, the Bayesian approach yields a unified procedure for
solving practically any problem in statistical inference. Second,
mathematical arguments can be used to show that the only coherent
systems for describing uncertainty are those based on probability
distributions. A common complaint with Bayesian inference is
that it is not “objective” in the sense that estimates depend
on the prior distribution that is specified by the scientist or
investigator (perhaps in consultation with someone else). Therefore,
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the possibility exists for the unscrupulous scientist to influence the
results by choosing the appropriate prior. The counter-argument to
this is that most scientific inference is very subjective; for example,
scientists constantly make subjective judgements about how to
carry out experiments. Moreover, much of non-Bayesian inference
is also to some extent subjective. If a scientist or investigator
is in a good position to specify a prior distribution then the
Bayesian approach to estimation (and inference) can be extremely
useful. However, in many cases, there is no obvious, realistic prior
distribution available; in such cases, the usefulness of the Bayesian
approach is questionable although some remedies do exist.

We will now elaborate on the implementation of the Bayesian
approach. Suppose that X = (Xi,---,X,,) are random variables
with joint density or frequency function f(x;6) where 6 is a real-
valued parameter lying in ©, which we will assume to an open
set. Let II(#) be a distribution function defined on © and suppose
that (@) is the corresponding density function; 7(6) is called the
prior density for # and describes the uncertainty in the value of the
parameter ¢ prior to observing X. We define the posterior density
of 6 given X = x as follows:

_ (@0)()
Jo F(@:t)m(t) di

Note that the denominator of the right-hand-side above does not
depend on # and so

7 (0x)

m(0]a) o< f(a; 0)m(0) = L(0)7(6)

where £(0) is the likelihood function based on «.

It is very easy to generalize posterior distributions to the cases
where 6 is vector-valued or is discrete-valued. If 8 = (0y,---,0),) is
vector-valued, the (joint) posterior density of 6 is

@ 0)r(0)
Ol = Rty (6 dt

where 7(0) is the joint prior density of 8. The marginal posterior
density of any single parameter (or the joint posterior density of
a collection of parameters) in € can be obtained by integrating
the joint posterior density over all the other parameters. If 6 is
discrete-valued and m(6) is the prior frequency function for 6 then
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the posterior frequency function is given by
(2 0)m(6)
Tflr) = =——"—+——.
1) = &, Fas ()
Again in both these cases, we have that
m(0|x) oc w(0)L(6)

where £(#) is the likelihood function based on .

The posterior distribution describes the uncertainty in the value
of 6 after observing the data, taking into account the prior
distribution. This brings up an important distinction between
Bayesian and Frequentist statistics. In the Bayesian approach, all of
the information about the uncertainty about # is contained in the
posterior distribution. More importantly, inference for 6 depends
only on the observed data (through the likelihood function) as well
as the prior distribution. In contrast, the Frequentist approach often
measures uncertainty (for example, by the standard error of a point
estimator) by averaging over all possible (but unobserved) samples.
Since the posterior distribution depends on the data only through
the likelihood function, it follows that all Bayesian procedures
satisfy the likelihood principle.

EXAMPLE 5.26: Suppose that Xi,---, X, are i.i.d. Bernoulli
random variables with unknown parameter # and assume the
following Beta prior density for 0

La+B) a1 -

7(0) = 2011 -0 foro<f<1

= rar@” Y

where a and (8 are specified. Then given X1 = x1, -+, X, = xp,

the posterior density for 6 is

f(xla oy Ty 9)71-(0)
Jo f(a:t)m(t) dt
9y+o<—1(1 _ 0)n—y+5—1

Ji tyra=1(1 — fyn—y+B-1 4t
(where y =21 + -+ )

7(0]x)

_ F(n + o+ ﬁ) +a—1/1 _ p\n—y+6-1
= Ty+alm—ytp L0777

Note that the posterior distribution is also a Beta distribution with
data dependent parameters. <&
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EXAMPLE 5.27: Suppose that X1, ---, X, are i.i.d. Exponential
random variables with parameter A\ where the prior density for
A is also an Exponential distribution with known parameter .
To complicate matters somewhat, we will assume that only the
r smallest of Xy,---, X, are observed. Letting Y; = X for
i=1,---,r, the joint density of Y7,---,Y, is

fly; ) = eXp[ (Zyz (n—r) )]

Given Y1 =y, -+, Y, =y, the posterior density of A is

T(Ay) = [K(y,a)] " a eXp[ (Z?/z yr+a>

where

K(y,a) = /Ooooz)\rexpl (Zyl n—ryr—{—oz)] dX

ar!
i g+ (n—r)yr + )"

It is easy to see that the posterior distribution is a Gamma
distribution with shape parameter r + 1 and scale parameter

Yic1 i+ (n—r)yr + . ©

In the previous two examples, the prior distributions themselves
depend on parameters (o and ( in Example 5.26, o in Example
5.27); these parameters are often called hyperparameters. Orthodox
Bayesian statisticians maintain that the values of hyperparameters
must be specified independently of the observed data so the prior
distribution reflects true a priori beliefs. However, if we are not
willing a priori to specify the values of the hyperparameters, it
is possible to use the so-called empirical Bayes approach in which
hyperparameter values are estimated from the observed data and
then substituted into the posterior distribution. More precisely, if
m(0; ) is a prior density for § depending on a hyperparameter «
(possibly vector-valued), we can define the “marginal” joint density
or frequency function

9(x; @) =/ (@ 0)m(0; ) db.
S)
The hyperparameter o can then be estimated by maximum likeli-
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hood or substitution principle estimation assuming that the joint
density or frequency function of the data is g(x; o). Empirical Bayes
methods are often very useful although despite their name, they are
essentially non-Bayesian since the prior distribution is estimated
from the data.

EXAMPLE 5.28: Suppose that Xi,---, X, are ii.d. Poisson
random variables with mean A where the prior distribution for A is
given by
(A, ) o i1 (—aX) for A >0
(Ao, B8) = = xp(—« T
INGE))

with « and 3 the hyperparameters. Setting y = x1 + - - - + x,,, the
“marginal” joint frequency function is given by

© exp(—nA)AY
g(x;e, B) = / %
o xp!-xy!
- )
- \n+a) D@z -z \n+a)
Estimates for a and 8 can be obtained by maximum likelihood
using g(x; «, §) as the likelihood function. Alternatively, method of
moments estimates can be used. For example, if we think of A as a

random variable (with density 7(\; o, 3), we have that E(X;|A) = A
and Var(X;|\) = A. Then

(05 a, B) dX

B(Xi) = BECGIN] =7
and Var(X;) = E[Var(X;|\)]+ Var[E(X;|\)]
AR

using the fact that the mean and variance of the Gamma prior are
a/B and a/(3?%, respectively. Estimates @ and B can be obtained by
setting the sample mean and variance of the x;’s equal to a/ B and
&/B + &/32 respectively. &

How do we go from the posterior density for 6 to a point estimator
for 87 A common practice is to take the mean of the posterior
distribution (or the median) to be the Bayesian point estimator.
Another commonly used estimator is the posterior mode, that is,
the value of 6 that maximizes 7(f|x). In some sense, Bayesian
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point estimators are really just descriptive measures of the posterior
distribution as it is the posterior distribution itself that is of
primary importance. However, one can also study Bayesian point
estimators from a Frequentist point of view; in fact, Bayesian point
estimators have very attractive Frequentist properties and are often
superior to estimators obtained by Frequentist principles.

EXAMPLE 5.29: In Example 5.26, the posterior distribution for
0 is

I'(n+a+3)
I(y+a)l(n—y+p)

where y = 21 + - - - + z,. The posterior mean is

m(0|z) = gvra—l(1 — gyn-vto-1

0_/ Or(6lz)do — L
T n+a+p
while the posterior mode is
= y+a—1
0= ——.
n+a+ -2

It is easy to see that when both y and n are large compared to
o and B then both 6 and 6 are approximately y/n (which is the
maximum likelihood estimate of 0). &

EXAMPLE 5.30: In Example 5.27, the posterior distribution for
A is a Gamma distribution with shape parameter r + 1 and scale
parameter > i y; + (n — 1)y, + . The posterior mean is

r+1
Z;‘n:l yi + (n - T)yr +a

while the posterior mode is

7

'é/_ T
iyt (n =1y +a

Note that the difference between the posterior mean and mode
becomes smaller as n increases. &

Conjugate and ignorance priors

Although prior distributions are essentially arbitrary, it is often
convenient to choose the prior distribution so that the posterior
distribution is easily derivable. The classical examples of such prior
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distributions are conjugate families, which are typically parametric
families of priors such that posterior distribution belongs the
same parametric family. For example, suppose that the model for
(X1, -+, X,) is a one-parameter exponential family so that

f(x:;0) = exp [c(0)T () — d(0) + S(x)]
and suppose that the prior density for € is of the form
m(0) = K(o, B) exp [ac(0) — Bd(0)]

for some « and  (where the K(a,3) is chosen so that 7(f) is a
density). Then it is easy to see that

m(Olz) o m(0)f(x;0)
x exp[(T(x) + a)e(6) — (8+ 1)d(O)].
From this, we can generally deduce that
m(0lz) = K(T(x) + o, B+ 1) exp [(T(x) + a)c(0) — (8 + 1)d(0)],

which has exactly the same form as m(6). The prior distributions
{m(0)} indexed by the hyperparameters o and ( is a conjugate
family of priors for the one-parameter exponential family.

EXAMPLE 5.31: Suppose that Xy,---, X, are i.i.d. Geometric
random variables with frequency function

f(x;0) = 0(1 - 0)*

for x =0,1,2,--- where 0 < 8 < 1. The joint frequency function of
X1,--+, X, is a one-parameter exponential family:

f(x;0) = exp |In(1 — 6) Zn:mz + nln(0)
i=1

This suggests that a conjugate family of priors for 6 is given by
7(6) = K (a, B) exp (aIn(1 - 0) + BIn(9)) = K(a, B)(1 - 0)°6°
for 0 < # < 1. For a > 0 and 8 > 0, 7(0) is simply a Beta density

ith
v K(a,p) = @B
’ [(a)T'(8))
Note that the same family is conjugate in Example 5.26. <&

EXAMPLE 5.32: Suppose that X1, ---, X,, are i.i.d. Exponential
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random variables with parameter A. Again we have a one-parameter
exponential family whose joint density function is

n
f(x;0) = exp [—/\Zwi + nln()\)l .
i=1
This suggests that a conjugate family of prior densities for A is
given by

m(\) = K (o, B) exp (—aX + 1n(N)) = K (a, )N exp (—a))

for A > 0. For « > 0 and § > —1, this is a Gamma density and
K(a, ) = o1 /(B + 1). Note that the Exponential prior density
given in Example 5.27 is a special case. <&

Conjugate prior distributions are often used simply for conve-
nience rather than for their ability to accurately describe a priori
beliefs. Basically, assuming a conjugate prior for 6 greatly facilitates
evaluation of the integral

/w@ﬂ@@w
S

However, with the rapid increase in computational power over the
past 20 years, the use of conjugate priors to simplify computation
has become less important; numerical integration techniques can
be used to evaluate posterior distributions with minimal difficulty.
These numerical techniques are particularly important in multipa-
rameter problems where useful conjugate families are not generally
available. Monte Carlo integration (see Chapter 3) is often useful
in this context; in recent years, techniques such as Gibbs sampling
and related Markov chain Monte Carlo methods have been used
effectively in problems with large numbers of parameters. A good
reference is the monograph by Gilks et al (1996).

EXAMPLE 5.33: Suppose we want to evaluate the integral

M@:/w@ﬂ@@%
S
Let g be a density function on ©; then

m(0) f(x;0)
K(x :/ ———"¢g(0) de.
(@ = [ TR 00
To estimate K(x), let T1,---,T,, be i.i.d. random variables with
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density g; for m sufficiently large, we will have (by the WLLN)

= 1 o~ 7(Ti)f(z; T3)
Klz)y=—) —————"“~K(x
@ = T ()
and K () serves as estimate of K (). This is simply the importance
sampling estimate of the integral considered in section 3.6. O

As stated above, Bayesian inference is often perceived as not
objective. While this perception is perhaps undeserved, it is
nonetheless desirable to find prior distributions that express an
indifference among all values of the parameter space. In the case
where the parameter space is discrete and finite, the solution
is clear; if there are m elements in the parameter space, we
can specify a prior distribution putting probability 1/m on each
element. However, when the parameter space is not finite then some
difficulties arise.

As above, we will concentrate on the case where the parameter
space © is a subset of the real-line. Suppose first of all that © is
the interval (a,b). Then a natural prior distribution is a Uniform
distribution with density

(@) =(b—a)"! fora<6<b.

However, expression of indifference by Uniform distributions is not
invariant under transformations: the prior density of g(#) will not
itself be Uniform if ¢(-) is a non-linear function. If © is a infinite
interval (for example, the real-line) then “proper” Uniform prior
densities do not exist in the sense that [ kdf = oo for any k > 0.
Nonetheless, these “improper” prior densities will often yield valid
posterior densities; the posterior density is

f (@3 0)
r(f|lr) = ———~—.
() Jo f(a;t) dt
Uniform improper priors share the same problem as Uniform

proper priors, namely, the lack of invariance under non-linear
transformation.

EXAMPLE 5.34: Suppose that Xi,---,X,, are i.i.d. Normal
random variables with mean p and variance 1. We will assume a
uniform prior on the real-line for . It follows that the posterior for

s |
SR

=1

m(ulz) = k(@) exp
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where

Thus

r(012) = |/ 32 exp [ -2~ 77

and so the posterior distribution is Normal with mean = and
variance 1/n. &

One approach to defining ignorance priors has been proposed by
Jeffreys (1961). Let g be a monotone function on © and define
v = ¢(#). The information for v can be defined in the usual way:

1) = Var [ 2w (X7 0)

1 0
= WVarg {% In f(X,H)] .

Now choose the function g so that I(v) is constant and put a
uniform prior distribution on ¢(©); this implies that the prior
distribution on © is

1/2
7(0) = k|g'(6)] o Varg [% In f(X; e)] = I'/2(0)

where k is some positive constant. Note that this prior distribution
could be improper. These prior distributions are called Jeffreys
priors.

EXAMPLE 5.35: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean A. The information for A is I(\) = n/A\.
It is easy to verify that the transformation g must satisfy

A(g'(N))? = constant.

Thus the Jeffreys prior for A is

m(\) = for A > 0.

Si=
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Since [, A Y24\ = oo, the prior is improper and so k can be
chosen arbitrarily. Using the Jeffreys prior, the posterior density of

A given x1,- -+, x, is the Gamma density
y+1/2/\y—1/2 —n\
T(\z) = n exp(—nA)
Iy +1/2)
where y = x1 + -+ - 4+ x,,. This posterior density is always proper
(even though the prior density is improper). <&

5.9 Problems and complements

5.1: Suppose that Xi,---,X,, are ii.d. random variables with
density

_ [ a(b1,02)h(x) for ) <x < 69
F(z;01,062) = { 0 otherwise

where h(x) > 0 is a known continuous function defined on the
real line.

(a) Show that the MLEs of ¢ and 62 are X(;) and X,
respectively.

(b) Let 01,, and 05, be the MLEs of §; and s and suppose that
h(@l) = A1 >0 and h(92) =Xy > 0. Show that

n 01, — 6 _)d ( Al )
92 — 9271 ZQ
where Z; and Z5 are independent Exponential random variables
with parameters Aja(61,62) and \aa(6;,62) respectively.

5.2: Suppose that (X1,Y1), -+, (X,,Y,) are i.i.d. pairs of Normal
random variables where X; and Y; are independent N (u;, 02)
random variables.

(a) Find the MLEs of p1,- -, jt,, and o2,

(b) Show that the MLE of o2 is not consistent. Does this
result contradict the theory we have established regarding the
consistency of MLEs? Why or why not?

(c) Suppose we observe only Z1,---,Z, where Z; = X; — Y.
Find the MLE of o2 based on Zi,---,Z, and show that it is
consistent.

5.3: Suppose that Xy, ---, X,,, Y7, Y, are independent Exponen-
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Table 5.7 Data for Problem 5.3.

0.7 3.8 202 28 1.1 2.8 152 88
11.3 4.6 03 1.9 1.9 3.2 0.2 7.6
2.1 2.1 09 14 05 8.5 0.7 1.3

307 56 07 04 08 145 04 2.2
46 103 23 09 12 144 23 4.0

tial random variables where the density of X; is
fi(z) = Nifexp(—\;0z) for x >0
and the density of Y is
gi(z) = Njexp(—Njz) forx >0

where A1, -+, A\, and 6 are unknown parameters.

(a) Show that the MLE of 6 (based on X1, -, X,, Y1, ---Y},)
satisfies the equation

n n
?_Z

1+0R

where Rl = Xz/K
(b) Show that the density of R; is

fr(z:0) =0(1+0x)"% fora>0.

and show that the MLE for # based on Ry, -, R, is the same
as that given in part (a).

(¢) Let 6,, be the MLE in part (c). Find the limiting distribution
of /n(6, —0).

(d) Use the data for (X;,Y;),i = 1,---,20 given in Table
5.7 to compute the maximum hkehhood estimate of 6 using
either the Newton-Raphson or Fisher scoring algorithm. Find
an appropriate starting value for the iterations and justify your
choice.

(e) Give an estimate of the standard error for the maximum
likelihood estimate computed in part (c).
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5.4: Suppose that Xi,---, X, are i.i.d. nonnegative random vari-
ables whose hazard function is given by

A forx <z
)\(1:)—{)\2 for x > g

where A;, Ay are unknown parameters and zg is a known
constant.

(a) Show that the density of X is

. [ Apexp(—=Aiz) for z < xg
f(x5 A1, A2) = { Ao exp(—)\g(w —x9) — Mxg) for x> xg

(b) Find the MLEs of A\; and Ay as well as their joint limiting
distribution.

5.5: Suppose that Xi,---, X, are i.i.d. discrete random variables
with frequency function

0 for x = -1
f(x,e):{ (1—-6)20° forx=0,1,2,---

where 0 < 6 < 1.
(a) Show that the MLE of 6 based on X3, -+, X, is

0. — 23 IXs=-D)+3>0 X,

and show that {6,} is consistent for .
(b) Show that /7(6, — 6) —4 N(0,02(f) and find the value of
a2(0).

5.6: Suppose that Uy, ---,U, are i.i.d. Uniform random variables

on [0, 6]. Suppose that only the smallest r values are actually
observed, that is, the order statistics U1y < Uy < - < Ujp).

(a) Find the MLE of 6 based on U(yy, Ugg), =+, Upy.
(b) If » = r, = n — k where k is fixed, find the limiting
distribution of n(f — 6,,) as n — oo where 6, is the MLE.

5.7: Suppose that X = (X, -+, X,,) has a k-parameter exponen-
tial family distribution with joint density or frequency function

k
f(x;0) = exp ch(O)Tl(sc) —d(0)+ S(x)

=1
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where the parameter space O is an open subset of R* and the
function ¢ = (¢, - -, ¢) is one-to-one on O.

(a) Suppose that Eg[T;(X)] = b;(0) (i = 1,---, k). Show that
the MLE 6 satisfies the equations

o~

T;(X)=bi(0) (i=1,---,k).

(b) Suppose that the X;’s are also i.i.d. so that T;(X) can be
taken to be an average of i.i.d. random variables. If én is the
MLE, use the Delta Method to show that \/n(8, — 0) has the
limiting distribution given in Theorem 5.4.

5.8: Suppose that Xi,---, X, are i.i.d. continuous random vari-
ables with density f(x;#0) where 6 is real-valued.

(a) We are often not able to observe the X;’s exactly rather only
if they belong to some region By (kK = 1,---,m); an example
of this is interval censoring in survival analysis. Intuitively, we
should be able to estimate 6 more efficiently with the actual
values of the X;’s; in this problem, we will show that this is
true (at least) for MLEs.

Assume that By, - - -, B, are disjoint sets such that
m
Py <XZ- e Bk> =1
k=1

Define i.i.d. discrete random variables Y7,---,Y,, where Y; = k
if X; € Byg; the frequency function of Y; is

p(k;0) = Pyp(X; € By) = f(z;0)dx for k=1,---,m.
By
Also define
IO = v P1 f(X-~0)}
x(0) = Varg | =5In f(Xs;
and Iy(#) = Varg [% lnp(Yi;H)] .

Assume the usual regularity conditions for f(z; ), in particular,
that f(z;0) can be differentiated with respect to 6 inside
integral signs with impunity! Show that Ix(0) > Iy (6) and
indicate under what conditions there will be strict inequality.
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(Hint: Note that (i) f(z;0)/p(k;0) is a density function on By,
and (ii) for any random variable U, E(U?) > [E(U))? with
strict inequality unless U is constant.)

(b) Suppose that we observe Y; = ¢g(X;) (¢ = 1,---,n) for
some differentiable function g. Show that Ix(0) > Iy (#) with
equality if g is a monotone function.

5.9: Let X4, ---, X, be ii.d. Exponential random variables with
parameter A. Suppose that the X;’s are not observed exactly
but rather we observe random variables Y7, ---,Y,, where

Y =ks ifké < X; < (k+1)5

for k=0,1,2,--- where § > 0 is known.

(a) Give the joint frequency function of Y = (Y7,---,Y,) and
show that Y1 ; Y; is sufficient for A.

(b) Find the MLE of X\ based on Y7,---,Y,,.

(c) Let A, be the MLE of X in part (b). Show that
Vi(An — X) —q N(0,02(),0))
where 02(\,6) — A2 as § — 0.
5.10: Let Xq,---,X, be ii.d. random variables with density or
frequency function f(z;6) satisfying conditions (A1)-(A6) with
I1(9) = J(0). Suppose that 6, is such that \/n(6, —0) —4 Z for

some random variable Z (not necessarily Normal); 6,, is said to
be y/n-consistent. Define

n -1 n
O = 0, — (Z (X 0n>> > U(Xi50n)
i=1 i=1
(a) Show that \/n(6, — 0) —q N(0,1/1(0)).
(b) Suppose that Xi,---, X, are i.i.d. random variables with
density function
0

P = —
for z > 0 and define fi,, to be the sample median of X1, ---, X,,.
Use [i, to construct a /n-consistent gstimator of 6, 6,,. What
is the asymptotic distribution of \/n(6,, — 6)?
(c) Using 6, from part (b), show how to construct an estimator

with the same limiting distribution as the MLE in Problem
5.3(b).
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5.11: The key condition in Theorem 5.3 is (A6) as this allows us
to approximate the likelihood equation by a linear equation in
vn(0, — 0). However, condition (A6) can be replaced by other
similar conditions, some of which may be weaker than (A6).

Assume that 6, —p 6 and that conditions (A1)-(A5) hold.
Suppose that for some 6 > 0, there exists a function Ks(x)
and a constant a > 0 such that

|0 (a5 t) = €' (2;0)] < K ()]t — 0]

for |[t—6| < 6 where Ey [K5(X;)] < oo. Show that the conclusion
of Theorem 5.3 holds.

5.12: In section 5.4, we noted that the consistency of the MLE
is straightforward when the log-likelihood function is concave.
Similarly, it is possible to exploit the concavity or convexity of
objective functions to derive the limiting distributions of esti-
mators. In this problem, we will derive the limiting distribution
of the sample median using the fact that the median minimizes
a convex objective function; see Problem 4.19.

Suppose that {Z,(u)} is a sequence of random convex functions
and for any (u1,ug,---,ug), we have

(Zn(ul)ﬂ M) Zn(uk)) —d (Z(ul)v ) Z(uk))

where Z(u) is a random convex function that is uniquely
minimized at U (which will be a random variable). Then it
can be shown that if U, minimizes Z,, then U,, —4 U (Davis et
al, 1992).

This result can be used to rederive the limiting distribution
of the sample median (see Examples 3.5 and 3.6). Suppose

that Xy, -, X, are i.i.d. random variables with distribution
function F' where F(u) = 1/2 and F'(u) = X > 0. If iy, is the
sample median of Xy, -+, X,, then we know that

V(fin = 1) —a N(0,1/(42%)).

(a) Show that U, = +/n(fi, — ) minimizes the objective
function

n

Zn(uw) =Y [1X; — p—u/v/n| — |X; — ]

=1

and that Z,, is a convex function of u.
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(b) Show that
o=yl lal = —ysen(a) +2 [ (@< 5) = Iz <0) ds

for © # 0 where sgn(x) = I(x > 0) — I(x < 0) is the “sign” of
x.

(c) Show that

Zo(u) = —%ngnoci—m
=1

using the formula in part (b).
(d) Show that

(Zn(u1),- -+, Zn(ur)) —a (Z(uwr), -, Z(ug))
where Z(u) = —uW +2X\u? and W ~ N(0,1). (Hint: Note that
E[I(X; < p+s/vn) = I(X; < p)] = F(p+s/vn) — F(u)
and
Var[I(X; < p+s/vn) = I(X; < p)] < F(u+s/v/n) — F(p)
for each s, with F(u+ s/v/n) — F(p) = As/y/n.)
(e) Show that /n(f, — p) —q W/(2N).
5.13: The same approach used in Problem 5.12 can be used to
determine the limiting distribution of the sample median under

more general conditions. Again let Xy, ---, X, be ii.d. with
distribution function F' and median g where now

lim /A[F (i + 5/an) — F(u)] = (s)

n—oo

for some increasing function ¢ and sequence of constants a,, —
0o. The asymptotic distribution of a,, (fi, —u) will be determined
by considering the objective function

Z(u) = %Z [1Xi — 1 — w/an| — |X; — ]
=1

(a) Show that U,, = ay,(fi, — p) minimizes Z,.
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(b) Repeat the steps used in Problem 5.12 to show that

(Zn(ul)’ ) Zn(uk)) —d (Z(ul)v ) Z(uk))

where Z(u) = —uW +2 ;" 1(s) ds and W ~ N(0,1).
(c) Show that ay, (fin, — p) —a P~ H(W/2).

5.14: The conditions assumed in Theorems 5.3 and 5.4 effectively
imply that the log-likelihood function is approximately quad-
ratic in a neighbourhood of the true parameter value. These

quadratic approximations can be used to give “heuristic” proofs
of Theorems 5.3 and 5.4.

Suppose that Xi,---,X, are ii.d. random variables with
density or frequency function f(x; @) satisfying conditions (B1)-
(B6). Define

n

Zn(u) => In[f(X:0 +u/vn)/f(X;6)]

i=1
and note that Z, is maximized at u = /n(6,, — 0) where 6,, is
the MLE of 6.
(a) Show that

Zn(u) =u'W,, — %uTJ(B)u + Ry (u)

where supy |Ry(u)| —p 0 for any compact set K and W, —4
Ny(0,1(8)).
(b) Part (a) suggests that the limit of Z,, is

Z(u) =u'W — %UTJ(O)’U,

where W ~ N,(0,1(0)). Show that Z is maximized at u =
J~1(0)W, which suggests that \/n(0,, — 0) —q JL(O)W. (If
Zn(u) is a concave function of u for each n then this argument
is a rigorous proof of Theorem 5.4.)

5.15: In Theorems 5.3 and 5.4, we assume that the parameter space
© is an open subset of RP. However, in many situations, this
assumption is not valid; for example, the model may impose
constraints on the parameter 6, which effectively makes © a
closed set. If © is not an open set then the MLE of 6 need not
satisfy the likelihood equations as the MLE 6,, may lie on the
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boundary of ©. In determining the asymptotic distribution of
0,, the main concern is whether or not the true value of the
parameter lies on the boundary of the parameter space. If 6
lies in the interior of © then eventually (for sufficiently large
n) 6, will satisfy the likelihood equations and so Theorems 5.3
and 5.4 will still hold; however, the situation becomes more
complicated if 0 lies on the boundary of ©.

Suppose that Xi,---,X, are ii.d. random variables with
density or frequency function f(x;0) (satisfying conditions
(B2)-(B6)) where 6 lies on the boundary of ©. Define (as in
Problem 5.14) the function

Zn(u) =Y In[f(X:;0 +u/yv/n)/f(Xi;0)]
=1

and the set

Cp={u:0+u/\/neco}.
The limiting distribution of the MLE can be determined by the
limiting behaviour of Z,, and Cy; see Geyer (1994) for details.
(a) Show that \/n(6, — ) maximizes Z,(u) subject to the
constraint u € C),.
(b) Suppose that {C),} is a decreasing sequence of sets whose
limit is C. Show that C' is non-empty.
(c) Parts (a) and (b) (together with Problem 5.14) suggest that
VB, — 0) converges in distribution to the minimizer of

Z(u) =utW — %’LLTJ(O)’U,

(where W ~ N,(0,1(0))) subject to uw € C. Suppose that
Xq,---,X, are ii.d. Gamma random variables with shape
parameter o and scale parameter \ where the parameter space
is restricted so that o > A > 0 (that is, E(X;) > 1). If a = A,
describe the limiting distribution of the MLEs. (Hint: Show
that C' = {(u1,u2) : u1 > us}.)

5.16: Suppose that Xi,---, X, are ii.d. random variables with
density or frequency function f(z;6) where 6 is real-valued.
In many cases, the MLE of 0 satisfies the likelihood equation

n

S V(Xi50,) = 0.

i=1
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If £(z; 0) is an unbounded function in x then a single observation
can potentially have an arbitrarily large influence on the
value of the MLE. For this reason, it is often desirable to
robustify maximum likelihood estimation by replacing ¢ (x;6)
by a function .(z;6) that is bounded in z. In order to have
Fisher consistency, we choose 1. so that Ey[¢.(X;;0)] = 0
where the expected value is taken with respect to the density
or frequency function f(z;6).

Suppose that Xi,---, X, are i.i.d. Exponential random vari-
ables with parameter . The MLE of A satisfies the likelihood

equation
" 1
o1 \n

which can be solved to yield Xn = 1/X,,. Consider replacing
¢'(z;\) = 1/X — 2 (which is unbounded in z) by
Vol \) = 1/ A+ g.(\) — = ifx <c/A+1/A+ ge(N)
s e/ otherwise
where ¢ > 0 is a tuning parameter and g.(A) is determined so
that E)\[wc(Xi; )\)] = 0.
(a) Show that g.(\) satisfies the equation

exp(—c—1—ge(M)A) +g:(A) =0

(b) Define A, to satisfy the equation

> e(Xis M) = 0.

i=1
Assuming that the standard regularity conditions hold, find the
limiting distribution of /n(A, — A).
(¢) Find the asymptotic relative efficiency of A, with respect
to the MLE \,. For what value of ¢ is the asymptotic relative
efficiency equal to 0.957

5.17: Let Xi,---,X, be ii.d. random variables with density or
frequency function f(z;0) where 0 is a real-valued parameter.

~

Suppose that MLE of 6, 0, satisfies the likelihood equation

S V(Xi30) =0

=1
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where ¢/(z;6) is the derivative with respect to 6 of In f(x; ).

(a) Let §_j be MLE of 6 based on all the X;’s except X ;. Show
that .
. . "X
0_;j~ 0+ “—J’Q)A
2oie (X3 0)
(if n is reasonably large).

(b) Show that the jackknife estimator of 6 satisfies

~

() = L Sl OGO
(S (x:0))

(¢) The result of part (b) suggests that the jackknife estimator
of Var(6) is essentially the “sandwich” estimator; the latter
estimator is valid when the model is misspecified. Explain the
apparent equivalence between these two estimators of Var(0).
(Hint: Think of the MLE as a substitution principle estimator

of some functional parameter.)

5.18: Millar (1987) considers a statistical model for determining
the composition of a mixed stock fishery. The statistical model
can be described as follows: We have a sample of N fish that can
be classified into one of G genotypes (where typically G >> N).
If Y; is the number of fish in the sample with genotype 7 then

Y = (Y1,---,Ys) is a Multinomial random vector with
N! <
PY =y) = Ai
¥ =v = e
where

S
)\i = Z ZL‘inj
j=1

where 61, - -+, 05 (unknown) are the proportion of fish belonging
to the S sub-populations or stocks, and z;; (known) is the
(conditional) probability of belonging to genotype i given
membership in stock j.

To estimate 8 = (01,---,60g), we maximize the log-likelihood
function

G S
In£(0) = Zyz In (Z ﬂﬁij@j) + k(y)
i=1 j=1
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where k(y) does not depend on 6. (We also must assume that
6; >0 forall jand 6; +--- +60g=1.)

(a) Show that In £(€) can be written as
N S
In L(O) = Z In Z .%'Z'Tjaj
r=1 j=1

where 7, is the genotype of the r-th fish in the sample.
(b) Show that the MLEs of 61, - - -, fg satisfy the equations

N —~
@:iz% forjzl,---,S.
Nr:l 2 k=1 i, kO

(¢) Assume that S = 2. In this case, we need only estimate a
single parameter 6 (equal, say, to the proportion belonging to
stock 1). Assuming that the standard regularity conditions for
maximum likelihood estimators hold, find an estimator of the
standard error of 6.

5.19: Suppose that X = (Xp,---,X,) has a joint density or
frequency function f(x;6) where 6 has prior density w(6). If
T =T(X) is sufficient for 6, show that the posterior density of
0 given X = x is the same as the posterior density of 6 given
T=T(x).

5.20: Suppose that X1, -+, X, are i.i.d. Uniform random variables
on [0,0] where 6 has a Pareto prior density function:

0-5(5)

for 8 > 6y > 0 and a > 0 where 6y and « are hyperparameters.
(a) Show that the posterior distribution of # is also Pareto.

(b) Suppose that 6* is the true value of 6. Under i.i.d. sampling,
what happens to the posterior density of 6 as n — oo? (Hint:
There are two cases to consider: 8* > 6y and 6* < 6.)

5.21: The Zeta distribution is sometimes used in insurance as a
model for the number of policies held by a single person in an
insurance portfolio. The frequency function for this distribution
is

p—(a+1)
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Table 5.8 Data for Problem 5.21.
Observation 1 2 3 4 5

Frequency 63 14 5 1 2

forx =1,2,3,--- where o > 0 and
(p) =D k"
k=1

(The function ((p) is called the Riemann zeta function.)

(a) Suppose that Xi,---, X, are i.i.d. Zeta random variables.
Show that the MLE of « satisfies the equation

liln(Xi) - @ +1)

and find the limiting distribution of \/n(a;, — «).

(b) Assume the following prior density for «:

1
m(a) = 5042 exp(—a) fora>0

A sample of 85 observations is collected; its frequency distribu-
tion is given in Table 5.8.

Find the posterior distribution of o. What is the mode (ap-
proximately) of this posterior distribution?

(c) Repeat part (b) using the improper prior density
1
m(a) = — for a > 0.
a

Compare the posterior densities in part (b) and (c).

5.22: Suppose that X has a Binomial distribution with parameters
n and 6 where 0 is unknown.

(a) Find the Jeffreys prior for . Is this prior density proper?

(b) Find the posterior density for 6 given X = z using the
Jeffreys prior.

5.23: The concept of Jeffreys priors can be extended to derive
“noninformative” priors for multiple parameters. Suppose that
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X has joint density or frequency function f(x;0) and define
the matrix
1(0) = Ey[S(X:0)S™(X;0)]

where S(x;0) is the gradient (vector of partial derivatives)
of In f(x;0) with respect to 8. The Jeffreys prior for 0 is
proportional to det(I(8))'/2.

(a) Show that the Jeffreys prior can be derived using the same
considerations made in the single parameter case. That is, if
¢ = g(0) for some one-to-one function g such that I(¢) is
constant then the Jeffreys prior for 8 corresponds to a uniform
prior for ¢.

(b) Suppose that Xy, ---, X, are i.i.d. Normal random variables
with mean g and variance o2. Find the Jeffreys prior for (i, o).
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CHAPTER 6

Optimality in Estimation

6.1 Introduction

To this point, we have discussed a number of approaches for
obtaining point estimators. We have also discussed approaches for
determining various properties of these estimators, such as limiting
distributions and approximate standard errors. However, we have
not (so far) attempted to determine if a given estimator is optimal
in any sense.

As it turns out, “optimal” is a poorly defined term in the context
of estimation as there are a number of criteria for optimality.
For example, we can approach optimality from a large sample (or
asymptotic) point of view. Suppose that X;, X, - is a sequence
of random variables and §n is an estimator of some parameter 6
based on X = (X1, -, X,,) such that

V(6 — 0) —4 N(0,5%(8)).

A natural question to ask is whether a lower bound for o2 (6) exists;
if such a lower bound exists and is attained by some sequence of
estimators {6, } then we can say that this sequence is optimal.

In this chapter, we will discuss optimal estimation from three
perspectives. First, we will look at estimation from a decision
theoretic point of view, comparing estimators based on their risk
for a given loss function. Next, we will narrow our focus to
unbiased estimation and attempt to find unbiased estimators with
uniformly minimum variance over the parameter space. Finally, we
will take an asymptotic point of view and consider estimators with
asymptotic Normal distributions.

6.2 Decision theory

While we have discussed a number of different approaches to point
estimation, we have so far avoided the issue of which estimator is
“best” or optimal in a given situation. One approach to finding and
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evaluating estimators is based on decision theory. We will discuss
only the most basic elements of decision theory here; a more detailed
treatment is given in Ferguson (1967).

In decision theory, in addition to specifying a model for X
(depending on some unknown parameter #), we also specify a loss
function L(é, 0) that describes the “loss” incurred by making an
estimate 6 when the true value of the parameter is 6. Typically,
the loss function is chosen so that for fixed 0, L(a, ) increases as a
moves away from 6 and L(6,60) = 0.

DEFINITION. A loss function L(-,-) is a nonnegative-valued
function defined on © x © so that L(6,6) indicates the loss
incurred in estimating a parameter 6 by 6.

Perhaps the most commonly used loss functions for real-valued
parameters are squared error loss (L(a,b) = (a — b)?) and absolute
error loss (L(a,b) = |a—b|). However, many other loss functions are
possible. Strictly speaking, the loss function used should be dictated
by the particular problem; however, almost invariably squared error
loss is used in the vast majority of estimation problems.

DEFINITION. Given a loss function L and an estimator g,Athe
risk function Ry(0) is defined to be the expected value of L(0, 6):

Ro(0) = Eo[L(3,0)]

If squared error loss is used, then Rg(f) = MSEg(6), the mean

square error of ,\5' Likewise, if absolute error loss is used then
Ry(8) = MAEy(0), the mean absolute error.
__ Given a particular loss function L, we can try to find an estimator
f such that Rp(f) is minimized for all #. Unfortunately, this is
impossible to do except in trivial cases; typically, the estimator that
minimizes Ry(-) for a fixed 6 will not minimize Rg(-) uniformly over
all 6. However, if we accept risk (for example, mean square error) as
a measure of the quality of an estimator, we can rule out estimators
whose risk is uniformly higher than another estimator.

DEFINITION. For a given loss function L, an estimator QAV is an
inadmissible estimator of 6 if there exists an estimator 6 such
that

~ ~

Ry(0) < Rg(0) foralld € ©

and

~ -~

Ry, (0) < Ry, (0) for some 6y € O.
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If no such estimator 6 exists then 6 is admissible.

EXAMPLE 6.1: Suppose that Xi,---, X,, are i.i.d. Exponential
random variables with parameter A\. The MLE of \ is

~ 1
A= —
X

where X is the sample mean. It can be shown that EA(X) =n\/(n—
1) when n > 2. An unbiased estimator of X\ is A = (n — 1)\/n.
Clearly,

~ —~

MSE, (X) < MSE,(3)

since A is unbiased and Vary(X) < Vary(}). Since MSE;(X) = Ry ())
when the loss function is squared error loss, \ is an inadmissible
estimator of A under squared error loss. However, in the case of
estimating positive parameters, mean square error tends to penalize
over-estimation more heavily than under-estimation (since the
maximum possible under-estimation is bounded) and thus squared
error loss may not be the best loss function to consider in this
example. Instead, we might define the loss function

L(a,b) = g —1—1In(b/a)

for which we have for each fixed b > 0,

lin% L(a,b) = lim L(a,b) = occ.

a—00

Evaluating the risk function of X, we get

R\(\) = E)\ln)\xl—l—ln<n/\xl>]

n —

= E\[AX —1—1In(AX)]

1 — n
——FE\(AX) -1
+n—1 A(AX) n(n—l)

_ E,\[AX—l—ln()\X)]"‘L_ln( - )

n—1 n—1
> Ey[AX — 1+1In(AX)]
= R\(\)
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(since 1/(n — 1) — In(n/(n — 1)) > 0 for n > 2) and so A is
inadmissible under this loss function. O

Note that we cannot make any claims about the admissibility of
the estimators in Example 6.1. More precisely, to prove admissi-
bility, we need to show that there exists no other estimator with
uniformly lower risk. At first glance, this may seem a formidable
task; however, there are technical devices available that facilitate
it. One of these devices arises by putting a prior distribution on the
parameter space.

Suppose that we put a (proper) prior density function 7(6) on
the parameter space ©. Then given a loss function L(-,6) and risk
function Ry(-), we can define the Bayes risk of an estimator 7 by

Rp(0) = /@ Ry(6) 7(0) d6.
(Note that Rp(6) depends on the loss function, the distribution of
X as well as the prior distribution on ©.) Then a Bayes estimator
of 8 is an estimator that minimizes the Bayes risk.
Bayes estimators can usually be determined from the posterior
distribution of #; more precisely, if the expected posterior loss
function

/ L(T(z),0)r(0]z) do
(C]

is minimized at T'(x) = T™(x) (where 7(f|x) is the posterior density
function of #) then T*(X) is a Bayes estimator. For example,
for squared error loss, the Bayes estimator is simply the mean of
the posterior distribution while for absolute error loss, the Bayes
estimator is any median of the posterior distribution.

Bayes estimators are also admissible estimators provided that
they are unique. For example, suppose that ¢ is a unique Bayes
estimator and suppose that Ry(0,0) < Ry(6,6) for some other
estimator 6. Then

Rp@) = | Ro(®)w(6)ds

< [ Ry(@ n(6)do
(C]

-~

= Rp(0),

which contradicts the uniqueness of 0 as a Bayes estimator; thus 0
must be admissible.
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An important optimality concept in decision theory is minimax
estimation.

DEFINITION. An estimator § is said to be minimax (with
respect to a loss function L) if

-~ ~

sup Ry (6) < sup Ry(6)
60 66

for any estimator 0.

It is easy to see that a minimax estimator is admissible. In
general, proving that an estimator is minimax is not easy although
this can be facilitated if it can be shown that the estimator is a
Bayes estimator (or a limit of Bayes estimators) and has constant
risk over the parameter space; see Problem 6.5 for more details.

It should be noted that there are pitfalls involved in using any
criterion for evaluating estimators based on risk functions (such as
admissibility or minimaxity), particularly when the loss function
is not appropriate for the problem. In some problems, estimators
are often inadmissible only because they are dominated (in terms of
risk) by estimators whose practical use is somewhat dubious; in such
cases, it may be the loss function rather than the estimator that is
suspect. However, even if we are confident that our loss function is
appropriate, it may be worthwhile to limit the class of estimators
under consideration. For example, if 8 is a parameter describing the
center of a distribution, it may be desirable to consider only those
estimators § = S(X1,---, X,,) for which

S(Xi+e¢-, Xn+c)=5Xy,---, Xn) +e

More generally, we might consider only those estimators that satisfy
a certain invariance or equivariance property, or only unbiased
estimators. In the next section, we will consider unbiased estimation
under squared error loss.

6.3 Minimum variance unbiased estimation

As mentioned above, one approach to finding estimators is to find
an estimator having uniformly smallest risk over some restricted
class of estimators. If we take the loss function to be squared error
loss and consider only unbiased estimators of a parameter then
we reduce the problem to finding the unbiased estimator with the
minimum variance (since the mean square error and variance are the
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same for unbiased estimators); if such an estimator has minimum
variance over the parameter space then this estimator is called a
uniformly minimum variance unbiased (UMVU) estimator.

Suppose that Xi,---,X, are random variables whose joint
distribution depends on some parameter ¢, which may be real- or
vector-valued. In this section, we will consider unbiased estimation
of g(#) where g is a real-valued function defined on the parameter
space O.

As discussed previously in Chapter 4, it is not clear that unbiased
estimators are always desirable. For example, if we believe in the
likelihood principle then it is easily shown that the requirement of
unbiasedness is a violation of this principle. For the time being,
however, we will ignore the possible shortcomings of unbiased
estimators and focus our energy on the theory of optimal unbiased
estimator under squared error loss. Nonetheless, it should be noted
that unbiased estimators do not always exist or, if they do exist, can
be nonsensical estimators; the following examples illustrate these
points.

EXAMPLE 6.2: Suppose that X is a Binomial random variable
with parameters n and 0, where 0 < 6 < 1 is unknown. We wish to
find an unbiased estimator of g(f) = 1/6; that is, we need to find
a statistic T'(X) such that Eg[ (X)]=1/6 for all 0 < # < 1. Thus
we need to find 7'(0),7'(1),---,T(n) such that

1

ZT ()9@“1—9) =5

Multiplying both s1des by 0, we get

Xn: T(x) (Z) gr+l(1 — )T = nf a(k)o

— =

where a(1),---,a(n+ 1) depend on 7(0),T(1),---,T(n). It follows
that whatever the choice of a(1),---,a(n + 1), the equality

a(1)f+---+an+1)" =1

is satisfied for at most n+ 1 values of 6 between 0 and 1 and cannot
be satisfied for all . Thus there exists no unbiased estimator of 1/6.
O

EXAMPLE 6.3: Suppose that X is a Poisson random variable
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with mean X\. We wish to find an unbiased estimator of exp(—2X\)
based on X. If T'(X) is this estimator, we must have

Er(x)] = Y1) PEIY o)
=0 :

for all A > 0. Multiplying both sides of the equation by exp(\), we
get

STl = esp(-))
=0 :

[e’] )\x
= ;)(—1)“35,

which implies that T'(x) = (—1)®. Thus the only unbiased estimator
of exp(—2A) is (—1)%; since 0 < exp(—2)) < 1 for A > 0, this is
clearly a ridiculous estimator. It should be noted, however, that if
X1,--+, X, are i.i.d. Poisson random variables with parameter A
then (1 —2/n)T (with T = Y-, X;) is unbiased; this estimator is
somewhat more sensible especially for larger values of n. <&

Examples 6.2 and 6.3 notwithstanding, in many cases the class
of unbiased estimators is non-trivial.

EXAMPLE 6.4: Suppose that Xi,---,X, are ii.d. random
variables with density

fw;p) = exp (=(z —p))  forz > p
(where —oo < p < 00). Two possible unbiased estimators of y are

N 1 . >
MIZX(l)_E and HQZX—].;
note also that ¢fi; + (1 — t)fiz is also unbiased for any ¢. Simple

calculations reveal that

1

1
Var(fi;) = — and Var(fig) = —
n

n2

so that fi; has the smaller variance. It is interesting to note that fiy
depends only on the one-dimensional sufficient statistic X(;). <©

Does the estimator fi; have the minimum variance among all
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unbiased estimators of p in the previous example? The following
result indicates that any candidate for the minimum variance
unbiased estimator should be a function of the sufficient statistic.

THEOREM 6.1 (Rao-Blackwell Theorem) Suppose that X
has a joint distribution depending on some unknown parameter 0
and that T = T(X) is a sufficient statistic for 0. (Both 6 and T' can
be vector-valued.) Let S = S(X) be a statistic with Eg(S) = g(0)
and Varg(S) < oo for all 6.

If S* = BE(S|T) then

(a) S* is an unbiased estimator of g(0), and

(b) Varg(S*) < Varyg(S) for all 0.

Moreover, Varg(S*) < Varg(S) unless Py(S = S*) = 1.

Proof. Since T is sufficient for 0, h(t) = E(S|T = t) does not
depend on € and so S* = h(T) is a statistic with Fy(S*) =
EyE(SIT)] = Eo(S) = g(6). Also

Varg(S) = Varg[E(S|T)] + Ep[Var(S|T)]
Varg[E(S|T)]
= Vary(S™)

v

and so Vary(S*) < Vary(S). Also
Var(S|T) = E[(S — S*)|T] > 0

unless P(S = S*|T) = 1. Thus Ey[Var(S|T)] > 0 unless S = S*
with probability 1. O

The Rao-Blackwell Theorem says that any unbiased estimator
should be a function of a sufficient statistic; if not, we can
construct an estimator with smaller variance merely by taking the
conditional expectation given a sufficient statistic. However, this
raises the question of which sufficient statistic to use to compute
the conditional expectation. For example, suppose that S is an
unbiased estimator of g() (with finite variance) and T} and T5 are
both sufficient statistics for 8 with T5 = h(71}) for some function h.
(Both T7 and T» can be vector-valued.) We define S} = E(S|T})
and S5 = E(S|T»). By the Rao-Blackwell Theorem, the variances
of S and S5 cannot exceed Var(S); however, it is not obvious
which “Rao-Blackwellized” estimator will have the smaller variance
although intuition suggests that Varg(S5) should be smaller since
T5 is the “simpler” statistic (as 7o = h(11)).
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PROPOSITION 6.2 Suppose that S is an unbiased estimator
of g(0) with finite variance and define ST = E(S|T1) and S5 =
E(S|Ty) for sufficient statistics Ty and Ty. If To = h(T1),

VCLTQ(S;) < Varg(Sf) .

Proof. We will use the fact that Ep[(S — ¢(T1))?] is minimized over
all functions ¢ by E(S|T1). Since T3 is a function of 77, it follows
that

E(57[T3) [E(S|T1)|T3]
[E(S[T3)|T1]
= E(5|T)

*

2

& &

95)

where the last equality holds since S5 is a function of 77. The
conclusion now follows from the Rao-Blackwell Theorem. [

Proposition 6.2 essentially says that for any unbiased estimator
S of g(#) the best “Rao-Blackwellization” of S is achieved by
conditioning on a minimal sufficient statistic. (Recall that a statistic
T is minimal sufficient if for any other sufficient statistic T,
T = h(T*) for some function h.) However, even if T' is minimal
sufficient, the estimator S* = E(S|T") will not necessarily have the
minimum variance among all unbiased estimators since there may
exist another unbiased estimator S; such that S7 = E(S1|T) has a
smaller variance than S*. In the next section, we will show that in
certain problems, it is possible to find a sufficient statistic 1" such
that S* = E(S|T) is independent of S. The following simple (and
rather silly) example illustrates the potential problem.

EXAMPLE 6.5: Suppose X is a discrete random variable with
frequency function

0 for x = —1
f(x70):{ (1—0)%0* forz=0,1,2,---

where 0 < 6 < 1. The statistic X is sufficient for 8 and can be
shown to be minimal sufficient. Two unbiased estimators of 8 are
S;=1(X =—-1)and Sy = I(X = —1) + X (since Ey(X) = 0 for
all #). Since both S; and Ss are functions of the minimal sufficient
statistic X, we have ST = E(S1|X) = S1 and S5 = E(S2|X) = Sa.
But
Varg(S1) = 6(1 —0)
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while

Varg(S2) = Var(S1)+ Var(X) + 2Cov(S1, X)
26
0(6% +1)
1-90
> Varg(Sl)

thus illustrating that dependence on the minimal sufficient statistic
does not guarantee that an unbiased estimator will have minimum
variance. O

Complete and Sufficient Statistics

Suppose that S1 and Sy are two unbiased estimators of g(#) (with
finite variance) and suppose that 7T is sufficient for §. We can define
ST = E(S1|T) and S5 = E(S52|T"). Although Varg(S}) < Vary(S;)
(for i = 1,2), there is no way of knowing a priori whether ST or S5
will have a smaller variance. However, for an appropriate choice of
T, we would like to have

e Vary(S}) = Vary(S3) for all 0, or
o Py(ST=55)=1for all 6.
More precisely, for this particular choice of T, there will be only

one unbiased estimator that is a function of T" and, if T" is minimal
sufficient, this unbiased estimator will have minimum variance.

EXAMPLE 6.6: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean A and consider unbiased estimators
of g(A) = exp(—A) = P\(X; = 0). Two unbiased estimators of g(\)
are

1 n

A minimal sufficient statistic for A is 7' = Y 1" ; X;. To find
the “Rao-Blackwellized” estimators, we must find the conditional
distributions of S7 and Sy given T' = t. It is easy to see that
P)\(Sl = S,T = t)

P\(T =t)

)

P(Si=1T=t) =
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and hence

St = B(Sy|T) = (1 _ %)T

For S, define U = 3", I(X; = 0); we get

PU=uT=t)= (Z) (1 - %)t

for u = max(n —¢,0),---,max(n — 1,n — t). It follows then that

cor-n-£ ) )

u

and so S5 = (1 — 1/n)T = S}. Thus, in this example, “Rao-

Blackwellizing” S7 and S5 leads to the same estimator. &

DEFINITION. Suppose that Xi,---,X,, are random variables
whose joint distribution depends on some unknown parameter 6.
A statistic T = T(X1, -+, X,,) (possibly vector-valued) is said
to be complete for 6 if for any function g, Ey[g(T)] = 0 for all 0
implies that Py[g(T) = 0] = 1 for all 6.

Completeness of a statistic 1" essentially means that 1" contains
no “ancillary” (meaningless) information about 6. For example,
if T is complete for 6 then g(T') is an ancillary statistic for @ if,
and only if, g(T) is constant over the range of T'. (More precisely,
for some constant k, Py[g(T) = k] = 1 for all #.) It can be
shown that if a statistic T' is sufficient and complete then T is
also minimal sufficient. However, a minimal sufficient statistic need
not be complete.

EXAMPLE 6.7: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean A and define T = 71" ; X;. T, of
course, is sufficient for \; to see if T is complete, we need to see if
there exists a function g such that Ey[g(T")] = 0 for all A > 0. Since
T has a Poisson distribution with mean n\, we have

exp(—n)(nA)*
x!

Exlg(T)] =) g(x)
=0
and so E)[¢g(T)] = 0 for all X if, and only if,

x

> A
Zg(az)% =0 forall A>0.
7—0 xZ.
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Since 372 o cpAF = 0 for all @ < A < b if, and only if, ¢z = 0 for
all k > 0, it follows that E)[g(T)] = 0 for all A > 0 if, and only if,
g(x)n®/x! = 0 for x = 0,1,---. Hence E)\[g(T)] =0 for all A > 0
implies that Py(g(T) = 0) =1 for all A > 0. <&

EXAMPLE 6.8: Suppose that Xi,---,X, are ii.d. discrete
random variables with frequency function

0 for x = —1
f(x70):{ (1—-0)%0* forz=0,1,2,--

where 0 < 6 < 1. The joint frequency function of X = (X1,---, X},)
can be written as a two-parameter exponential family:

f(x;0) = exp[c1(0)T1(x) + c2(0)T2(x) + 21In(1 — 0)]
where ¢1(0) = In(0) — 21In(1 — ), c2(f) = In(f) and

Tl(:l?) = ZI((L‘Z':—l)
=1

TQ(QZ) = zn:.%'zI(Z'IZO)
i=1

Thus (T1(X),T5(X) is sufficient (in fact, minimal sufficient) for 6.
However, this sufficient statistic is not complete. To see this, note
that

Eg(X;) =—0+> z(1-0)*" =0.
=0

Since

n

SNoXi = Y XX >0)= > I(X; =-1)
i=1 =1 =1
= T2 - Tla

it follows that Ep(T> — T1) = 0 for all . Since Py(T5 = T1) < 1 for
all 0, it follows that the sufficient statistic (77,7%) is not complete.
(This explains what happens in Example 6.5.) &

The following result gives a condition for a sufficient statistic to
be complete in an exponential family.

THEOREM 6.3 Suppose that X = (Xi,---,X,) have joint
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density or joint frequency function that is a k-parameter exponential
family:

k
f(x;0) = exp Z ci(0 —d(@)+ S(x)| forxzeA

Define C = {(c1(0),---,cx(0)) : 0 € ©}. If the set C contains an
open set (rectangle) of the form (ay,b1) X -+ X (ak,bg) then the
statistic (T1(X), -+, Te(X)) is complete as well as sufficient for 0.

The proof of Theorem 6.3 is beyond the scope of this book; a
proof can be found in Lehmann (1991). Essentially this result is a
consequence of the uniqueness of characteristic functions. It says,
roughly speaking, that a k-dimensional sufficient statistic in a k-
parameter exponential family will also be complete provided that
the dimension of the parameter space is k. Note that in Example
6.8, the parameter space is one-dimensional while the model is a
two-parameter exponential family.

EXAMPLE 6.9: Suppose Xi,---, X, are i.i.d. Normal random
variables with mean p and variance 2. The joint density can be
written as a two-parameter exponential family:

f(w;u,U)ZeXp[ Z + 5 sz— [, 0 1
with d(p,0) = nu?/(20%) + nln(o) + nln(27)/2. Clearly range of

the function )
_(_ H*
c(luﬂo-) - ( 20_7 O'2>

for —co < p < oo and o > 0 contains an open rectangle in R? so
the sufficient statistic

n n
i=1 =1

is complete as well as sufficient for (u,o). Moreover, as with

sufficiency, any one-to-one function of a complete statistic will

also be complete; thus, for example, (X, (X; — X)?) is also

complete. <&

The following result gives a simple criterion for the existence of
a UMVU estimator when a complete and sufficient statistic exists.
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THEOREM 6.4 (Lehmann-Scheffé Theorem) Suppose that
T is a sufficient and complete statistic for 8 and that S is a statistic
with Eg(S) = g(0) and Varyg(S) < oo for all 6. If S* = E(S|T') and
V' is any other unbiased estimator of g(6) then

(a) Varg(S*) < Varyg(V)

(b) Varg(S*) = Varg(V') implies that Py(S* =V) = 1.

(Thus S* is the unique UMVU estimator of g(6).)

Proof. Take V' to be an arbitrary statistic with Ep(V) = ¢(#) and
Varg(V) < oo. Define V* = E(V|T) and note that Varg(V*) <
Varg(V) by the Rao-Blackwell Theorem. It suffices to show that
Py(S* = V*) =1 for all §. Since both S* and V* are unbiased
estimators of g(f), we have

0= FEy(S* —V*) = Eg[E(S|T) — E(V|T)] for all 0

or Eg[h(T)] = 0 for all § where h(T') = E(S|T)—-E(V|T) = S*-V"*.
Since T is complete, it follows that Py(S* — V* = 0) = 1 for all 6,
which completes the proof. O

The Lehmann-Scheffé Theorem states that if a complete and
sufficient statistic T exists, then the UMVU estimator of g¢(f)
(if it exists) must be a function of 7'; moreover, if the UMVU
estimator exists then it is unique. The Lehmann-Scheffé Theorem
also simplifies the search for unbiased estimators considerably: if
a complete and sufficient statistic T exists and there exists no
function h such that Eg[h(T")] = g(#) then no unbiased estimator
of g(0) exists.

Taken together, the Rao-Blackwell and Lehmann-Scheffé The-
orems also suggest two approaches to finding UMVU estimators
when a complete and sufficient statistic 1" exists.

e Find a function h such that Eg[h(T)] = g(0). If Varg[h(T')] < oo
for all 6 then h(T') is the unique UMVU estimator of g(6). The
function h can be determined by solving the equation Ey[h(T)] =
g(0) or by making an educated guess.

e Given an unbiased estimator S of g(#), define the “Rao-Blackwel-
lized” estimator S* = E(S|T"). Then S* is the unique UMVU
estimator of g(6).

EXAMPLE 6.10: Suppose that Xi,---, X, are i.i.d. Bernoulli
random variables with parameter 6. By the Neyman Factorization
Criterion, T' = X; + --- + X,, is sufficient for 6 and since the
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distribution of (X1, ---, X)) is a one-parameter exponential family,
T is also complete. Suppose we want to find the UMVU estimator
of 62.

First suppose that n = 2. If a UMVU estimator exists, it must
be of the form A(T') where the function h satisfies

Zh ()9’“ 1—0)*".

It is easy to see that h(O) = h(1l) = 0 while h(2) = 1. Thus
h(T) = T(T — 1)/2 is the unique UMVU estimator of 62 when
n=2.

For n > 2, we set S = I(X; + Xp = 2) and note that this
is an unbiased estimator of §2. By the Lehman-Scheffé Theorem,
S* = E(S|T) is the unique UMVU estimator of §2. We have

E(S|IT=t) = P(X1+Xs=2|T=1)
PQ(X1+X2:2,X3+'-'+Xn:t*2)
Py(T =1t)

Thus S* = T(T — 1)/[n(n — 1)] is the UMVU estimator of §2. <

EXAMPLE 6.11: Suppose that Xi,---,X,, are i.i.d. Normal
random variables with unknown mean and variance, u and o?. It
was shown earlier that the statistic

(T1,Ty) = (ZX“ZX X)

=1 =1

is sufficient and complete for (i, 0). Consider unbiased estimators
of u/o. It is not obvious that an unbiased estimator exists; however,
Ty is independent of Ts with T5 / 02 ~ x2_,, which suggests that

B (1) = B (1) = b

where the constant k, depends only on n and not on p or o. It
follows that E(T)) = np while

“12y . TP(n/2-1)
E (T2 ) = VAT (n 1)/2)0 L (for n > 3)
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and so
nl'(n/2 —1)

kn = .

VAT ((n—1)/2)
Thus k;, Ty /+/T% is an unbiased estimator of /o when n > 3 and
has finite variance when n > 4; since the estimator is a function

of the sufficient and complete statistic, it is the unique UMVU
estimator. &

6.4 The Cramér-Rao lower bound

In the previous section, we saw that UMVU estimators of g(#) could
be found if a complete and sufficient statistic existed. However,
in many problems, the minimal sufficient statistic is not complete
and so we cannot appeal to the Lehmann-Scheffé Theorem to find
UMVU estimators. In this section, we will derive a lower bound for
the variance of an unbiased estimator of g(0); if the variance of some
unbiased estimator achieves this lower bound, then the estimator
will be UMVU.

Suppose that X1, ---, X,, are random variables with joint density
or frequency function depending on a real-valued parameter 6 and
consider unbiased estimators of g() (if they exist). Suppose that
S = S(Xy, -+, Xy) is an unbiased estimator of ¢g(#). Under fairly
weak regularity conditions, we would like to find a function ¢(6)
such that

Varg(S) > ¢(0) (for all )

for any statistic S with Ey(S) = ¢(#). Moreover, we would like to
be able to find unbiased estimators such that the lower bound is
achieved or comes close to being achieved. (For example, 0 is always
a lower bound for Varg(S) but is typically unattainable.)

The Cauchy-Schwarz inequality states that if U and V are
random variables with E(U?) < co and E(V?) < oo then

[Cov(U, V))* < Var(U)Var (V).
Using this result, we obtain the following lower bound for Vary(5),

[Covy(S,U)]?

>
Varg(S) = Varg(U)

which is valid for any random variable U. However, as it stands,
this lower bound is not particularly useful since Covg(S,U) will
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generally depend on S and not merely on 6. Fortunately, it is
possible to find a random variable U such that Covy(S,U) depends
only on g(0) = Ey(S).

We will assume that 6 is real-valued and make the following
assumptions about the joint density or frequency function of X =
(X1, -, Xn):

(1) The set A = {x : f(x;0) > 0} does not depend on 6.
(2) For all € A, f(«;6) is differentiable with respect to .
(3) Eg[Ug(X1,- -+, X)) =0 where

0
5 0 (@:0).

(4) For a statistic T = T(X) with Ey(|T]) < oo (for all §) and
g(0) = Ey(T) differentiable,

g'(0) = Eg[TUp(X)]

Up(x) =

for all 6.

At first glance, assumptions (3) and (4) may not appear to make
sense. However, suppose that f(x;#) is a density function. Then for
some statistic S,

%%w):(w/ /S

provided that the derivative may be taken inside the integral sign.
Setting S = 1 and S = T, it is easy to see that assumptions (3)
and (4) hold.

THEOREM 6.5 (Cramér-Rao lower bound)

Suppose that X = (Xi,---,X,) has a joint density (frequency)
function f(x;0) satisfying assumptions (1), (2), and (3). If the
statistic T' satisfies assumption (4) then

Var(T) > 19O

where 1(0) = Eg(UZ).
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Proof. By the Cauchy-Schwarz inequality,
Cova(T, Uy)

Varg(T) > Vary (Up)
Since Ey(Uy) = 0, it follows that Varg(Up) = I(6). Also
Covy(T,Up) = Eo(TUy) — Ep(T)Ep(Usy)
= Ey(TUy)
= CE(T) =0,

which completes the proof. [
When is the Cramér-Rao lower bound attained? If

lg'(0))?

Varg(T) = 1(9)

then
Cova(T, Uy)

Varg(Up)

which occurs if, and only if, Uy is a linear function of T’; that is,
with probability 1

Varg(T) =

Up = A(O)T + B(0)

or

0
a0
for all & € A. Hence

In f(;0) = A*(0)T () + B*(9) + S()

In f(x;0) = AO)T(z) + B(0)

and so Vary(T') attains the Cramér-Rao lower bound if, and only
if, the density or frequency function of (Xi,---,X,,) has the one-
parameter exponential family form given above. In particular, the
estimator T' must be a sufficient statistic.

If Xq,---,X, are ii.d. random variables with common density
f(x;0) then

)
x) :;%Inf(zi;a)
and so 5
I(6) = Varg(UZ) = nVarg (% In f(Xy; )> .
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An alternative method for computing /() can frequently be used.
If E9(T) can be differentiated twice with respect to 6 under the
integral or sum signs then

1(0) = Eg[Hy(X)]

where 9
Hy(x) =
9( ) 892
A similar result was proved in Chapter 5 in the case of finding the
asymptotic variance of the MLE. This alternative method works in
many models including one-parameter exponential families.

In f(x;0)

EXAMPLE 6.12: Suppose that Xi,---,X,, are ii.d. Poisson
random variables with mean A. A simple calculation yields

:;ajlnf(fﬂi;)\):—n‘i‘xgxi

and so
I(\) = Vary\(Uy) = 12 - ZVar)\

Also note that
no 92

0 R
= a)\z lnf xZ? - p;xl

1
and so Ey(Hy) =n/\=I(A).
The Cramér-Rao lower bound for unbiased estimators of A is
simply A/n and this lower bound is attained by the estimator
T = X. In fact, the lower bound can only be attained by estimators
of the form a7 + b for constants a and b.
Now consider unbiased estimators of A\?; the Cramér-Rao lower
bound in this case is
(20)2 43

IN) o
From above, we know that no unbiased estimator attains this lower
bound. However, we would like to see how close different estimators
come to attaining the lower bound. Using the fact that

E\[Xi(X; —1)] = A2,

it follows that

n

1
Ty=—> Xi(X;—1)
s
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is an unbiased estimator of A?; a tedious calculation yields

4NP2N?
Var)\(Tl) = 7 + T

Since X is sufficient and complete for A, the UMVU estimator of

M\ is Ty = BE(T1|X) with
403 2)?

Vary(1z) = — + —-.

arA( 2) o + )

Finally consider the biased estimator T3 = (X)?, which is the MLE

of A2. Since nX has a Poisson distribution with mean n\, another
tedious calculation yields

A
E\(T3) = )\2+E
403 5X%2 A
and Vary(13) = —+—5 + .
n n n

The difference between the UMVE estimator and the MLE of )\2
becomes negligible for large n. &

EXAMPLE 6.13: Suppose that Xi,---, X, are i.i.d. Logistic
random variables with density function

) = o0

[1+exp(z —0)]*

It is easy to verify that I() = n/3 and so if 8 is an unbiased
estimator of 6 based on Xq,---, X, we have

-~

3
> —.
Vary(0) > -

Since the model is not a one-parameter exponential family, no
unbiased estimator attains the lower bound. For example, X is an
unbiased estimator of § with Varg(X) = 72/(3n) ~ 3.29/n. The
sample median is also unbiased; asymptotic theory predicts that its
variance is approximately 4/n. It follows from standard asymptotic
theory for MLEs that \/n(6, — 6) —4 N(0,3) for the MLE, which

~

suggests that for large n, Vary(6,,) ~ 3/n. &

6.5 Asymptotic efficiency

Suppose that Xi,---, X, are i.i.d. random variables with density
or frequency function f(z;6) where 0 is a real-valued parameter. In
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Chapter 4, we showed that, subject to some regularity conditions,
if 6,, is the MLE of 6 then

Va(ln — 0) —a N(0,1/1(0))
where 9

I(0) = Vary {% In f(Xl;G)} .
This result suggests that for sufficiently large n,

1
nl(6)

On the other hand if T is any statistic (based on X7, ---, X,,) with
Ey(T) = 0) then

Eg(0,) ~ 0 and Vary(f,) ~

1
T) > ——.
Val"g( ) = ’I’LI(@)
Juxtaposing the Cramér-Rao lower bound with the asymptotic
theory for MLEs (as developed in Chapter 5) raises the following

question: If 6,, is a sequence of estimators with
Vi — 0) =4 N(0,0%(0))

then is 02() > 1/I(6) for all §? The answer to the question is a
qualified “yes” although we will show it is possible to find estimators
for which o2(0) < 1/1(8) for some 6.

What qualifications must be made in order to conclude that the
asymptotic variance o2(f) > 1/I(0)? It will follow from results
given below that if 02(6) is a continuous function of § then o2(6) >
1/I(6). The following example shows that o2(0) < 1/I(6) for some
6 if o2(0) is not continuous.

EXAMPLE 6.14: Suppose Xi,Xo,:--,X, are ii.d. Normal
random variables with mean 6 and variance 1; for this model,
I(0) =1 for all #. Consider the estimator

i X if | X,| >n~1/4
T aX, if |X,| < a4

where a is a constant with |a| < 1. We will show that \/n(6, —0) —q¢
N(0,0%(6)) where

o

s (1 040
(m_{a2ﬁ0:0’
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thus, 02(0) < 1/1(0). To prove this, note that /n(X, —0) =4 Z
where Z ~ N(0,1). It follows then that
Vb, —0) = Vn(X, —0)I(|X,| =0V
+Vn(aX, —0)I(|X,| <n /%
= Vn(X, —0)I(/n|X,—0+0]>n'?
+vn(aX, —0)I(vn| X, — 0+ 0] < n'/h)
=4 ZI(|Z + V/nb| > nt/*)
+[aZ + nb(a — D)I(|Z + /nb| < n'/4).

Now note that Z + y/nf ~ N(y/nf,1) and so

0 ifd=0

112 + i) 2 n') _“’{ 1 ifg 0.

Thus we have

1/4 Z if0+#0
ZI(|Z ++/nb| > n )_>p{0 00
and also
_ 1/4 0 ife#£0
aZ +v/nb(a — D)I(|Z + /nb| <n'/?) —, { Wl it 0.
Thus :
~ Z if8#0
Vi(th —0) Hd{ aZ if6=0.
This example was first given by J.L. Hodges in 1952. O
Asymptotically Normal estimators whose limiting variance o2(6)
satisfies ) 1
0 -
7O Tiay)

for some 6y are often called superefficient estimators. Bahadur
(1964) showed that (subject to some weak regularity conditions)
the set of @ for which o2() < 1/I(f) is at most countable. We can
also define the notion of “regularity” of a sequence of estimators,
an idea dating back to Héjek (1970). We say that a sequence of
estimators {f,} is regular at 6 if, for 6, = 6 + ¢/ \/n,

Tim Py, (VB — 0n) < ) = Go(a)

where the limiting distribution function Gy(x) can depend on 6
but not c. It is possible to verify that the sequence of estimators
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{@n} given in Example 6.14 is not regular at § = 0. Virtually all
“standard” estimators such as maximum likelihood and substitu-
tion principle estimators are regular.

EXAMPLE 6.15: Suppose that X1, Xs,---, X, are i.i.d. Normal
random variables with mean # and variance 1; define 0, = X,. If
0, = 0 4 ¢/+/n is the true parameter value then 6,, has a Normal
distribution with mean 6,, and variance 1/n; hence /n(6,, — 6,,) has

a standard Normal distribution for all n and so {f,} is regular (at
any 0). &

EXAMPLE 6.16: Suppose that X, Xo, -+, X, are i.i.d. Expo-
nential random variables with parameter A and define A,, =1/ X,,.
If A, = A+ ¢/y/n, it is possible to show (using, for example, the
Lyapunov Central Limit Theorem) that

Py, (Va(Xn = A1) < 2) = o(Aa)

where ®(+) is the standard Normal distribution function. Then using
a “Delta Method”-type argument, we get

Py, (Vi = An) < 7) — &(x/)
and so {\,} is a regular sequence of estimators. &

The following theorem gives a representation for regular estima-
tors based on i.i.d. random variables in the case where the log-
likelihood function can be approximated by a quadratic function in
a neighbourhood of the true parameter 6.

THEOREM 6.6 Let Xy, X, -+, Xy, be i.i.d. random variables
with density or frequency function f(x;0) and suppose that {6,}
1 a sequence of estimators that is reqular at 0. If

" 1

>[I f(Xi 0+ ¢/ V) = In f(Xi:6)] = ¢Su(6) = 5P I(6) + Ru(c, )

i=1

where Sy (0) —4 N(0,1(0)) and Ry (c,0) — 0 for all ¢ then
Vi = 0) —a 21 + Z»

where Z1 ~ N(0,1/1(6)) and Zy is independent of Z;.

In most cases, v/n(f, — 0) —q N(0,0%(6)) so that the random
variable Z5 in Theorem 6.6 has a Normal distribution with mean
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0 and variance o2(0) — 1/1(6). If 0?(§) = 1/I(6) then the sequence
{gn} is said to be asymptotically efficient. Theorem 6.6 can also
be extended to handle an estimator of a vector parameter 6 in
which case Z; becomes a multivariate Normal random vector with
variance-covariance matrix [1(0)]!.

It is important to note that, under the conditions of Theorem
6.6, the sequence of MLEs {6,} typically satisfies v/n(6, — 0) —4
N(0,1/1(0)), which establishes the MLE as the most efficient of all
regular estimators. However, it is also important to recognize that
there may be other regular estimators that, while not MLEs, have
the same asymptotic variance as the MLE and, at the same time,
have superior finite sample properties.

The proof of Theorem 6.6 is quite technical and will not be given
here. We will however sketch a proof of the result under somewhat
stronger assumptions. In particular, we will assume that

o [exp (tl\/ﬁ(gn —0) + tzsn(e))} — m(t1, t2)
and that as n — oo
By, [exp((tl\/ﬁ(é}L - en))] — m(t1,0)

(where 0, = 0 + ¢/\/n) for |t1| < b, |t2] < b where b > 0. We need
to show that m(¢1,0) is the product of two moment generating
functions, one of which is the moment generating function of a
N(0,1/1(0)) random variable. First of all, for 6, = 6 + ¢/\/n, we
have that

Ey, [GXP (tlx/ﬁ(gn - 9))}

= exp(—t10)Ey, [exp (t1v/n (0 — )]
— exp(—tic)m(t1,0).
On the other hand, if we set

Wa(0,¢) = 3 [In £(X550+ ¢/v/) — In f(X;:6)]
=1

1

we also have
By, [exp (10, 6))]
= FEy [exp (tl\/ﬁ(gn —0) + Wy(0, C))]

— m(t, ¢) exp <—%c21(9)> ,
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which follows by substituting the approximately quadratic function
(in ¢) for W, (6, c). Equating the two limits above, it follows that

m(t1,0) = m(t1,c)exp (—tlc — %CZI(H))

and setting ¢ = —t1/1(0), we get

2
m(ty,0) = m(tr, —t1/1(6)) exp <2;(1 0)> .

It is easy to verify that m(t;,—t1/I(0)) is a moment generating
function and exp (t3/(21(0))) is the moment generating function of
a N(0,1/1(0)) random variable.

It should be noted that the rigorous proof of Theorem 6.6 is
very similar to that given above except that characteristic functions
are used and a few other technical difficulties must be addressed.
Theorem 6.6 also holds in the multi-parameter case where Z; and
Zy are random vectors and () is a matrix.

Verifying the regularity of a sequence of estimators is generally a
tedious process. The assumption of regularity in Theorem 6.6 can
be replaced by a more natural condition (Tierney, 1987), namely
that

lim Py (v(l, —0) < z) = Gy(x)

n—oo

where the limiting distribution function Gy(z) is “continuous” in 6
in the sense that

| @) dGata)

is a continuous function of # for all bounded, continuous functions
h(z). For example, if Gy(z) is the N (0, 02(#)) distribution function
and 02(f) is a continuous function of @ then this condition is
satisfied. Sequences of estimators satisfying this “continuous limit”
condition are typically regular and vice versa although exceptions
in both directions can be found.

It is important to view Theorem 6.6 in its proper context, that
is, as an asymptotic optimality result for MLEs within a partic-
ular class of estimators, namely regular estimators. In particular,
it is somewhat tempting to dismiss non-regular estimators as con-
trivances that would never be used in practice. While this is prob-
ably true of the estimator in Example 6.14, there are estimators
used in practice (particularly in multi-parameter problems) that
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are similar in spirit to the Hodges estimator of Example 6.14; for
example, in regression models, it is quite common to set certain
parameter estimators to O if some preliminary estimator of that
parameter falls below a specified threshold.

6.6 Problems and complements

6.1: Suppose that X = (Xi,---,X,) have joint density or fre-
quency function f(a;6) where 0 is a real-valued parameter with
a proper prior density function 7(6). For squared error loss, de-
fine the Bayes risk of an estimator § = S(X):

Ry(0,0) = /@E(,[(é— 6)2]x(6) db.

The Bayes estimator of minimizes the Bayes risk.

(a) Show that the Bayes estimator is the mean of the posterior
distribution of 6.

(b) Suppose that the Bayes estimator in (a) is also an unbiased
estimator. Show that the Bayes risk of this estimator must
be 0. (This result implies that Bayes estimators and unbiased
estimators agree only in pathological examples.)

6.2: Suppose that X ~ Bin(n,#) where 6 has a Beta prior:

I'a+p)

a—1/1 _ p\B—1
Moy’ 70

for 0 <0 < 1.

(a) Show that the Bayes estimator of § under squared error loss
is (X +a)/(a+ 5 +n).

(b) Find the mean square error of the Bayes estimator in

(a). Compare the mean square error to that of the unbiased
estimator X/n.

6.3: Suppose that Xq,---, X, are i.i.d. Poisson random variables
with mean 6 where 0 has a Gamma (« , 3 ) prior distribution.
(a) Show that

a+3i X
B+n

is the Bayes estimator of 6 under squared error loss.

0 =

(b) Use the result of (a) to show that any estimator of the form
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aX +bfor 0 <a<1andb>0 is an admissible estimator of §
under squared error loss.

6.4: Suppose that Xq,---, X, are i.i.d. Normal random variables
with mean 6 and variance 1 where 6 has the improper prior
density 7(6) = exp(f) for —oco < 6 < 0.

(a) Find the posterior density of  given X, -, X,,.
(b) Find the posterior mean of 6. Is this estimator admissible
under squared error loss?

6.5: Given a loss function L, we want to find a minimax estimator
of a parameter 6.

(a) Suppose that 0 is a Bayes estimator of 6 for some prior
distribution 7 () with

-~ -~

Rp(0) = sup Ry(0).
0cO
Show that 0 is a minimax estimator. (The prior distribution 7
is called a least favourable distribution.)
(b) Let {m,(0)} be a sequence of prior density functions on ©
and suppose that {6, } are the corresponding Bayes estimators.
If 6y is an estimator with

sup Ry (90 = lim / R9 de,
0€® n—
show that 50 is a minimax estimator.

(¢) Suppose that X ~ Bin(n,#). Assuming squared error loss,
find a minimax estimator of #. (Hint: Use a Beta prior as in
Problem 6.2.)

6.6: The Rao-Blackwell Theorem can be extended to convex loss
functions. Let L(a,b) be a loss function that is convex in a for
each fixed b. Let S = S(X) be some estimator and suppose
that T'= T'(X) is sufficient for §. Show that

E[L(E(SIT), 0)] < Ep[L(S,0)].
(Hint: Write Ey[L(S,0)] = Eg[E[L(S,0)|T]]. Then apply Jen-

sen’s inequality to the conditional expected value.)

6.7: Suppose that X = (X, -+, X,,) are random variables with
joint density or frequency function f(x;6) and suppose that
T = T(X) is sufficient for 6.
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(a) Suppose that there exists no function ¢(t) such that ¢(7) is
an unbiased estimator of g(#). Show that no unbiased estimator
of g(f) (based on X)) exists.

6.8: Suppose that X has a Binomial distribution with parameters
n and 6 where 6 is unknown. Consider unbiased estimators of
9(0) = 6*(1 - 0)*.

(a) Show that no unbiased estimator of g(#) exists if n < 3.
(b) Find the UMVU estimator of ¢g(f) when n > 4. (Hint:
Consider the case n = 4 first.)

6.9: Suppose that X = (X1, ---,X,) have a joint distribution
depending on a parameter § where T' = T'(X) is sufficient for 6.
(a) Prove Basu’s Theorem: If S = S(X) is an ancillary statistic
and the sufficient statistic 7' is complete then T and S are
independent. (Hint: It suffices to show that P(S € A|T) =
P(S € A) for any set A; note that neither P(S € A|T) nor
P(S € A) depends on 6. Use the completeness of T' to argue
that P(S € A|T)=P(S € A).)

(b) Suppose that X and Y are independent Exponential
random variables with parameter A\. Use Basu’s Theorem to
show that X +Y and X/(X +Y') are independent.

(¢) Suppose that X1, ---, X, are i.i.d. Normal random variables
with mean p and variance o2. Let T = T(X1,---,X,) be a
statistic such that

TX)+a,Xeo+a, -, Xp+a)=T(X1,--,Xp) +a
and E(T) = p. Show that
Var(T) = Var(X) + E[(T — X)?).

(Hint: Show that T — X is ancillary for g with o known.)

6.10: Suppose that Xi,---, X, are i.i.d. Normal random variables
with mean z and variance o2, both unknown. We want to find
the UMVU estimator of

i) =@ () = Pua(Xi £ )

o

for some specified c.
(a) State why (X,>" ,(X; — X)?) is sufficient and complete
for (u,0).
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(b) Show that X; — X is independent of X for any 4. (Hint:
It suffices to show (why?) that the covariance between the two
r.v.’s is 0; alternatively, we could use Basu’s Theorem.)
(c) Using the preliminary estimator S = I(X; < ¢), find the
UMVU estimator of g.(u, o) by “Rao-Blackwellizing” S.

6.11: Suppose that Xq,---, X, are i.i.d. Poisson random variables
with mean A.

(a) Use the fact that

o

chmk:O foralla<x <b

k=0
if, and only if, co =1 =co = --- =0 toshow that T' ="' | X;
is complete for A.

(b) Find the unique UMVU estimator of A\?. (Hint: Find ¢(0),
g(1), g(2),--- to solve

$° iy SRV

k=0

by multiplying both sides by exp(n\) and matching the coeffi-
cients of \*.)

(c) Find the unique UMVU estimator of A" for any integer
r> 2.

6.12: Suppose that Xi,---,X, are ii.d. Exponential random
variables with parameter . Define g(\) = Py(X; > t) for some
specified ¢ > 0.

(a) Show that T'= X + .-+ + X, is independent of X;/T.

(b) Find the UMVU estimator of g(A). (Hint: “Rao-Blackwel-
lize” the unbiased estimator S = I(X; > t) using the result of
part (a).)

6.13: Suppose that X = (X1,---, X,,) has a joint distribution that
depends on an unknown parameter 6 and define

U={U:EyU)=0,EyU? < o}

to be the space of all statistics U = U(X) that are unbiased
estimators of 0 with finite variance.

(a) Suppose that 7' = T'(X) is an unbiased estimator of g(f)
with Varg(7T) < oo. Show that any unbiased estimator S of g(f)
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with Varg(S) < oo can be written as
S=T+U

for some U € U.

(b) Let T be an unbiased estimator of g(#) with Vary(T') < co.
Suppose that Covy(T,U) = 0 for all U € U (and all #). Show
that T is a UMVU estimator of g(6). (Hint: Use the result of
part (a).)
(c) Suppose that 7" is a UMVU estimator of g(#). Show that
Covg(T,U) = 0 for all U € U. (Hint: Let Sy = T + AU for
some U € U and find the minimum value of Vary(S)) for
—00 < A < 00.)

6.14: Suppose that Xi,---, X, are i.i.d. Normal random variables
with mean 6 > 0 and variance #2. A (minimal) sufficient
statistic for 6 is

n n
T = (ZXZ-,ZXZ?) :
i=1 =1
Show that T is not complete.

6.15: Suppose that Xi,---, X, are i.i.d. Normal random variables
with mean @ and variance #? where 6 > 0. Define

i (Xi — Xp)® — X3
33 (X — Xn)?

0, = X, <1+

where X, is the sample mean of X1, ---, X,.

(a) Show that 6, —p 6 as n — oo.

(b) Find the asymptotic distribution of /7 (6, — ). Is 6,
asymptotically efficient?

(c) Find the Cramér-Rao lower bound for unbiased estimators
of 6. (Assume all regularity conditions are satisfied.)
(d) Does there exist an unbiased estimator of # that achieves
the lower bound in (a)? Why or why not?
6.16: Suppose that X, .-, X, are independent random variables
where the density function of X; is
fi(z; B) = % exp(—z/(Bt;)) forxz >0

where t1,---,t, are known constants. (Note that each X; has
an Exponential distribution.)
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(a) Show that

is an unbiased estimator of .

(b) Compute the Cramér-Rao lower bound for the variance of
unbiased estimators of 3. Does the estimator in (a) achieve this
lower bound? (Hint: Write the joint density as a one-parameter
exponential family.)

6.17: Suppose that Xi,---, X, are i.i.d. random variables with
frequency function

0 for x = -1
f($76)_{(1_0)20x forz=0,1,2,---
where 0 < 0 < 1.

(a) Find the Cramér-Rao lower bound for unbiased estimators
of 6 based on Xy, -+, X,,.

(b) Show that the maximum likelihood estimator of § based on
X1, X, is
2 X =)+ 500 X

0n

and show that {f,,} is consistent for 6.

(¢) Show that \/n(6,, — 0) —4 N(0,0%(0)) and find the value of
o2(). Compare o2(f) to the Cramér-Rao lower bound found
in part (a).

6.18: Suppose that X = (Xi,---,X,) are random variables with
joint density or frequency function f(ax;6) where 6 is a one-
dimensional parameter. Let 7" = T'(X) be some statistic with
Vary(T') < oo for all 8 and suppose that
(i) A={z: f(=x;60) > 0} does not depend on 0

(it) Eo(T) = 9(0)
Show that )
l9(0 +A) — g(0)]
Varg(¢(X; 6)
(provided that 6 + A lies in the parameter space) where

f(x;0 +A) — f(x;0)
f(x;0) '

Vary(T) >

Y(x;0) =
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(This lower bound for Varg(7') is called the Chapman-Robbins
lower bound.)

6.19: Suppose that X1, .-, X, be i.i.d. Bernoulli random variables
with parameter 6.
(a) Indicate why S = X1 +-- -+ X, is a sufficient and complete
statistic for 6.
(b) Find the UMVU estimator of #(1 — #). (Hint: I(X; =
0, X2 = 1) is an unbiased estimator of 6(1 — 6).)

6.20: Suppose that Xi,---, X, are i.i.d. Normal random variables
with mean p and variance 1. Given A\, > 0, define f, to
minimize N

gn(t) = Z(Xl - t)2 + An’t’

i=1
(a) Show that
- _ {0 B if [ X, < An/(2n)
" Xn = Aesgn(X,)/(2n) i | X5 > An/(2n).

(b) Suppose that A\,/v/n — X9 > 0. Find the limiting
distribution of /n(f, — pu) for p = 0 and u # 0. Is {fi,} a
sequence of regular estimators in either the Héjek or Tierney
sense?

6.21: Suppose that Xi,---, X, are i.i.d. random variables with
density or frequency function f(x;6) satisfying the conditions
of Theorem 6.6. Let @L be the MLE of 6§ and §n be another
(regular) estimator of § such that

0, — 0

\/ﬁ< o’ ) —a N2(0,C(0))

Show that C'(#) must have the form

() 1)
o~ o )

(Hint: Consider estimators of the form tf, + (1 — t)f,; by
Theorem 6.6, the minimum asymptotic variance must occur
at t = 1.)
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CHAPTER 7

Interval Estimation and Hypothesis
Testing

7.1 Confidence intervals and regions

Suppose X7, ---, X, are random variables with some joint distribu-
tion depending on a parameter 6 that may be real- or vector-valued.
To this point, we have dealt exclusively with the problem of finding
point estimators of 6.

The obvious problem with point estimation is the fact that
typically Py(6 = ) is small (if not 0) for a given point estimator
9. Of course, in practice, we usually attach to any point estimator
an estimator of its variability (for example, its standard error);
however, this raises the question of exactly how to interpret such
an estimate of variability.

An alternative approach to estimation is interval estimation.
Rather than estimating 6 by a single statistic, we instead give a
range of values for 0 that we feel are consistent with observed values
of Xq,---, X, in the sense, that these parameter values could have
produced (with some degree of plausibility) the observed data.

We will start by considering interval estimation for a single (that
is, real-valued) parameter.

DEFINITION. Let X = (Xy,- -+, X,,) be random variables with
joint distribution depending on a real-valued parameter 6 and
let L(X) < U(X) be two statistics. Then the (random) interval
[L(X),U(X)] is called a 100p% confidence interval for 6 if

BL(X)<0<UX)] >p

for all # with equality for at least one value of 6.

The number p is called the coverage probability (or simply
coverage) or confidence level of the confidence interval. In many
cases, we will be able to find an interval [L(X),U(X)] with

PyIL(X) <0 < U(X)] = p
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for all 8. We can also define upper and lower confidence bounds for
0. For example, suppose that

Byl > LX) =p

for some statistic L(X) and for all 6; then L(X) is called a 100p%
lower confidence bound for 6. Likewise, if

B0 <UX)] =p

for some statistic U(X) and all § then U(X) is called a 100p%
upper confidence bound for 6. It is easy to see that if L(X)
is a 100p1% lower confidence bound and U(X) a 100p2% upper
confidence bound for 6 then the interval

[L(X), U(X)]

is a 100p% confidence interval for § where p = p; +ps — 1 (provided
that L(X) < U(X)).

The interpretation of confidence intervals is frequently misunder-
stood. Much of the confusion stems from the fact that confidence in-
tervals are defined in terms of the distribution of X = (X1,---, X})
but, in practice, are stated in terms of the observed values of these
random variables leaving the impression that a probability state-
ment is being made about 0 rather than about the random interval.
However, given data X = x, the interval [L(x),U(x)] will either
contain the true value of # or not contain the true value of 6; under
repeated sampling, 100p% of these intervals will contain the true
value of 8. This distinction is important but poorly understood by
many non-statisticians.

In many problems, it is difficult or impossible to find an exact
confidence interval; this is particularly true if a model is not
completely specified. However, it may be possible to find an interval

[L(X),U(X)] for which
P [L(X) <0 <UX)] = p,

in which case the resulting interval is called an approximate 100p%
confidence interval for 6.

EXAMPLE 7.1: Suppose that Xj,---, X, are iid. Normal
random variables with mean p and variance 1. Then /n(X — p) ~
N(0,1) and so

P, [-1.96 < v/n(X — p) < 1.96] = 0.95.
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The event [-1.96 < /n(X — p) < 1.96] is clearly the same as the
event [X —1.96/v/n < u < X 4+ 1.96/+/n] and so we have

- 1L - 1L
P, X—%SMSX‘F% = 0.95.
Thus the interval whose endpoints are X + 1.96/\/n is a 95%
confidence interval for p.
Note in this example, if we assume only that Xy, ---, X, are i.i.d.
with mean p and variance 1 (not necessarily normally distributed),
we have (by the CLT),

P, [-1.96 < /n(X — p) < 1.96] ~ 0.95

if n is sufficiently large. Using the same argument used above, it
follows that the interval whose endpoints are X + 1.96/y/n is an
approximate 95% confidence interval for p. &

Pivotal method

Example 7.1 illustrates a simple but useful approach to finding
confidence intervals; this approach is called the pivotal method.
Suppose X = (Xq,--+, X,,) have a joint distribution depending on
a real-valued parameter 6 and let g(X;6) be a random variable
whose distribution does not depend on #; that is, the distribution
function Pylg(X;0) < z] = G(z) is independent of . Thus we can
find constants a and b such that

p = Pyla < g(X;0) <b]

for all 6. The event [a < g¢g(X;0) < b] can (hopefully) be
manipulated to yield

p=FL(X) <0 <U(X)]

and so the interval [L(X),U(X)] is a 100p% confidence interval for
. The random variable g(X;#0) is called a pivot for the parameter
6.

EXAMPLE 7.2: Suppose that Xi,---,X, are ii.d. Uniform
random variables on [0,60]. The MLE of 6 is X(,), the sample
maximum, and the distribution function of X,/ is

G(x)=2" for0<z<1.

Thus X(,,)/0 is a pivot for 6. To find a 100p% confidence interval
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for 6, we need to find a and b such that
X(n)

There are obviously infinitely many choices for a and b; however, it
can be shown that setting b = 1 and a = (1 — p)/™ results in the
shortest possible confidence interval using the pivot X(,)/0, namely

(X (n)> X(ny/ (1 = p)M/"]. %

EXAMPLE 7.3: Suppose that X1,---, X1 are i.i.d. Exponential
random variables with parameter A. Then the random variable
A0 X; is a pivot for A having a Gamma distribution with shape
parameter 10 and scale parameter 1. (Alternatively, we can use
2X 3%, X;, which has a x2 distribution with 20 degrees of freedom,
as our pivot.) To find a 90% confidence interval for A, we need to
find a and b such that

10
a<A) X; < b] = 0.90.
=1

Py

Again there are infinitely many choices for a and b; one approach
is to choose a and b so that

10

Py [)\ZXi<a = 0.05 and
=1
10

P, [)\ZXi>b = 0.05;
=1

this yields a = 5.425 and b = 15.705. We thus get

IL(X),U(X)] = [ 5.425 15.7051

S X X

as a 90% confidence interval for X. As one might expect, this
confidence interval is not the shortest possible based on the pivot
used here; in fact, by using a = 4.893 and b = 14.938 we obtain
the shortest possible 90% confidence interval based on the pivot
AY0 X o

It is easy to extend the pivotal method to allow us to find
confidence intervals for a single real-valued parameter when there
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are other unknown parameters. Suppose that 8 = (01,---,0,) and
consider finding a confidence interval for ;. Let g(X;0;) be a
random variable that depends on 6; but not on 6y,---,0, and
suppose that
Pylg(X;01) < 2] = G(x)

where G(x) is independent of 6; the random variable ¢(X;0;) is
then a pivot for #; and can be used to obtain a confidence interval
for A1 in exactly the same way as before.

EXAMPLE 7.4: Suppose that Xi,---,X, are ii.d. Normal
random variables with unknown mean and variance p and o2,
respectively. To find a confidence interval for u, define

2 1 ¢

5% = > (X - X)?

n—lZ +

and note that the random variable
V(X — p)
S

has Student’s ¢ distribution with n — 1 degrees of freedom; this
distribution is independent of both x and o2 and hence

V(X —p)/S
is a pivot for w.
To find confidence intervals for o2, note that

(n—1)8% 1
T2 g2«

(Xi = X)? ~x*(n—1)

M:

o 1

.
Il

and is therefore a pivot for o2. <&

In many problems, it is difficult to find exact pivots or to
determine the distribution of an exact pivot if it does exist.
However, in these cases, it is often possible to find an approximate
pivot, that is, a random variable g(X;0) for which

Py[g(X:6) < 1] ~ G(x)

where G(z) is independent of 6; almost inevitably approximate
pivots are justified via asymptotic arguments and so we assume
that n is large enough to justify the approximation. In such cases,
the approximate pivot can be used to find approximate confidence
intervals for 6. The classic example of this occurs when we have a
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point estimator 0 whose distribution is approximately Normal with
mean 6 and variance o2(#); in this case, we have

~

o) ~ N(0,1)
and so (§ — 0)/o(0) is an approximate pivot for 6. (Note that o(0)
is essentially the standard error of 8.) If o(#) depends on 6, it
may be desirable to substitute 6 for 6 and use (6 — 0)/5(8) as
the approximate pivot. This approximate pivot is particularly easy
to use; if z, satisfies ®(z),) — ®(—2,) = p then

_b-¢
-z —
")
which yields an approximate 100p% confidence interval whose
endpoints are 6 £ z,0(6).

Py

Szp ~Dp,

EXAMPLE 7.5: Suppose that Xq,---,X,, are i.i.d. Exponential
random variables with unknown parameter A. The MLE of A is
A =1/X and, if n is sufficiently large, /n(\ — \) is approximately
Normal with mean 0 and variance A\? (from asymptotic theory for
MLESs). Thus the random variable

Va(h = \)
A

is an approximate pivot for A and has a standard Normal distri-
bution. To find an approximate 95% confidence interval for A\, we
note that

~

A—A
P [—1.96 < % < 1.961 ~ 0.95

and so the interval
(1 +1.96/vn) "1 A1 = 1.96/v/n) |

is an_approximate 95% confidence interval for \. We can also use
N4 ()\ )/ X as an approximate pivot; using the same argument
as before, we obtain an approximate 95% confidence interval whose
endpoints are A+ 1.96\/y/n. The two confidence intervals are quite
similar when n is large since

(1-1.96/v/n)™" = 1+1.96/v/n+ (1.96)%/n + -
and (141.96/vn)™" = 1-1.96/vn+ (1.96)*/n+--;
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a more careful analysis is needed in order to determine which
interval gives a coverage closer to 95%. &

EXAMPLE 7.6: Suppose that X has a Binomial distribution
with parameters n and ¢ where 6 is unknown. The MLE of 6 is
6 = X/n and if n is sufficiently large, v/n(d — 6)/[0(1 — 6)]'/2
has approximately a standard Normal distribution and is an
approximate pivot for #. To find an approximate 95% confidence
interval for @, note that

n@—0 n(d — 6)?
Py |—1.96 < [9{1(_70)]122 < 1.96] - P [ﬁ

~ 0.95.

< 1.9621

Thus an approximate 95% confidence interval for 6 will consist of
all values of t for which

g(t) =n( —1)> = 1.96%(1 — t) < 0.

Note that g(t) is a quadratic function and will have zeros at

§+19@/Qn)1196(&1—é)+19@/ﬂn%)u2
b= 1+ 1.962/n

and so the region between these two zeros becomes the approximate
95% confidence interval for 6. Figure 7.1 shows the function g¢(t)
and the confidence interval for # when n = 20 and X = 13.
Alternatively, we can use

o)
6(1— )12

as an approximate pivot, which leads to an approximate 95%
confidence interval whose endpoints are 6 + 1.96[0(1 — 6)/n]"/2,
It is easy to see that the difference between these two confidence
intervals will be small when n is large. (We can also refine
the confidence intervals in this example by using the continuity
correction for the Normal approximation discussed in Chapter 3;
the result of this is that we replace § by 6+1/(2n) in the expressions
for the upper limits and replace ) by 01 /(2n) in the expressions
for the lower limits.) &
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Figure 7.1 The function g(t) in Ezample 7.6; the approximate 95% confidence
interval for 6 consists of the values of t for which g(t) < 0.

It is possible to use variance stabilizing transformations (see
Chapter 3) to obtain approximate pivots. For example, let 0 be
an estimator of § and suppose that the distribution of \/n(6 — 6)
is approximately Normal with mean 0 and variance o2(6). By the
Delta Method, if g is a monotone function then the distribution of
vn(g(0)—g(0)) is approximately normal with mean 0 and variance
[¢'(0)]202(); we choose the variance stabilizing transformation g
so that [¢/(A)]202(0) = 1. Now using /n(g(f) — g(9)) as the
approximate pivot, we obtain an approximate 100p% confidence
interval for g(6) with endpoints ¢(#) £ z,/+/n. Since we can take g
to be strictly increasing, our approximate 100p% confidence interval
for 4 is the interval

97 (900) = 2/v/n) s 97" (9(0) + 2/ v/n) | -

It should be noted that it is not necessary to take g to be a variance
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stabilizing transformation. In general, it is possible to use

~ ~

Vilg(B) —9(6))  vn(g(d) — g(9))
g (0)0(6) g'(0)o(0)

as approximate pivots for 6. If the parameter space © is not the
entire real-line then it is sometimes useful to take g to be a function
mapping © onto the real-line.

EXAMPLE 7.7: Suppose that Xi,---, X, are i.i.d. Exponential
random variables with parameter \. For the MLE A = 1/X, we
have /n(X — ) approximately Normal with mean 0 and variance
A2. Tt is easy to verify that a variance stabilizing transformation
is g(t) = In(¢); we get an approximate 95% confidence interval for

In(\) with endpoints In(A) £ 1.96/y/n and so an approximate 95%
confidence interval for \ is

[X exp(—1.96//n), Xexp(1.96/\/ﬁ)} .

Note that the function g(¢) = In(¢) maps the parameter space (the
positive real-numbers) onto the real-line; thus both endpoints of
this confidence interval always lie in the parameter space (unlike
the confidence intervals given in Example 7.5). &

Confidence regions

Up to this point, we have considered interval estimation only for
real-valued parameters. However, it is often necessary to look at
two or more parameters and hence extend the notion of confidence
intervals (for a single parameter) to confidence regions for multiple
parameters.

DEFINITION. Let X = (Xi,---,X,) be random variables

with joint distribution depending on a (possibly) vector-valued
parameter 8 € © and let R(X) be a subset of © depending on
X. Then R(X) is called a 100p% confidence region for 8 if

Py@cR(X)>p

for all @ with equality at least one value of 8 € O.

Again it is important to keep in mind that it is R(X) that is
random and not @ in the probability statement above.
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Note that there is nothing in the definition above that dictates
that R(X) be a contiguous set; thus it is possible to have a
confidence region that consists of two or more disjoint regions.
Thus for a single parameter, the definition of a confidence region
is somewhat more general than that for a confidence interval.
However, in practice, confidence regions are typically (but not
always) contiguous sets.

Many of the procedures for confidence intervals extend mutatis
mutandis to confidence regions. For example, the pivotal method
can be easily extended to derive confidence regions. A random
variable g(X; @) is called a pivot (as before) if its distribution is
independent of 8; if so, we have

p = Pyla<g(X;0) <]
Py 6 € R(X)]

where R(x) = {6 : a < g(z;0) < b}.

EXAMPLE 7.8: Suppose that Xi,---, X, are i.i.d. k-variate
Normal random vectors with mean g and variance-covariance
matrix C' (where we assume that C~1 exists). Unbiased estimators
of u and C are given by

po= _ZXi

& - (X, - (X~ )T,

which are simply the natural analogs of the unbiased estimators in
the univariate case. (We have assumed here that the X;’s and p
are column vectors.) To obtain a confidence region for p, we will
use the pivot

o7 Cin) = == )€ ),

which (Johnson and Wichern, 1992) has an F' distribution with
k and n — k degrees of freedom. Let f, be the p quantile of the
F(k,n — k) distribution. Then a 100p% confidence region for g is
given by the set

R0 = {u = @ W€ a - ) < 1)
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This confidence region contains all the points lying within a certain
ellipsoid in k-dimensional Euclidean space. If n is large then we
can obtain an approximate 100p% confidence region for p that will
be valid for i.i.d. (not necessarily k-variate Normal) X;’s having
(finite) variance-covariance matrix C. In this case,

9" (1, C; ) = (i — p) C(pn — p)
is approximately y? distributed with k degrees of freedom and so is
an approximate pivot. If ¢, is the p quantile of the x2(k) distribution

then an approximate 100p% confidence region for p is given by the
set

R C) = {p (i~ ) 'C NG~ ) < 6}
The validity of this confidence region depends on the fact that the
distribution of /n(p — ) is approximately Ni(0,C) and that C' is
a consistent estimator of C. &

While it is as conceptually simple to construct confidence regions
as it is to construct confidence intervals, confidence regions lose
the ease of interpretation that confidence intervals have as the
dimension of the parameter increases; it is straightforward to
graphically represent a confidence region in two dimensions and
feasible in three dimensions but for four or more dimensions, it
is practical impossible to give a useful graphical representation of
a confidence region. One exception to this is when a confidence
region is a rectangle in the k-dimensional space; unfortunately, such
regions do not seem to arise naturally! However, it is possible to
construct such regions by combining confidence intervals for each
of the parameters.

Suppose that @ = (61, -,0x) and suppose that [L;(X),U;(X)]
is a 100p; % confidence interval for ;. Now define

R(X) = [Li(X), Un(X)] x -+ x [Li(X), Up(X)]

R(X) is a confidence region for 8 but the coverage of this region
is unclear. However, it is possible to give a lower bound for the
coverage of R(X). Using Bonferroni’s inequality (see Example 1.2),
it follows that

k
Ppl0 e R(X)] > 1-> Pl6; ¢ [Li(X),Us(X)]]
=1
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k

= 1-> (1—p).

=1

This suggests a simple procedure for obtaining conservative confi-
dence regions. Given a desired coverage probability p, we construct
confidence intervals for each of the k parameters with coverage
pi = 1 —(1—p)/k. Then the resulting region R(X) (which is called
a Bonferroni confidence region) will have coverage of at least p.

7.2 Highest posterior density regions

Confidence intervals represent the classic frequentist approach to
interval estimation. Within the Bayesian framework, posterior
distributions provide a natural analog to frequentist confidence
intervals.

Suppose that X = (X, ---,X,) are random variables with
joint density or frequency function f(x;0) where 6 is a real-valued
parameter. We will take () to be a prior density for the parameter
0; recall that this density reflects the statistician’s beliefs about the
parameter prior to observing the data. The statistician’s beliefs
after observing X = x are reflected by the posterior density

_ x(®)f@h)
om0 (@i tydt’

the posterior density of § is proportional to the product of the prior
density and the likelihood function.

DEFINITION. Let w(0|x) be a posterior density for  on © C R.
A region C' = C(x) is called a highest posterior density (HPD)
region of content p if
(a) fo.(0]) b = p;

(b) for any 6 € C and 0* € C, we have

w(0|lx) > (0" |x).

m(6]z)

HPD regions are not necessarily contiguous intervals; however, if
the posterior density is unimodal (as is typically the case) then the
HPD region will be an interval.

It is important to note that HPD regions and confidence intervals
(or confidence regions) are very different notions derived from
different philosophies of statistical inference. More precisely, the
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confidence interval is constructed using the distribution of X: if
C(X) = [L(X),U(X)] is the confidence interval, we have

Py0eC(X))=p foralld

where Py is the joint probability distribution of X for a given
parameter value . On the other hand, a HPD region is constructed
using the posterior distribution of § given X = x: if C = C(x) is a
HPD region, we have

/C7r(9]:c) o= P € C|X =) = p.

Interestingly enough, in many cases, confidence intervals and HPD
regions show a remarkable agreement even for modest sample sizes.

EXAMPLE 7.9: Suppose that Xi,---,X, are ii.d. Poisson
random variables with mean 6 and assume a Gamma prior density

for 6:
) = A0 Lexp(—\)
e I(a)

(A and « are hyperparameters). The posterior density of 6 is also
Gamma:

for 6 >0

(n + )\)t+a9t+a+1 exp(—(n + /\)9)
I'(t+a)

where t = 1 + -+ xy. It is easy to verify that the posterior mode

is=(t+a—-1)/(n+N).

What happens to the posterior density when n is large? First
of all, note that the variance of the posterior distribution is
(t+a)/(n+X)?, which tends to 0 as n tends to co; thus the posterior
density becomes more and more concentrated around the posterior
mode as n increases. We will define ¢(0) = In7(6|x); making a
Taylor series expansion of 1 (f) around the posterior mode 67, we
have (for large n)

m(0|lx) = for 6 >0

90) = @)+ (0~ 00) + 50~ 0)0"6)
= 00 - 5007 ("2)

since 1(6) = 0 and 1" (8) = —(n + X)/6. We also have

PO)=(t+a)ln(n+AN)+({t+a—-1)In@) — (n—N)0 —InT'(t+ )
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and (using Stirling’s approximation)
InI'(t+a) = In(t+a—-1)+Inl't+a—-1)
= In(t+a—1)+InT((n—N\0)
% In(2m)
4 {(n - ﬂ In((n — N)F) — (n— \)a.

Putting the pieces together we get
$(0) ~ — 3 In(2) + 1 ( : ) S(0-0) ( " )
and since 7(0|x) = exp(d}(H)),
n+ >\> 1/2 { n+ A }
w(f|x) =~ — ex 0—0
Oy~ (52) e |- 20 -8)

2

Q

In(t+a—1)+

Thus, for large n, the posterior distribution is approximately
Normal with mean 6 and variance 6/(n + A). This suggests, for
example, that an approximate 95% HPD interval for 6 is

é\ 1/2 é\ 1/2
0—1. 0+1. :
[ 96<n+)\> v 96(71-1—)\) ]’

note that this interval is virtually identical to the approximate 95%
confidence interval for § whose endpoints are z + 1.96./Z/n since

~ T and n/(n+ \) ~ 1 for large n. &

Example 7.9 illustrates that there may exist a connection (at
least for large sample sizes) between confidence intervals and HPD
intervals. We will now try to formalize this connection. Suppose that
Xy, -+, X, are i.i.d. random variables with density or frequency
function f(x;6) where f(z;0) satisfies the regularity conditions for
asymptotic normality of MLEs given in Chapter 5. If § has prior
density m(6) then the posterior density of 6 is given by

__ m(0)£.(0)
m(flz) = T w(6)La(t) dt
where £,(0) = [I[i=; f(x;;60). We want to try to show that the

posterior density can be approximated by a Normal density when
n is large; the key result needed to do this is the following.
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PROPOSITION 7.1 (Laplace’s approximation) Define

To= [ g0)expnh(0)) ds

—00

where g and h are “smooth” functions and h(0) is maximized at 6.
Then I, = I,,(1 + ry,) where

~ ~ 27 i =
T, = g )(—nh,, (§)> exp(nh(0))

and |nrp| < M < oco.

We have not precisely specified the conditions on the functions g
and h necessary to give a rigorous proof of Laplace’s approximation.
However, it is quite easy to give a heuristic proof by expanding h(6)
in Taylor series around 6. Then

~ ~

h(6) ~ h(0) + %(9 —6)*1"(0)

-~

where 2" (6) < 0 since § maximizes h. Then
1, ~ exp(nh(d)) / 4(0) exp (gh"()(a _ §)2> o).

Laplace’s approximation follows if we make the change of variable
s = [-nh"(0)]"/?(f — 6) and assume sufficient smoothness for g.

Laplace’s approximation is quite crude but will be sufficient for
our purposes; we will use it to approximate the integral

/ T ()Lt dt.

—00

Note that we can write
7(6)La(0) = 7(0) exp [n (% S In fla: e))]
i=1

and so if §,, maximizes L, (6), we have by Laplace’s approximation

- R or \ 12 R
[ ~wOLu(t)dt ~ 7 (0,) (H o )) exp(Ln(B1))
where 2
H,(0) = =27 10 £ 0)
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Thus

7(0) ) (Hul@))"" )
m(0|x) ~ (ﬂ(@ﬂ) ( o ) exp {lnﬁn(ﬁ) - lnﬁn(ﬁn)] .

Since the posterior is concentrated around 0,, for large n, we need
only worry about values of 6 close to f,; if the prior density is
continuous everywhere then 7(6)/7(6,) ~ 1 for 6 close to 6,. We
also have (under the regularity conditions of Chapter 5) that

exp {ln L,(0) —1n ﬁn(én)} ~ —%(9 — 0n) H, (),

which leads to the final approximation

~ 1/2 ~
(0]z) ~ (M> exp [—M(a—@ﬂ .

2 2

This heuristic development suggests that the posterior density can
be approximated by a Normal density with mean 9 and variance
1/H,(6,) when n is sufficiently large; note that H,(6,) is simply
the observed information for ¢ (defined in Chapter 5) and that
1/H, (6, n) is an estimate of the variance of the maximum likelihood
estimate 6,,. Thus the interval who endpoints are 0, +2,Hp, (0 )~1/2
is an approximate 100p% HPD interval for 6§ (where z, satisfies
O (zp) — P(—2p) = p); this is exactly the same as the approximate
100p% confidence interval for # based on the MLE.

7.3 Hypothesis testing

Suppose that X = (Xi,---,X,,) are random variables with joint
distribution density or frequency function f(a;0) for some 6 € O.
Let ® = ©gUO; for two disjoint sets ©g and O1; given the outcome
of X, we would like to decide if 6 lies in Oy or ©1. In practice,
BOp is typically taken to be a lower dimensional sub-space of the
parameter space ©. Thus 6 € ©g represents a simplification of the
model in the sense that the model contains fewer parameters.

EXAMPLE 7.10: Suppose that Xq,---,X,, and Y7, ---,Y,, are
independent random variables where X; ~ N (u1,02) and Y; ~
N (p2,0?). The parameter space is then

O = {(p1,p2,0) : —00 < 1, g < 00,0 > 0}.
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In many applications, it is of interest to determine whether the X;’s
and Y;’s have the same distribution (that is, u1 = u2), for example,
when the X;’s and Y;’s represent measurements from two different
groups. In this case, we can represent Qg as

O0 = {(p1, 2, 0) : =00 < puy = pig < 00,0 > 0}.

Note that the parameter space © is three-dimensional while Q¢ is
only two-dimensional. <&

Given X = (X1, -+, X,,), we need to find a rule (based on X)
that determines if we decide that 6 lies in ©g or in ©. This
rule essentially is a two-valued function ¢ and (without loss of
generality) we will assume that ¢ can take the values 0 and 1;
if $(X) = 0 then we will decide that # € O while if (X ) = 1,
we will decide that # € ©;. The function ¢ will be called a test
function. In many cases, ¢ will depend on X only through some
real-valued statistic 7' = T'(X), which we will call the test statistic
for the test.

It is unlikely that any given test function will be perfect. Thus for
a given test function ¢, we must examine the probability of making
an erroneous decision as 6 varies over ©. If § € Oy then an error
will occur if ¢(X) = 1 and the probability of this error (called a
type I error) is

Py[p(X) =1] = Ep[¢(X)] (0 € Op).
Likewise if # € O; then an error will occur if ¢(X) = 0 and the
probability of this error (called a type II error) is
Py[p(X) =0 =1—Ep[op(X)] (0 € 6n).

It is tempting to try to find a test function ¢ whose error
probabilities are uniformly small over the parameter space. While
in certain problems this is possible to do, it should be realized that
there is necessarily a trade-off between the probabilities of error
for # € ©y and 0 € O. For example, let ¢1 and ¢2 be two test
functions and define

Ry ={x: ¢1(x) =1}

and
Ry ={(x) : ¢2(w) = 1}
where R; C Ro; note that this implies that

Ep [01(X)] < Ep [¢2(X)]
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for all # € © and so
1—Ep[p1(X)] = 1 — Ep[¢2(X)].

Hence by attempting to decrease the probability of error when
0 € Og, we run the risk of increasing the probability of error for
0 € 0.

The classic approach to testing is to specify a test function ¢(X)
such that for some specified a > 0,

Eyop(X)] <« for all € ©.

The hypothesis that 6 belongs to ©q is called the null hypothesis
and will be denoted by Hy; likewise, the hypothesis that 6 lies in
O is called the alternative hypothesis and will be denoted by Hj.
The constant « given above is called the level (or size) of the test;
if p(X) = 1, we say that Hy is rejected at level a. The level of
the test is thus the maximum probability of “rejection” of the null
hypothesis Hy when Hj is true. This particular formulation gives us
a reasonably well-defined mathematical problem for finding a test
function ¢: for a given level «, we would like to find a test function
¢ so that Eg[¢(X)] is maximized for § € O;.
For a given test function ¢, we define

m(0) = Eg[¢(X)]

to be the power of the test at #; for a specified level «, we require
m(0) < « for all § € Oy and so we are most interested in 7(6) for
0 cO.

The rationale for the general procedure given above is as follows.
Suppose that we test Hy versus H; at level o where « is small and
suppose that, given data X = x, ¢(x) = 1. If Hy is true then this
event is quite rare (it occurs with probability at most «) and so
this gives us some evidence to believe that Hy is false (and hence
that H; is true). Of course, this “logic” assumes that the test is
chosen so that Py(¢(X) = 1) is larger when H; is true. Conversely,
if ¢(x) = 0 then the test is very much inconclusive; this may tell
us that Hy is true or, alternatively, that Hp is true but that the
test used does not have sufficient power to detect this. Since the
dimension of Oy is typically lower than that of © (and so the model
under Hy is simpler), this approach to testing protects us against
choosing unnecessarily complicated models (since the probability of
doing so is at most « when the simpler model holds) but, depending

© 2000 by Chapman & Hall/CRC



on the power of the test, may prevent us from identifying more
complicated models when such models are appropriate.

To get some idea of how to find “good” test functions, we
will consider the simple case where the joint density or frequency
function of Xi,---, X, is either fy or f; where both fy and f; are
known and depend on no unknown parameters. We will then test

Hy:f=fo versus Hy:f=fi

at some specified level «; the null and alternative hypothesis are
called simple in this case as they both consist of a single density or
frequency function. The problem now becomes a straightforward
optimization problem: find a test function ¢ with level a to
maximize the power under Hi. The following result, the Neyman-
Pearson Lemma, is important because it suggests an important
principle for finding “good” test functions.

THEOREM 7.2 (Neyman-Pearson Lemma) Suppose  that
X = (Xy,---,X,) have joint density or frequency function f(x)
where [ is one of fo or f1 and suppose we test

Hy: f=fo wversus Hi:f=f.
Then the test whose test function is

¢(X) :{ 1 fol(X) Zka(X)

0 otherwise

(for some 0 < k < 00) is a most powerful (MP) test of Hy versus
Hy at level

a = Eplp(X)].
Proof. In this proof, we will let Py, P; and Fy, F/1 denote probability
and expectation under Hy and H;i. It suffices to show that if v is
any function with 0 < ¢(x) <1 and

Eo[(X)] < Ey[p(X)]

then

Er[$(X)] < Er[p(X)].
We will assume that fy and f1 are density functions; the same proof
carries over to frequency functions with obvious modifications. First
of all, note that

flw) k@) { 20 10E =0
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Thus
Y(x)(fi(z) — kfo(x)) < o(x)(fi(x) — kfo(x))

/. . ./w(:c)(fl(:c) — kfo(x)) dx
/.../¢(w)(f1(a:) — kfo(x)) de

or rearranging terms,

// ) fi(x d:n<k// ) fo(x) dz

The left-hand side above is simply E1[¢(X)] — E1[¢(X)] and the
right-hand side is k(Ep[(X)] — Eo[¢(X)]). Since

Eo[y(X)] = Eo[o(X)] <0,

it follows that E1[¢(X)] — E1[¢(X)] < 0 and so ¢(X) is the test
function of an MP test of Hy versus Hy. O

and so

The Neyman-Pearson Lemma essentially states that an optimal
test statistic for testing Hy : f = fog versus Hy : f = f1 is

T(X) = J1(X)
fo(X)
and that for a given level o, we should reject the null hypothesis
Hy is T(X) > k where k is chosen so that the test has level a.
However, note that the Neyman-Pearson Lemma as stated here
does not guarantee the existence of an MP « level test but merely
states that the test that rejects Hp for T'(X) > k will be an MP
test for some level a. Moreover, the Neyman-Pearson Lemma does
guarantee uniqueness of an MP test when one exists; indeed, there
may be infinitely many test functions having the same power as the
MP test function prescribed by the Neyman-Pearson Lemma.

A more general form of the Neyman-Pearson Lemma gives a
solution to the following optimization problem: Suppose we want
to maximize Fj[¢(X)] subject to the constraints

Ep[¢p(X)]=a and 0<¢(X) <L

The optimal ¢ is given by

1if f1(X) > kfo(X)
¢(X)={ ¢ if f1(X) = kfo(X)

0 if f1(X) < kfo(X)
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where k and 0 < ¢ < 1 are chosen so that the constraints are
satisfied. The function ¢ described above need not be a test function
since it can possibly take values other than 0 and 1; however, in
the case where the statistic

J1(X)
T(X) =
() Jo(X)
is a continuous random variable (which implies that Xi,---, X,

are continuous random variables), we can take the optimal ¢ to be
either 0 or 1 for all possible values of Xi,---, X, and so an MP
test of Hy : f = fy versus Hy : f = fi exists for all levels a > 0.
Moreover, even if ¢(X) given above is not a test function, it may
be possible to find a valid test function ¢*(X) such that

Ep[o*(X)] = Exlop(X)] for k=0,1

(see Example 7.12 below). However, for a given level o, an MP
test of Hy versus H; need not exist if 7'(X) is discrete unless we
are willing to consider so-called randomized tests. (Randomized
tests are tests where, for some values of a test statistic, rejection or
acceptance of Hy is decided by some external random mechanism
that is independent of the data.)

EXAMPLE 7.11: Suppose that X1, ---, X, are i.i.d. Exponential
random variables with parameter X\ that is either \g or A\; (where
A1 > Ag). We want to test

Hy: A=)y versus Hi: A=)\

at level a.. For a given A, the joint density of X = (X1,---,X,,) is

f(x; \) = A" exp <>\ Z xz>
i=1
and we will base our test on the statistic

o f(X,)\l) _ n - .
T = FXh) — (A1/Xo)" exp [(AO — Al);X,] ,

rejecting Hy if T > k where k is chosen so that the test has level
a. Note, however, that T is a decreasing function of S = "7 ; X
(since A\g — A1 < 0) and so T' > k if, and only if, S < &’ for some
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constant &’ (which will depend on k). We can choose k' so that

n
Py, [Z X; <K
i=1

For given values of \g and «, it is quite feasible to find &’ in this
problem. Under the null hypothesis, the test statistic S = > ; X;
has a Gamma distribution with parameters n and Ay and 2Xy.S has
a x? distribution with 2n degrees of freedom. For example, if n = 5,
a = 0.01 and \g = 5 then the 0.01 quantile of a x? distribution with
10 degrees of freedom is 2.56 and so

= Q.

2.56
K = — =0.256.
2x5
Thus we would reject Hy at the 1% level if S < 0.256. <&

EXAMPLE 7.12: Suppose that Xi,---,X,, are i.i.d. Uniform
random variables on the interval [0, 6] where 6 is either 6y or 6;
(where 6y > 61). We want to test

Hy:0=0¢ versus Hp:0=0;
at level a.. The joint density of X = (X1,---,X,,) is

f(@:0) = —I(max(zy, -, 2,) < 60)

0
and an MP test of Hy versus H; will be based on the test statistic
f(X’ 01) n
T="—"""2=1(0/01)"I(X, <01).

Note that T can take only two possible values, 0 or (6y/60;)"
depending on whether X(,) is greater than 6; or not. It follows
then that the test that rejects Hy when X(n) < 64 will be an MP
test of Hy versus Hy with level

a=py, [Xo <0] = (7))

and the power of this test under H; is
Py, |:X(n) < 91} =1

note that this test will also be the MP test of for any level
a > (01/600)"™ since its power is 1. If we want to find the MP
test for av < (61/6p)", the situation is more complicated since the
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Neyman-Pearson Lemma does not tell us what to do. Nonetheless,
intuition suggests that the appropriate test statistic is X(,) (which
is sufficient for 6 in this model) and that we should reject Hy for
X(n) < k where

Pyy [X(m) < k| = (%)n = a.

Solving the equation above, we get k = 6pal/™ and so the power of
this test is

Hal/n n O\ "™
1/n 0 0
PHI[X<n>§900‘/}—< o ) _O‘<6_1> '

To show that this is the MP test for a < (01/69)", we use the
more general form of the Neyman-Pearson Lemma; a function ¢
that maximizes Fy, [¢(X )] subject to the constraints

Ego[(b(X)]:a<(%>n and 0<¢(X)<1

0
is .
o 04(90/91)71 if X(n) S 01
HX) = { 0 otherwise.
It is easy to verify that
0 n
En6(X)) =a (3] = Pa, [X) < 600"

and so the test that rejects Hoy if X(,) < 0o/ is an MP test for
level a < (91/90)” &

Uniformly most powerful tests

The Neyman-Pearson Lemma gives us a simple criterion for
determining the test function of an MP test of a simple null
hypothesis when the alternative hypothesis is also simple. However,
as we noted before, this particular testing scenario is rarely
applicable in practice as the alternative hypothesis (and often the
null hypothesis) are usually composite.

Let X = (Xy,---,X,) be random variables with joint density or
frequency function f(x;#) and suppose we want to test

Hy:0€ 0y versus Hp:0€ 0,

at level a. Suppose that ¢ is a test function such that

Eg[gf)(X)] < a forall 8 € Qg
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and that ¢ is the MP « level test of
Hy:0=0y versus Hj:0=6,

for some 6y € O and all 6; € ©1; then the test function ¢ describes
the uniformly most powerful (UMP) « level test of Hy versus Hj.

Unfortunately, UMP tests only exist for certain testing problems.
For example, if we want to test

H():Q:Q() versus H1:97é00

then UMP tests typically do not exist. The reason for this is quite
simple: in order for a given test to be UMP, it must be an MP
test of Hjy : 6 = 0y versus Hj : = 6, for any 0; # 6. However,
the form of the MP test (given by the Neyman-Pearson Lemma)
typically differs for 1 > 6y and 6; < 6y as the following examples
indicate.

EXAMPLE 7.13: Let X be a Binomial random variable with
parameters n and 6 and suppose we want to test

Hy:0=0g versus H;j:0+# 0
at some level a. First consider testing
H)y:0=0y versus Hj:0=60,

where 61 # 6y. The Neyman-Pearson Lemma suggests that the MP
test of H{, versus Hj will be based on the statistic

r-faa - () (i)

If 61 > 6y, it is easy to verify that T is an increasing function of X;
hence, an MP test of H/, versus Hj will reject Hy, for large values
of X. On the other hand, if §; < 0y then T is a decreasing function
of X and so an MP test will reject H), for small values of X. From
this, we can see that no UMP test of Hy versus Hy will exist. <

EXAMPLE 7.14: Let Xy, ---, X, be i.i.d. Exponential random
variables with parameter A and suppose that we want to test

Hy: A< )Xy versus Hi:A> X
at level a. In Example 7.11, we saw that the MP « level test of
Hé : A= )\g versus H{ A=)\
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rejects HY for iy X; < k when A\ > Ao where k is determined by

Py, [ZXZ» < k} =a.
i=1

It is also easy to verify that if A < Ay then

Py li){igk

1=1

< Q.

Thus the test that rejects Hyp when > ;' | X; < k is a level « test
and since it is an MP « level test of H versus Hj for every A1 > Ao,
it is a UMP test of Hy versus Hj. &

Examples 7.13 and 7.14 give us some insight as to when UMP
tests can exist; typically, we need the following conditions:

e 0 is a real-valued parameter (with no other unknown parame-
ters), and

e the testing problem is “one-sided”; that is, we are testing
Ho:0<6y (0>06y) versus Hy:0>0y (0<6bp)

for some specified value 6y. (In fact, UMP tests may also exist if
Hi : 01, < 0 < 0y for some specified 67, and 6y.)

Suppose that X = (Xi,---, X,,) are random variables with joint
density or frequency function depending on some real-valued 6 and
suppose that we want to test

Hy:0<0y versus Hi:0 >0

at level a. We noted above that this testing setup is essentially
necessary for the existence of a UMP test; however, a UMP test
need not exist for a particular model. We would thus like to find
a sufficient condition for the existence of a UMP test of Hy versus
Hy; this is guaranteed if the family { f(x;0) : 6 € ©} has a property
known as monotone likelihood ratio.

DEFINITION. A family of joint density (frequency) functions
{f(x;0)} (where # € © C R) is said to have monotone likelihood
ratio if there exists a real-valued function 7'(x) such that for any
01 < 92)

© 2000 by Chapman & Hall/CRC



is a non-decreasing function of T'(x). (By the Factorization
Criterion, the statistic 7'(X) is necessarily sufficient for 6.)

If the family {f(z;0)} has monotone likelihood ratio then the
test statistic for the UMP test is T'(X); for example, if we test

Hy:0<0y versus Hi:0 >0

then the test that rejects Hy (that is, ¢(X) = 1) if T(X) > k will
be a UMP « level test where

a = Py, [T(X) > K].

Similarly, for Hy : 6 > 6, the test rejecting Hy if T(X) < k is a
UMP test.

EXAMPLE 7.15: Suppose the joint density or frequency function
of X = (X1, -+, X,) is a one-parameter exponential family

f(x;0) =exp[c(0)T (x) — b(0) + S(x)] forxec A

and assume (with loss of generality) that ¢(6) is strictly increasing
in #. Then for 6; < 65, we have

f(zx;02)
f(z;01)

which is an increasing function of T'(x) since ¢(f2) —c(61) > 0. Thus
this one-parameter exponential family has monotone likelihood
ratio and so if we test Hy : 6 < 6y versus Hi : 0 > 6,
we would reject Hy for T(X) > k where k is chosen so that
Py [T(X) > k] = a. &

= exp [(¢(02) — c(61))T(z) + b(61) — b(62)],

Other most powerful tests

How do we find “good” tests if a UMP test does not exist? One
approach is to find the most powerful test among some restricted
class of tests. One possible restriction that can be applied is
unbiasedness: a test with test function ¢ is said to be an unbiased
level « test if

Ep[¢(X)] <a forall § €O

and
Ey[p(X)] > a forall § € O;.

Essentially, unbiasedness of a test requires that the power of the
test for 6 € ©; is greater than the level of the test. This would
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seem to be a very reasonable criterion to expect of a test; however,
in many situations, unbiased tests do not exist. When they do,
it is sometimes possible to find uniformly most powerful unbiased
(UMPU) tests.

Suppose we want to test Hy : 8 = 0y versus Hj : 0 # 0y at level a,
it may be possible to construct a UMPU test by combining UMP
tests of Hjy : 0 < 6y and Hy : 6 > 6y. More precisely, suppose that
#$1(X) is a UMP level oy test function of Hj and ¢o(X) is a UMP
level ag test function of H{ such that a; +ag = . Then ¢ = ¢1+¢p2
will be a level « test function provided that

$1(X) + ¢2(X) <11

and by judiciously choosing o and a9, it may be possible to make ¢
an unbiased « level test function; the resulting test will typically be
a UMPU test. The natural choice for ay and ag is a; = e = a/2;
in general, however, this will not lead to an unbiased test as the
following example indicates.

EXAMPLE 7.16: Let X be a continuous random variable with
density function

f(x;0) = %1 foro<z<1
and suppose we want to test
H0:9:1 and Hli(g#l

at the 5% level. We will reject Hy if either X < 0.025 or X > 0.975;
clearly this is a 5% level test since

Pi(X <0.025) = Py(X > 0.975) = 0.025.

The power function is then

0.025 1
w(0) = / 0291 dx + 029 dx
0 0.975

= 14+0.025% —0.975%.

Evaluating 7(0) for 6 close to 1 reveals that this test is not unbiased;
in fact, m(#) < 0.05 for 1 < € < 2. However, it is possible to find
an unbiased 5% level test of Hy versus Hp. This test rejects Hy if
either X < 0.008521 or if X > 0.958521. The power functions for
both tests are shown in Figure 7.2. <&
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Figure 7.2 The power functions of the test in Example 7.16; the power function
for the unbiased test is indicated by the dashed line.

In Example 7.16, the unbiased test has higher power for § > 1 but
lower power for § < 1. This illustrates an important point, namely
that in choosing an unbiased test, we are typically sacrificing power
in some region of the parameter space relative to other (biased)
tests.

The following example illustrates how to determine a UMPU test.

EXAMPLE 7.17: Let X1,---, X, be i.i.d. Exponential random
variables with parameter A and suppose we want to test
H():)\:)\O versus Hlt)\#)\o

at some level a. We know, of course, that we can find UMP tests
for the null hypotheses

Hj:X<X and H{J:\> )\

using the test statistic 7' = > "1 | X;; we will reject H|, for T < k;
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and H{ for T > ko. If k1 < ko, we can define the test function
1 fT<korT>k
o0 ={ § e 2

0 otherwise
which will give a level « test if
P)\O[k1<T<k‘2]:1—a.

We would now like to choose ki and ks to make this test unbiased.
The power of the test is given by

)

71'()\) = 1—P)\[k1<T<k2]
k. n,.n—1 _

_ 1/2)\33 exp( )\:L‘)dx
k1 (n—1)!

since T' has a Gamma distribution with parameters n and \. For
given k; and kg, the power function 7(A) is differentiable with
derivative

k2 (NP — n AP~z Lexp(—Ax

vy = [ o ep(A) g,
k1 (n—1)!

and it is easy to see that the requirement of unbiasedness is

equivalent to requiring that 7/(A\g) = 0. Thus k1 and k2 must satisfy

the equations

1
l—a = m/ Az exp(=Noz) da
- Jk
1 k2 n n—1y,.n—1
and 0 = m/k Aoz —nAy~ )z exp(—Aoz) dx.
° 1

(The equations given here for k1 and ko are similar to the equations
needed to obtain the shortest confidence interval in Example 7.3.)
For example, if n =5, A\g = 3, and a = 0.05, we obtain k; = 0.405
and ko = 3.146. This test turns out to be the UMPU 5% level test
of Hy versus Hj. &

UMPU tests also exist for certain tests in k-parameter exponen-
tial families. Suppose X = (X1, -+, X,,) are random variables with
joint density or frequency function

f(x;0,m) = exp |0To(x +Z7hz d(0,m) + S(x)

where 6 is real-valued and 7 is a vector of “nuisance” parameters;
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we want to test
Hy:0<0y versus Hi:0 >0

for some specified value 6y where the value of n is arbitrary. It
turns out that a UMPU « level test of Hy versus H; will reject H
if T1(X) > ¢ where

a= Py [To(X) > c|Th =t1,- -+, Th—1 = tj—1]

where t1,---,t;_1 are the observed values of 17, ---,T}_1; that is,
t; = T;(x) where x is the observed value of X. Thus the test
function is based not on the marginal distribution of the statistic
Ty but rather the conditional distribution of Ty given the observed
values of the other sufficient statistics 17, --,Tr_1. See Lehmann
(1991) for more details.

In the case where 6 is real-valued, it is often possible to find
locally most powerful (LMP) tests. For example, suppose that we
want to test

Hy:0<060y versus Hi:0 > 0.

Our intuition tells us that if the true value of 6 is sufficiently far
from 6y, any reasonable test of Hy versus H; will have power close
to 1. Thus we should be concerned mainly about finding a test
whose power is as large as possible for values of 8 close to 6. Let
¢(X) be a test function and define the power function

m(0) = Eg [0(X)];

we will require that w(6y) = a. We would like to find ¢ so that = ()
is maximized for 6 close to 6y. As a mathematical problem, this is
somewhat ambiguous; however, if 6 is very close to #y then we have

() =~ w(0o)+ 7' (00)(0 — o)
= o+ W,(QO)(Q — 90)

(provided, of course, that 7(6) is differentiable). This suggests that
we try to find a test function ¢ to maximize 7'(fy) subject to
the constraint m(fp) = «. (In the case where Hy : 6 > 6y and
Hj : 6 < 6y, we would want to minimize 7’(6p).)

Suppose that f(a;0) is the joint density function of continuous
random variables X = (X, -+, X,,). Then for a given test function
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¢, we have

/ /¢ F(a:0) de

and if we can differentiate under the integral sign, we have

w(0) = /-~~/¢m%f&c;9)dm
:/ /qﬁ ( In f(x; 6)>f(:13;9)d:1:

= B [otx) (g5 (X:0)]

(The same result holds if X7, ---, X, are discrete provided we can
differentiate inside the summation sign.)

The development given above suggests that to find the form of
the LMP test we must solve the following optimization problem:
maximize

Eg, [0(X)S(X;00)]
subject to the constraint
Egy [0(X)] = «
where 9
S(xz;0) = %lnf(sc;é).

The following result provides a solution to this problem.

PROPOSITION 7.3 Suppose that X = (X1, -+, X,) has joint
density or frequency function f(x;0) and define the test function

_ [ 1 ifS(Xs60) = k
HX) = { 0 otherwise
where k is such that Eg, [¢(X)] = o. Then ¢(X) mazimizes
Eg, [v(X)S(X;600)]

over all test functions ¢ with Eg, [{(X)] = .

Proof. This proof parallels the proof of the Neyman-Pearson Lem-
ma. Suppose 1(x) is a function with 0 < ¢(x) < 1 for all « such
that Ep, [(X)] = a. Note that

>0 if S(X;6g) >k
¢(X)—1/)(X){ <0 ifSEX;Hggﬁk
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and so
Ep, [(¢(X) — (X)) (S(X;60) — k)] = 0.

Since Ey, [¢(X) —¢(X)] = 0, it follows that
Eg, [#(X)S(X;600)] > Ep, [(X)S(X;600)],
which completes the proof. O

The test described in Proposition 7.3 is often called the score
test since it is based on the score function (see Chapter 5); we
will discuss a more general form of the score test in section 7.5.
In deriving this LMP test, we have been concerned about the
behaviour of the power function only for values of 6 near 6y; it
is, in fact, conceivable that this LMP test function does not result
in a level «a test since Ey[¢(X)] may be greater than « for some
0 < 6.

In the case where Xi,---, X, are i.i.d. with common density or
frequency function f(x;6) then

n
S(X:0) =3 £(X:0)
i=1
where ¢'(z; 0) is the partial derivative with respect to 6 of In f(z; ).
Subject to the regularity conditions given in Chapter 5, we have

E90 [f/(Xl,eo)} =0 and Val‘go V’(Xl,e[))] = 1(9)

and so, if n is sufficiently large, the distribution (under 6 = 6p) of
the test statistic S(X;6p) will be approximately Normal with mean
0 and variance nl(6). Thus the critical values for the LMP test of
Hy : 0 < 0y versus Hy : 0 > 0y can be determined approximately
from this result.

EXAMPLE 7.18: Let X3, -, X, beii.d. random variables with
a Cauchy distribution with density

f(x;0) = !

n(1+ (z—0)?
and suppose that we want to test

Hy:0>0 versus Hp:0<0
at the 5% level. We then have

S(X;0) =3 5
=1

2X;
+ X2
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and the LMP test of Hy versus H; rejects Hp if S(X;0) < k where
k is chosen so that

Py [S(X;0) < k] = 0.05.

The exact distribution is difficult to obtain; however, since each
of the summands of S(X;0) has mean 0 and variance 1/2, the
distribution of S(X;0) (for § = 0) will be approximately Normal
with mean 0 and variance n/2 if n is sufficiently large. Thus we
will have kv/2/n ~ —1.645 and so we can take k = —1.645,/n/2 to
obtain a test whose level is approximately 5%. &

7.4 Likelihood ratio tests

Our discussion of UMP and LMP tests has involved only one
parameter models since these type of optimal tests do not generally
exist for models with more than one parameter. It is therefore
desirable to develop a general purpose method for developing
reasonable test procedures for more general situations.

We return to our general hypothesis testing problem where
X = (Xy,---,X,) has a joint density or frequency function f(x;0)
where 6 € © with © = Og U ©1; we wish to test

Hy:0€ 0y versus Hp:0¢€ 0.

Earlier in this chapter, we saw that the Neyman-Pearson Lemma
was useful in one-parameter problems for finding various optimal
tests based on the ratio of joint density (frequency) functions. In
the more general testing problem, we will use the Neyman-Pearson
paradigm along with maximum likelihood estimation to give us a
general purpose testing procedure.

DEFINITION. The likelihood ratio (LR) statistic A is defined to
be
_ supgep f(X;0) _ suppce £(0)

~ supgeo, f(X;0)  supgee, L£(0)
where £(0) is the likelihood function. A likelihood ratio test of
Hy : 0 € ©g versus Hj : 0 € ©1 will reject Hy for large values of

A.

In our definition of A, we take the supremum of £(0) = f(X;0)
over § € O rather than 6 € ©; in the numerator of A. We do
this mainly for convenience; as mentioned earlier, Oy is often a
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lower dimensional subspace of ©, which makes the calculation of
the MLE under Hj typically no more difficult than the calculation
of the unrestricted MLE.

In order to use LR tests, we must know (either exactly or
approximately) the distribution of the statistic A when H is true.
In some cases, A is a function of some other statistic 7" whose
distribution is known; in such cases, we can use T (rather than
A) as our test statistic. In other cases, we can approximate the
distribution of A (or some function of A) by a standard distribution
such as the x? distribution.

EXAMPLE 7.19: Let Xy, -+, X,, be i.i.d. Normal random vari-
ables with mean p and variance o (both unknown) and suppose
that we want to test

Hy:p=py versus Hip:u# .
In general, the MLEs of i and o are

_ 1 _
i=X and 5°=-) (X;-X)?

while under Hy the MLE of o2 is

~ 1 &
08 = Z:(XZ - u0)2.

i=1
Substituting the respective MLEs yields

and so the LR test will reject Hy when A > k where k is chosen
so the level of the test is some specified . The distribution of A is
not obvious; however, note that A is a monotone function of 53 /52
and

BT (X - )
e S (X — X)?
APRY.
. n(X — po)”
i1 (X — X)?
_ 1 (n(X - po)?
= 1+ n—1 < S2
T2
= 1
+ n—1
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where
1

n—1

5% = > (X - X)?
=1

and ~

T = v/n(X — pmo)/S.
From this, we can conclude that A is a monotone function of 72 and
we know (from Chapter 2) that, when Hj is true, T has Student’s

t distribution with (n — 1) degrees of freedom and so 72 has an F
distribution with 1 and (n — 1) degrees of freedom. &

EXAMPLE 7.20: Let X4, .-, X,, be i.i.d. Exponential random
variables with parameter A and Y7, - - -, Y}, bei.i.d. random variables
with parameter #; we also assume that X;’s are independent of the
Y;’s. Suppose we want to test

Hyo:A=0 versus Hi:\#40
The (unrestricted) MLEs of A and 6 are
A=1/X and 6=1/Y

while the MLEs under H are

Substituting these MLEs, we obtain the LR statistic

m n Y\" n m X\"
A= + = + = .
m+4+n m+nX m+n m4+nY
Clearly, A depends only on the statistic 7= X /Y and we can make
A large by making T large or T small. Moreover, it is quite easy to
see that, when Hj is true, T has an F' distribution with 2m and 2n

degrees of freedom and so, for a given value of «;, it is quite simple
to base a test of Hy versus H; on the statistic 7. &

Asymptotic distribution of the LR statistic

As we mentioned previously, we can often approximate the distri-
bution of the LR test statistic. In this section, we will assume that
© is an open subset of RP and the Hy parameter space Qg is ei-
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ther a single point or an open subset of R® where s < p. We will
concentrate on the case where Xi,---, X, are i.i.d. random vari-
ables although many of the results will hold under more general
conditions.

First of all, suppose that X1, --, X, are i.i.d. random variables
with density or frequency function f(x;60) where the parameter
space © is an open subset of the real line. We will consider the
testing

Hy:0=00 and H;:0+#0y.

In this case, the LR statistic is simply

where 6, is the MLE of 6. Assuming the regularity conditions in
Chapter 5, we obtain the following result.

THEOREM 7.4 Suppose that X1,---, X, are i.i.d. random vari-
ables with a density or frequency function satisfying conditions A1
to A6 in Chapter 5 with 1(0) = J(0). If the MLE 0, satisfies
V(6 — 0) —4 N(0,1/1(8) then the LR statistic A, for testing
Hy : 0 = 0y satisfies

2In(A,) =gV ~ X2(1)

when Hy is true.

Proof. Let £(x;6) = n f(x;0) and ¢'(x;0), "(x; 0) be its derivatives
with respect to 6. Under the conditions of the theorem,

V(0 — 00) —a N(0,1/1(60))

when Hy is true. Taking logarithms and doing a Taylor series
expansion, we get

n

In(A,) = Y [6(Xi;0,) — (X5 600)]
=1
(0 —0,)> 0(X558,) - %(én 0> (X6

=1 =1

- ——n9 — 0p)? Zz” X, 00)
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where 67 lies between 6y and §n Now under assumptions A5 and
A6 of Chapter 5, it follows that when Hj is true

- Ze” X;;05) —p —Eay [0" (X5 00)] = 1(6o).

Since N ) v
n(0, — 0 —
(n = 0082 g,
the conclusion follows by applying Slutsky’s Theorem. [
Henceforth, we will refer to both A,, and 21In(A,,) as LR statistics
depending on the situation; there is no real ambiguity in doing so
since they are equivalent from a hypothesis testing viewpoint.

Theorem 7.4 can be extended fairly easily to the multiparameter
case. Let @ = (01, --,6,) and consider testing

Hy: 01 =010, -,0, =0

where r < p for some specified 6q9,---,60,.0. The LR statistic is
defined by

(X; ,9
n — H f [
(Xz; en())
where éno is the MLE of 0 under Hy (and thus whose first r
components are 619, - -,0,0). Again we will assume the regularity

conditions B1 to B6 in Chapter 5 to obtain the following theorem.

THEOREM 7.5 Suppose that X1,---, X, are i.i.d. random vari-
ables with a density or frequency function satisfying conditions B1
to B6 in Chapter 5 with 1(0) = J(0) where @ = (61,---,0,). If the
MLE 6, satisfies /n(0,—0) —q N(0,17X(0)) then the LR statistic
A, for testing Hg : 01 = 019, - -+, 0, = 0.0 satisfies

2In(A,) —a V ~ x*(r)
when Hy is true.

The proof of Theorem 7.5 will be left as an exercise. However,
note that when r = p, the proof of Theorem 7.4 can be easily
adapted to give a proof of Theorem 7.5. In the general case, the
result can be deduced from the fact that the log-likelihood function
can be approximated by a quadratic function in a neighbourhood of
the true parameter value; this quadratic approximation is discussed
briefly below.

Theorem 7.5 can be applied to testing null hypotheses of the
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form
HO : 91(0) =ay, 797”(0) = Qr

for some real-valued functions g¢i,---,g,. To see this, define pa-
rameters ¢p,- -, ¢, such that ¢, = gr(6) where g1,---, g, are as
given in Hyp and gry1,---,gp are defined so that the vector-valued

function g(@) = (g1(0),---,gp(0)) is a one-to-one function. Then
provided that this function is differentiable, Theorem 7.5 can be
applied using the parameters ¢1,-- -, ¢p.

EXAMPLE 7.21: Suppose that (X1,Y7),---, (X, Ys,) are i.i.d.
pairs of continuous random variables with the joint density function
of (X;,Y;) given by

20«

f(%y;ﬁ)\,a):m

for z,y > 0

where 0, A\, > 0. The marginal densities of X; and Y; are

O
fX(IIZ’,Q,a) = W for x > 0
A
and fy(y; A\, o) = m for y > 0,

which are equal if 6 = X. Thus, we may be interested in testing
HO 0=\

We can reparametrize in a number of ways. For example, we could
define n; = 60—\, n2 = 0, and 13 = «, or alternatively, 1 = 6/ with
12, N3 defined as before. With either reparametrization, we could
express Hy in terms of 77; and so we would expect our likelihood test
to have an asymptotic x? distribution with one degree of freedom.
O

Other likelihood based tests

While LR tests are motivated by the Neyman-Pearson paradigm,
there are in fact other commonly used tests based on the likelihood
function.

Let Xq,---,X, be ii.d. random variables with density or fre-
quency function f(z;60) where @ = (0y,---,6,) and suppose that
we want to test the null hypothesis

Hy: 01 =061, ---,0, = 0.
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To make the notation more compact, we will set ¢ = (61,---,6,)
and 7 = (0,41, --,0p) so that @ = (¢, T); thus, Hy becomes

Hy: o =¢y

where ¢y = (610, -, 0ro)-

The Wald test of Hy compares the (unrestricted) MLE of ¢ to
its value under the null hypothesis; if the distance between the two
is large, this might indicate that Hy is false and so our test should
reflect this. If ¢,, is the MLE (based on Xj,---, X,,) then if Hy is
true, we have

V(B — ¢g) —a N (0,C (¢, 7))

where the variance-covariance matrix C(¢g,T) can be obtained
from the Fisher information matrix

Li(¢g,7) Ti2(¢o, T) >
I(¢py,T) =
(%0.7) ( Io1(¢g,7)  I22(¢y, T)
by
Clo, ™) = [T11(0, ™) = Tar (b0, 7) o (0. T 12, 7]
The Wald test statistic is
Wy = n((/ﬁn - ¢O)Tén($n — &)
where C, is some estimator of C(¢g, ) that is consistent under
Hy. There are several possibilities for C’n, for example, we could
set C,, = C(,,,7n) (or C(¢y,7Tn)) or we could set C,, equal to
the observed information matrix. Under Hg, W,, —4 x%(r) and we
reject Hy for large values of this statistic.

The score test (or Lagrange multiplier test as it is called by
econometricians) uses the fact that if the null hypothesis is false
then the gradient of the log-likelihood function should not be close
to the 0 vector. To be more precise, let S;(¢, ) be the gradient of
In f(X;; ¢, T) with respect to ¢. Then under Hy, we have (subject
to the regularity conditions of Chapter 5),

\/_ZS (P0; Tno) —d Ni-(0, I11(¢pg, 7))

where T, is the MLE of 7 under Hy. The score statistic is

n T n
= % (Z Si<¢oﬁno>> L1 (0, Tno) <Z Si<¢0,?no>>
=1
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Scaled log-likelihood

3.5 4.0 4.5 5.0 55 6.0

lambda

Figure 7.3 The log-likelihood (multiplied by two and rescaled to have a mazimum
of 0) in Example 7.22; for testing Ho : A = 4, the LR statistic is the length of
the vertical line, the Wald statistic is proportional to the square of the length of
the horizontal line while the score statistic is proportional to the square of the
slope of the tangent line at A = 4.

As for the Wald statistic, we reject Hy for large values of S;, and,
under Hy, we have S,, —4 x2(r).

EXAMPLE 7.22: We will give an illustration of the three tests
in a very simple setting. Suppose that Xy, ---, X, are i.i.d. Poisson
random variables with mean A and we want to test the null
hypothesis Hy : A = Ag versus the alternative hypothesis Hy : A #
Ao. For the Poisson distribution, we have I(A) = 1/A and the MLE
is Xn = X,,. Therefore, the LR, Wald, and score statistics have the
following formulas:

2In(A,) = 2n(XnIn(Xn/Ao) — (Xn — X))

W, - n( Xy — Ao)?
Ao

g, — MXn=X)®
Ao
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Note that S, and W,, are the same in this case. Figure 7.3 shows
a graph of the (scaled) likelihood function for a sample of 100
observations. For the purpose of illustration, we take Ao = 4 in
which case the value of the LR statistic (for these data) is 13.60
while the value for the score and Wald statistic is 14.44; using the
asymptotic x?(1) null distribution, we would reject Hy at the 0.05
level for values greater than 3.84 and at the 0.01 level for values
greater than 6.63. &

Although both the Wald and the score statistics have the same
limiting distribution (under Hp) as the LR statistic, there are
some practical differences in the use of these statistics. First,
suppose that we reparametrize the model by setting 8 = g(0)
where g is a one-to-one transformation on ©. In this case, the
LR statistic remains unchanged since the maxima (both restricted
and unrestricted) of the likelihood function remain unchanged. On
the other hand, the Wald and score statistics will not remain
invariant to reparametrization although the dependence on the
parametrization of the model becomes smaller as the sample size
increases. Second, both the LR and Wald statistics require the
computation of restricted and unrestricted MLEs; on the other
hand, the score statistic requires only computation of the restricted
MLE (that is, the MLE under Hp). Thus the score statistic is
potentially simpler from a computational point of view and for
this reason, the score test is often used in deciding whether or not
parameters should be added to a model.

As mentioned above, the score test is often called the Lagrange
multiplier test, particularly in econometrics. The reason for this is
the following. Suppose that we want to maximize a log-likelihood
function In L(@) subject to the constraint g(f) = 0 for some
function g. To solve this problem, we can introduce a vector of
Lagrange multipliers A and maximize the function

h(0,\) =1nL(8) + ATg(6).

If (8, ) maximizes h(6, \) then X &~ 0 implies that the constrained
maximum and unconstrained maximum of In £(8) are close; on the
other hand, if X is not close to the 0 vector then the two maxima
can be very different. This suggests that a test statistic can be based
on A; in the problem considered above, this statistic is simply the
score statistic.

© 2000 by Chapman & Hall/CRC



EXAMPLE 7.23: Suppose that Xi,---,X, are ii.d. Gamma
random variables with shape parameter o and scale parameter \.
We want to test

Hy:a=1 versus Hj:a#1.

Under Hy, note that the X;’s have an Exponential distribution. For
this model, estimating both a and A via maximum likelihood is non-
trivial (although not difficult) as there is no closed-form expression
for the MLEs (see Example 5.15); however, for fixed «, there is a
simple closed-form expression for the MLE of A. Thus the score test
seems an attractive approach to testing Hy. For o = 1, the MLE
of Mis A\, = 1/X'n and so the score statistic is

2
1 (& .
Sn=—— In(X;/X,) — (1
where 1 («) and ¢)'(«) are the first and second derivatives of InT'(«)
with ¢ (1) = —0.57722 and ¢'(1) = 1.64493; see Example 5.15 for
more details. The limiting distribution of S, is x? with 1 degree of
freedom. &

In addition to having the same limiting distribution, the LR
statistic as well as the Wald and score statistics are asymptotically
equivalent (under the null hypothesis) in the sense that the
difference between any two of them tends in probability to 0 as n —
oo. This asymptotic equivalence is a consequence of the fact that the
log-likelihood function is a quadratic function in a neighbourhood
of the true parameter value (assuming the regularity conditions
of Theorem 7.5). More precisely, if In £, (0) is the log-likelihood
function and 6 is the true value of the parameter then we have

Zp(w) = In(L,(00+u/vn)/Ly(00))
1
= 4V, - iuTI(Og)u + R, (u)
where R, (u) —, 0 for each w and V,, —4 Np(0,1(0y)); Z,(u) is
maximized at u = /n(6,, — 6y) and the quadratic approximation
to Z, is maximized at u = I~(89)V,. Thus if we are interested

in testing Hy : 8 = 8, the quadratic approximation to Z, suggests
the following approximations to our test statistics:

2In(A,) = 2Z,(vn(0, — 60))
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&Q

vIir-teynv,

W, = n(8, —00)"1(6,)(8, — 6o)
= virte )V

Sn = [VZu(0)]"I1(80)[VZ,(0)]
~ VI Y0V,

where VZ,,(0) is the gradient of Z,(u) at u = 0, or equivalently,
the score vector divided by /n. Thus V,,I1-(80)V,, serves as an
approximation for each of 2In(A,) (the LR statistic), W,, (the Wald
statistic), and S,, (the score statistic); note that V,,171(09)V,, —4
x2(p). Similarly approximations hold for these test statistics applied
to other null hypotheses considered in this section.

7.5 Other issues
P-values

Up to this point, we have assume a fixed level o when discussing
hypothesis tests. That is, given «, we define a test function ¢; then
given data X = x, we reject the null hypothesis at level a if ¢(x).

An alternative approach (which is more in line with current
practice) is to consider a family of test functions ¢, for 0 < a <1
where the test function ¢, has level a. We will assume the test
functions {4} satisfy the condition

Gay(®) =1 implies ¢q,(x) =1

for any a3 < «@o. We then define the p-value (or observed
significance level) to be

p(x) = inf{a : ¢o(x) = 1}.
The p-value p(x) is the smallest value of « for which the null
hypothesis would be rejected at level a given X = x.

In the case where the hypothesis test is framed in terms of a single
test statistic 7' = T'(X) such that ¢o(X) =1 for T' > k, then it is
straightforward to evaluate p-values. If G(x) is the null distribution
function of T', then given T'(x) = t, the p-value is p(x) = 1 — G(t).

EXAMPLE 7.24: Suppose that Xq,---,X,, and Y7, ---,Y,, are
two samples of i.i.d. random variables with X; ~ N(u1,0?) and
Y; ~ N(u2,02). The LR test of the null hypothesis

Ho : pn = po
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(versus the alternative H; = uy # p2) rejects Hy for large values of
the test statistic |T'| where

X-Y
Svm—t+n-1

and S? is the so-called “pooled” estimator of variance:

T =

1 m n

$ = S (X X+ Y (G- VY

m+n— i=1 i=1

It is easy to verify that T' ~ 7 (m+mn—2) under the null hypothesis.
Thus given T' = ¢, the p-value is p(t) = 1 + G(—|t|) — G(|t|) where
G(x) is the distribution function of the ¢ distribution. However, if
the alternative hypothesis is Hy : pu1 > po, we would typically reject
Hj for large values of T'. In this case, given T' = t, the p-value is
p(t) =1—G(1). &

The p-value is often used as a measure of evidence against the
null hypothesis: the smaller p(x), the more evidence against the null
hypothesis. While this use of p-values is quite common in statistical
practice, its use as a measure of evidence is quite controversial. In
particular, it is difficult to calibrate p-values as measures of evidence
(Goodman, 1999a).

P-values are often (erroneously) interpreted as the probability
(given the observed data) that the null hypothesis is true. However,
if we put a prior distribution on the parameter space then it
may be possible to compute such a probability (from a Bayesian
perspective) using the posterior distribution. Some care is required
in interpreting these probabilities though; for example, the posterior
probability that the null hypothesis is true necessarily depends
on the prior probability of the null hypothesis. As a Bayesian
alternative to p-values, some authors have proposed using Bayes
factors, which essentially measure the change in the odds of the null
hypothesis from the prior to the posterior; see, for example, Kass
and Raftery (1995), and DiCiccio et al (1997). It is often argued that
Bayes factors are more easily intepretable than p-values (Goodman,
1999b) although this view is not universally shared.

We can also view p-values, in their own right, as test statistics.
Suppose that we want to test

Hy:0€ 0y versus Hp:0€ 0,
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using a family of tests whose test functions are {¢, }. Suppose that
X = (Xy,---,X,,) are continuous random variables and that, for
some 6y € O,

Ey, [¢a(X)] =

for all 0 < « < 1. Then if the p-value p(X) has a continuous
distribution, it follows that

Fpo [p(X) <a] ==

for 0 < = < 1; that is, p(X) has a Uniform distribution on [0, 1]
when 6y is the true value of the parameter. (Note that, for given
0 € B, we have

Py[p(X) <z] > =

for 0 <z < 1.)

The fact that p(X) is uniformly distributed under Hy can be
useful in practice. For example, suppose that we have p-values
Py, ---, P, from k independent tests of the same null hypothesis.
Assuming that the P;’s are uniformly distributed when the null
hypothesis is true, we can combine the p-values using the test

statistic
k

T=-2) In(P);
i=1
under the null hypothesis, T has a x? with 2k degrees of freedom.
This simple approach to meta-analysis (that is, combining results
of different studies) is due to R.A. Fisher.

Obtaining confidence regions from hypothesis tests

Our discussion of confidence intervals and regions gave essentially
no theoretical guidance on how to choose a “good” confidence
procedure; in contrast, for hypothesis testing, the Neyman-Pearson
Lemma provides a useful paradigm for deriving “good” hypothesis
tests in various situations. In fact, there turns out to be a very
close relationship between confidence intervals (or regions) and
hypothesis tests; we can exploit this relationship to turn “good”
hypothesis tests into “good” confidence procedures.

Suppose that R(X) is an exact 100p% confidence region for a
parameter 8 and we want to test the null hypothesis

Hy:0=60y versus Hj:0 #6,.
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Define the test function

1 if 6y ¢ R(X
¢“3:{0ﬁ£i3&&

It is easy to verify that the size of this test is

Ego [9(X)] = 1— Py [60 € R(X)]
< 1-—p

Thus we can use a 100p% confidence region to construct a test of
Hy whose level is at most 1 — p. On the other hand, suppose that
we have a-level tests of Hy for each 8y € O; define ¢(X;8p) to be
the test function for a given 6y. Now define

RY(X) ={00: $(X;60) = 0};
the coverage of R*(X) is

Pyl0 € R (X)] = Py[p(X;0)=0]
> 1—-a.

Thus we can construct a (possibly conservative) 100p% confidence
region for @ by considering a family of & = 1 — p level tests and
defining the confidence region to be the set of 6’s for which we
cannot reject the null hypothesis at level a.

This “duality” between hypothesis tests and confidence intervals
or regions can be very useful in practice. For example, suppose that
X1, -+, X, are i.i.d. random variables with density or frequency
function f(x;0) and we want to find a confidence interval for a
single parameter (call it ¢) in 8. Writing 8 = (¢, 7), the LR statistic
for Hy: ¢ = ¢g is

21n(An) = 23 W[F(Xit G 7o)/ £ (X5 G0 Fo(0)]
=1

where 7T,(¢o) is the MLE of 7 under Hy (that is, assuming
that ¢ = ¢¢ is known). According to Theorem 7.5, under Hy,
21In(A,) —4 x?(1) and Hj is rejected for large values of the statistic
2In(A,). Thus if k, is the p quantile of a x?(1) distribution, an
approximate 100p% confidence interval for ¢ is

R(X) ={¢:9(X;¢) < kp}
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where g(X; ¢) is the “likelihood ratio” pivot:

0(X:0) = 2 Il (Xt s 7) (X2, 7(0)].

i=1
Note that g(X;¢) > 0 with g(X; ¢p) = 0.

EXAMPLE 7.25: Suppose that Xi,---, X, are ii.d. Gamma
random variables with shape parameter o and scale parameter
A. We will derive an approximate 95% confidence interval for «
based on the LR test procedure. First of all, we start with the
log-likelihood function

InL(a,\) = naln(A) + (o — 1) znjln(Xi) — )\zn:Xi —nlnT(a).
i=1 i=1

The LR test of Hy : @ = g compares the maximized likelihood with
a = g to the unrestricted maximized likelihood; if « is assumed
known then the MLE of \ is A(a) = a/X. Substituting A(a) for A
in the log-likelihood, we obtain the profile log-likelihood

InLy(a) = InL(a,A(a))
n
= na[ln(e/X) -1+ (a—1) Zln(Xi) —nlnT(a).

i=1

The profile log-likelihood is maximized at &, which is the MLE of

«; to obtain a confidence interval for o we look at the approximate

pivot

9(X;a) =2m[Ly(a)/Ly(a)].
We know that, for a given a, g(X;a) is approximately x? dis-

tributed with 1 degree of freedom; thus an approximate 95% confi-
dence interval for « is

R(X) ={a:9(X;a) <3.841}.

For a sample of 50 i.i.d. Gamma random variables, a graph of
9(X;a) and the approximate 95% confidence interval for « are
shown in Figure 7.4. <&

A similar approach can be followed to obtain confidence intervals
(or, indeed, confidence regions) from the Wald and score tests.
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Figure 7.4 The profile likelihood pivot in Example 7.25 and an approximate 95%
confidence for a.

Confidence intervals and tests based on non-parametric likelihood

Suppose that X7, ---, X, are i.i.d. random variables with unknown
distribution function F. In section 5.6, we defined a notion of
non-parametric maximum likelihood estimation and noted that
the empirical distribution function was the non-parametric MLE
of F under this formulation. We will indicate here how the non-
parametric likelihood function can be used to obtain a confidence
interval for a functional parameter (F) or to test a null hypothesis
of the form Hy : O(F) = 6. The idea is to extend the idea of LR
tests to the non-parametric setting.

We will consider the hypothesis testing problem first. According
to our discussion in section 5.6, we consider only distributions
putting all their probability mass at the points Xi,---,X,,. For
a given vector of probabilities p = (p1,---,pp), we define F), to be
the (discrete) distribution with probability p; at X; (i = 1,---,n).
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The non-parametric (or empirical) log-likelihood function is

In L(p) = Zn: In(p;)
=1

and so to implement the LR test procedure, we must consider
the unrestricted MLEs of py,---,p, (which are p; = 1/n for
i=1,---,n) as well as the restricted MLEs assuming that the null
hypothesis is true; the restricted MLEs maximize In £(p) subject
to the constraints p; + -+ + p, = 1 and 6(F,) = 6. If p, is this
restricted MLE of p then the LR test statistic is given by

In(A,) = — Zln(n@o);
i=1

as before, we would reject Hp for large values of In(A,) (or,
equivalently, A;,).

EXAMPLE 7.26: Suppose that 6(F) = [zdF(z) = E(X;).
Under Hy : 6(F) = 6y, the non-parametric MLEs of pi,---,py
can be obtained by maximizing In £(p) subject to the constraints

prdetp, = 1
p1X1+"'+ann = 00‘

The MLEs (under Hj) can be determined by introducing two
Lagrange multipliers, A\; and A2, and maximizing

n
> In(pi) + Mpr+ -+ pp— 1) 4+ Ae(p1 X1+ -+ + paXn — )
i=1
with respect to p1,---,pn, A1 and Ag. After differentiating and
setting the partial derivatives to 0, we obtain

1
n — Xo(X; — o)

~

pi =

where Ag is defined so that the constraints on the p;’s are satisfied.
O

The limiting null distribution of the LR test statistic is not clear;
we do not have the standard conditions for this statistic to have
a limiting x? distribution. Nonetheless, if 0(F) is a sufficiently
“smooth” functional parameter then the null distribution 21n(A,,)
will be approximately y? with 1 degree of freedom for large n. For
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example, the following result can be found in Owen (1988) for the
case where 0(F) = [ g(z) dF(x).

THEOREM 7.6 Suppose that 0(F) = [ g(
testing Hy : O(F) = 6y. If [ |g(x |3dF( ) < o0 hen
)

) and we are

QID(An) —d X (

if Hy is true.

Similar results can be given for other functional parameters 6(F);
see Owen (1988) for details.

We can use the result of Theorem 7.6 to derive approximate
confidence intervals for functional parameters §(F') satisfying its
conditions. For example, suppose that §(F') = [z dF(z) and define

6) = —23" In(npi(9))
=1

where p(f) maximizes the non-parametric likelihood subject to the
constraint "

ZpiXi =0.

i=1

Then ¢(X;0(F)) is an approximate pivot for #(F') and hence we
can define an approximate 100p% confidence interval for 8(F') to
be

R(X) ={0:9(X;0) <k}
where k, is the p quantile of a x? distribution with 1 degree of
freedom.

7.6 Problems and complements

7.1: Suppose that X;,---, X, are i.i.d. Normal random variables

with unknown mean p and variance o2.

(a) Using the pivot (n — 1)52/0? where

1 & S

-1 Z(X o
i=1

we can obtain a 95% confidence interval [k152, k2.S?] for some
constants k1 and ko. Find expressions for k; and ko if this
confidence interval has minimum length. Evaluate k; and ko
when n = 10.
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(b) When n is sufficiently large, we can approximate the
distribution of the pivot by a Normal distribution (why?). Find
approximations for k1 and ko that are valid for large n.

7.2: Suppose that Xi,---, X, are i.i.d. Exponential random vari-
ables with parameter \.
(a) Show that 2AX; has a 2 distribution with 2 degrees of
freedom and hence that 2\ 3.7 ; X; has a x? distribution with
2n degrees of freedom.

(b) Suppose that n = 5. Give a 90% confidence interval for 0
using the result of part (a).

(c) Let 6 be the MLE of 6. Find a function g such that
the distribution of \/n(g(8) — g(8)) is approximately standard
Normal and use this to give an approximate 90% confidence
interval for @ valid for large n.

7.3: Suppose that Xi,---, X, are i.i.d. continuous random vari-
ables with median 6.
(a) What is the distribution of Y1 | I(X; < 6)?
(b) Let X(1) <--+ < X(y) be the order statistics of X1, -+, Xp.
Show that the interval [X(,, X(,] is a 100p% confidence
interval for 0 and find an expression for p in terms of ¢ and
u. (Hint: use the random variable in part (a) as a pivot for 6.)

(c) Suppose that for large n, we set

é—{ﬁ—%J and u—[ﬁ—i-%—‘
12 Vn 2 i’

Show that the confidence interval [X (), X(,)] has coverage
approximately 95%. ( |x| is the largest integer less than or
equal to x while [z] is the smallest integer greater than or
equal to x.)

7.4: Suppose that Xy,---, X, Y7,---, Y, are independent Expo-
nential random variables with X; ~ Exp(\) and Y; ~ Exp(6)).

(a) Find the MLEs of A and 6.

(b) Let ém,n be the MLE of #. Find an expression for an
approximate standard error of §m7n. (Hint: assume m and n
are “large” and use asymptotic theory.)

(c) Show that 0 7 ,Y;/> ", X; is a pivot for §. What is
the distribution of this pivot? (Hint: Find the distributions of
2003 Y; and 203" X))
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(d) Using part (c), show how to construct a 95% confidence
interval for 6. Give the upper and lower confidence limits for
m =5 and n = 10.

7.5: Suppose that Xi,---, X, are i.i.d. Uniform random variables
on [0,0] and let X(y,---, X() be the order statistics.

(a) Show that for any r, X(,)/0 is a pivot for 6.

(b) Use part (a) to derive a 95% confidence interval for 6 based
on X (. Give the exact upper and lower confidence limits when
n =10 and r = 5.

7.6: Suppose that Xi,---, X, are i.i.d. nonnegative random vari-
ables whose hazard function is

[ A forx <z
)\(x)_{)\g for x > g

where A1, Ao are unknown parameters and zg is a known
constant.

(a) Consider testing Hy : A1/ = r versus Hy : A\;/A\g # r for
some specified r > 0. Find the form of the LR test of Hy versus
H;.

(b) Use the result of (a) to find an approximate 95% confidence
interval for A; /.

7.7: Suppose that X, Xo,--- are i.i.d. Normal random variables
with mean p and variance o2, both unknown. With a fixed
sample size, it is not possible to find a fixed length 100p%
confidence interval for u. However, it is possible to construct
a fixed length confidence interval by allowing a random sample
size. Suppose that 2d is the desired length of the confidence
interval. Let ng be a fixed integer with ng > 2 and define

1 X

: > (X — Xo)*.

i=1

_ 1 2o 9
XOZ— X; and S7=
noi—zl ! 0 no —

Now given S3, define a random integer N to be the smallest
integer greater than ng and greater than or equal to [Spt,/d]?
where « = (1 — p)/2 and t, is the 1 — a quantile of a ¢-
distribution with ny — 1 degrees of freedom). Sample N — ng
additional random variables and let X = N~ SN, X;.

(a) Show that v/N(X — u1)/Sp has a t-distribution with ng — 1
degrees of freedom.
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(b) Use the result of part (a) to construct a 100p% confidence
interval for © and show that this interval has length at most
2d.

7.8: Suppose that X1, ---, X, arei.i.d. random variables with Cau-
chy density 1 1

Tl+(z—0)%

(a) Let gn be the median of X7, --,X,,. It can be shown that
V(0 — 0) —4 N(0,0?). Find the value of o2 and use this
result to construct an approximate 95% confidence interval for

6.

(b) Find an approximate 95% confidence interval for 6 using
the maximum likelihood estimator. (You may assume that the
MLE is consistent.)

(c) Which of these two (approximate) confidence intervals is
narrower?

f(x;0) =

7.9: Suppose that Xi,---,X,, are ii.d. random variables with
density function

f(@; 1) = exp[=A(x — p)] for z > p.
Let X(l) =min(Xy, -+, Xp).
(a) Show that

n

S =22 (X — X)) ~ x*(2(n — 1))
i=1
and hence is a pivot for \. (Hint: Note that the distribution of
X; — X(1) does not depend on i and see Problem 2.26.)

(b) Describe how to use the pivot in (a) to give an exact 95%
confidence interval for A.

(c) Give an approximate 95% confidence interval for A based
on S(A) for large n.

7.10: Smith (1988) discusses Bayesian methods for estimating
the population size in multiple mark/recapture experiments
(see Example 2.13). In such experiments, we assume a fixed
population size N. Initially (stage 0), ng items are sampled
(captured) without replacement and marked. Then at stage 4
(i=1,---,k), n; items are sampled and the number of marked
items m; is observed; any unmarked items are marked before
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being returned to the population. Thus the total number of
marked items in the population at stage i is

i—1
M; = Z(n] —m;) where mg = 0.
j=0

The conditional distribution of the number of marked items
at stage ¢ (given M;, which depends on mi,---,m;_1) is
Hypergeometric with frequency function

f(mi|M;, N) = (%j) (i_%j>/<i>

(a) To make the problem somewhat more analytically tractable,
we can approximate the Hypergeometric (conditional) frequen-
cy function f(m;|M;, N) by the Poisson approximation
exp(—M;/N)(M;/N)™

f(mi|M;, N) ~

Justify this approximation; specifically, what assumptions are
being made about M; and N in making this approximation.

(b) Using the Poisson approximation in (a), we can now pretend
that IV is a “continuous” rather than discrete parameter. Set
w = 1/N and assume the following prior density for w:

mw)=21-w) for0<w<1

For the data given in Table 7.1, find the posterior density of NV
(not w) and find the 95% HPD interval for N.

(d) In this paper, we treat w (or equivalently N) as a continuous
parameter even though it is discrete. Given a prior frequency
function 7w(N) for N, give an expression for the posterior
frequency function.

7.11: Consider a random sample of n individuals who are classified
into one of three groups with probabilities #2, 20(1 — 6), and
(1 — ). If Y1,Y3,Y3 are the numbers in each group then
Y = (11,Y3,Y3) has a Multinomial distribution:

n!
10) = ———— 021 [20(1 — 0)]%2 (1 — 0)2vs
Flys6) = 6 2001 - 0)]" (1 6)
for y1,y2,y3 > 0; y1 +y2+ys = n where 0 < 6 < 1. (This model
is the Hardy-Weinberg equilibrium model from genetics.)
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Table 7.1 Data for Problem 7.10; n; is the number of fish caught in sample i
and m; is the number of marked fish caught.

0 10 0
1 27 0
2 17 0
3 7 0
4 1 0
5 5 0
6 6 2
7 15 1
8 9 )
9 18 )
10 16 4
11 ) 2
12 7 2
12 19 3

(a) Find the maximum likelihood estimator of § and give the
asymptotic distribution of /n(6, — 0) as n — oc.

(b) Consider testing Hy : 0 = 6y versus Hy : 6 > 6. Suppose
that for some &

P@O[QH—FYQZ]{Z]:CM

Then the test that rejects Hy when 2Y; +Ys > k is a UMP level
« test of Hy versus H;.

(¢) Suppose n is large and o = 0.05. Find an approximate value
for k in the UMP test in part (b). (Hint: Approximate distribu-
tion of 2Y; + Y5 by a Normal distribution; the approximation
will depend on n and 6.)

(d) Suppose that 6y = 1/2 in part (b). How large must n so that
a 0.05 level test has power at least 0.80 when § = 0.67 (Hint: Use
the approximation in (c) to evaluate k and then approximate
the distribution of 2Y; + Y5 by a Normal distribution when
0 =0.6.)

7.12: Suppose that Xi,---,X, are ii.d. random variables with
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density function
f(z;0) =02~ for0<z<1

where 6 > 0.

(a) Show that the UMP level o test of Hy : 6 < 1 versus
Hy: 0 > 1 rejects Hy for

What is the distribution of T" under Hy?
(b) Suppose a = 0.05 and n = 50. Find either an exact or an
approximate value for k.

(c) Suppose we use the following test statistic for testing Hy
versus Hi:

S = Zsin(ﬂ'Xi/Q).
i=1
We reject Hy when S > k. If a = 0.05, find an approximate

value for k (assuming n is reasonably large). (Hint: Approxi-
mate the distribution of S when § = 1 using the CLT.)

(d) Suppose that § = 2. Determine how large (approximately)
n should be so that the test in part (c¢) has power 0.90. How
large (approximately) must n be for the UMP test of part (a)?
(Hint: Find the mean and variance of S and 7" when 6 = 2 and
apply the CLT.)

7.13: Suppose that X ~ Bin(m,0) and Y ~ Bin(n,¢) are
independent random variables and consider testing

Hy:0>¢ versus Hi:0 < ¢.

(a) Show that the joint frequency function of X and Y can be
written in the form

f(z,y;0,9) )
B <Z((11:?;> <1 i) ¢>“y exp [d(0, ¢) + S(,y)]

and that Hy is equivalent to
01— ¢)
Hy:In|—=1]>0.
o <<z> 1 >
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(b) The UMPU test of Hy versus H; rejects H at level « if
X > k where k is determined from the conditional distribution
of X given X +Y = z (assuming that § = ¢). Show that this
conditional distribution is Hypergeometric. (This conditional
test is called Fisher’s exact test.)

(c) Show that the conditional frequency function of X given
X +Y =z is given by

PX =z|X+Y =2)

- ()t 2

where the summation extends over s from max(0,z — n) to
min(m, z) and
0(1 - ¢)

=9
p(1-10)
(This is called a non-central Hypergeometric distribution.)
7.14: Let Xi,---,X,, be ii.d. Poisson random variables with
parameter A and Y7,---,Y, be ii.d. Poisson random variables

(independent of the X;’s) with parameter . Suppose we want

to test
Hy:p=X versus Hp:p# A

at level a.

(a) Find the LR statistic A = A, ,, for testing Hy. Assuming
that m,n — oo, show that the null distribution of 21n(A,, )
tends to a x? distribution with 1 degree of freedom.

(b) An alternative approach to testing in this problem is a
conditional test. Define S = X1+ -+ X, and T = Y1+ - -4Y,,.
Show that the conditional distribution of S given S+ 1T =y is
Binomial and give the values of the parameters.

(c) Let ¢ = /. Using the conditional distribution in (b), show
that the MP conditional test of

H):¢=¢g versus Hj:¢=d¢
rejects H{) for large (small) values of S if ¢1 > ¢g (1 < ¢o).

(d) Use the result of (c) to give a reasonable conditional test of
Hj versus Hi in (a).

7.15: Suppose that X7, -+, Xig arei.i.d. Uniform random variables
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on [0, 6] and consider testing
Hp:0=1 wversus Hi:0#1

at the 5% level. Consider a test that rejects Ho if X(19) < a or
X(10) > b where a < b < 1.

(a) Show that a and b must satisfy the equation
b0 —a' = 0.95.

(b) Does an unbiased test of Hy versus Hj of this form exist? If
so, find @ and b to make the test unbiased. (Hint: evaluate the
power function and note that it must be minimized at § = 1 in
order for the test to be unbiased.)

7.16: Let X,, = (X1, ---,X,) and suppose that we are testing
Hy : 0 € Oy versus Hy : 6 € ©1. A sequence of « level test
functions {¢,} is consistent for testing Hy versus Hi,

Eylon(Xn)] — 1
for all 6 € ©4.

(a) Let Xy, -+, X, be iid. random variables with density or
frequency function f(x;#) and suppose that we test Hy : 0 = 6y
versus Hy : # = 61. Show that the sequence of MP « level tests
is consistent.

(b) Let Xi,---,X,, be iid. random variables with density
or frequency function f(x;6) and suppose we want to test
Hy : 0 = 0y versus Hj : 0 # 0y using the LR test statistic

n_Zm (X4;0,)/ f(Xi560)]

where §n is the MLE of 8 and Hj is rejected for large values of
T,. If T,,/n —, 0 under Hy, show that the sequence of tests is
consistent.

7.17: Suppose that X = (Xj,---,X,) are continuous random
variables with joint density f(a) where f = fy or f = fi are the
two possibilities for f. Based on X, we want to decide between
fo and f1 using a non-Neyman-Pearson approach. Let ¢(X) be
an arbitrary test function where fy is chosen if ¢ = 0 and f;
is chosen if ¢ = 1. Let Ey(T') and E;(T') be expectations of a
statistic ' = T'(X) assuming the true joint densities are f and
f1 respectively.
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(a) Show that the test function ¢ that minimizes
aBolp(X)] + (1 = a)Er[l - ¢(X)]

(where 0 < a < 1 is a known constant) has the form

. f1(X)
p(X)=1 if fo(X) >k
and 0 otherwise. Specify the value of k.
(b) Suppose that Xi,---,X, are ii.d. continuous random
variables with common density f where f = fo or f = fi

(fo # f1)- Let ¢, (X) be the optimal test function (for some «)
based on Xi,---, X, as described in part (a). Show that

Tim_(aBo[6(X)] + (1 — a)Ey[1 — 6,(X)]) = 0.
(Hint: Use the facts that

Eo[In(f1(Xi)/ fo(X3))] <
and  Ep[In(f1(X1)/fo(X1))] >

and apply the WLLN.)

7.18: Suppose that X = (Xi,---,X,) are continuous random
variables with joint density f(x;60) where 6 is a real-valued
parameter. We want to test

Hy:0=0¢ versus Hj:0+# 0

0
0

at level a. For any test function ¢(X ), define the power function
m(6) = Eplop(X)]

and assume that 7(6) may be differentiated twice under the
integral sign so that, for example,

W)= [ [ (@) 5 f(:0) de.

(a) Show that the test function maximizing 7" (6y) subject to
the constraints 7'(6p) = 0 and 7(y) = « satisfies
H(X) =1 if L(X;00) + [((X5600)]" + kil (X;00) > Fo

and ¢(X) = 0 otherwise where kj, k2 are constants so that
the constraints are satisfied and ¢, ¢” are the first two partial
derivatives of In f with respect to 6.
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(b) Suppose that Xi,---,X,, are ii.d. random variables. For
large n, argue that the “locally most powerful unbiased” test
described in part (a) can be approximated by the test function
satisfying

) _ 1 & d 2
o1 (X) =1 if (%;%mﬂ){i;%)) >k

and 0 otherwise. (Hint: Divide the test statistic in part (a) by
n and consider its behaviour as n — o0.)

(¢) Suppose that Xi,---, Xqg0 are ii.d. Exponential random
variables with parameter A and we test

Hyp: A=2 wversus Hjp:\#2
at the 5% level. Use the result of (b) to approximate the locally
most powerful test, explicitly evaluating all constants.

7.19: Consider a simple classification problem. An individual
belongs to exactly one of k£ populations. Each population has
a known density fi(z) (i = 1,---,k) and it is known that a
proportion p; belong to population i (p; +-- -+ pr = 1). Given
disjoint sets R1,---, Rg, a general classification rule is

classify as population i if x € R; (i =1,---,k).

The total probability of correct classification is

k
C(Ry.- - Ry) = ;pi /R fi(z) da.

We would like to find the classification rule (that is, the sets
Ry, -, Ry) that maximizes the total probability of correct
classification.

(a) Suppose that k& = 2. Show that the optimal classification

rule has
Ry = {x: fi(@) > 12}

fi(z b1
Ry, = {ZL‘ f2($) < p2}.
(b) Suppose that f; and fo are Normal densities with different
means but equal variances. Find the optimal classification rule
using the result of part (a) (that is, find the regions R; and
Ry).
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(c¢) Find the form of the optimal classification rule for general
k.

7.20: Let X¢,---,X,, and Y7,---,Y,, be independent random vari-
ables where X; is Exponential with parameter \;# and Y; is
Exponential with parameter \;. Suppose that we wish to test
Hy: 0 =1 versus Hy : 6 # 1 at the 5% level.

(a) Show that the LR test of Hy versus H; rejects Hy when
T, = In(0,) —2In | ——— >k
3 (w2 (%557 )
where R; = X;/Y; and 0, satisfies

n n
5, o

§R+1

(b) Find the limiting distribution of the statistic T}, as n — oo
when § = 1. (Note that the standard result cannot be applied
here since the dimension of the parameter space is not fixed but
growing with n.)

7.21: A heuristic (but almost rigorous) proof of Theorem 7.5 can
be given by using the fact the the log-likelihood function
is approximately quadratic in a neighbourhood of the true
parameter value. Suppose that we have i.i.d. random variables
X1, -+, X, with density or frequency function f(z;6) where
0= (61,---,0p), define

Zn(u) = In(Ln(0+u/vn)/Ln(0))
= 'V, - %uTI(O)u + Ry, (u)
where R, (u) — 0 for each w and V,, —4 N,(0,1(6)).
(a) Suppose we want to test the null hypothesis
Hy : 61 = 610,00 = b0.
Show that, if Hy is true, the LR statistic is

210(An) = 2 [Zu(Us) = Za(Uno)]

where U,, maximizes Z,, (u) and /Ijno maximizes Z,(u) subject
to the constraint that u; = --- = u, = 0.
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(b) Suppose that Z,(u) is exactly quadratic (that is, R, (u) =
0). Show that

Uu, = I'‘ev,

= 0
UnO - <[2_21<0)Vn2 )

where V,, and 1(0) are expressed as

vo = (V)
o) = (1) 120

(¢) Assuming that nothing is lost asymptotically in using the
quadratic approximation, deduce Theorem 7.5 from parts (a)
and (b).

7.22: Suppose that X1, -+, X,, are independent Exponential ran-
dom variables with parameters Ap,---,\,, respectively. We
want to test the null hypothesis

HQ:)\]_:"':An

versus the alternative hypothesis that at least two of the A;’s
are different.

(a) Derive the LR test of Hy. If A,, is the LR test statistic, show
that 2In(A,) —, co under H.

(b) Find b, such that [In(A,)—by,]/+/n converges in distribution
to a Normal distribution.

7.23: Suppose that X1, -+, X,, are independent Exponential ran-
dom variables with E(X;) = (t; where t1,---,t, are known
positive constants and ( is an unknown parameter.

(a) Show that the MLE of 3 is
~ 1
Bn == Xi/ti.
iz
(b) Show that

V(B = §) —a N(0,5°).
(Hint: note that X, /tq,---, X, /t, are i.i.d. random variables.)
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(c) Suppose we want to test
Hop:06=1 versus Hj:3#1.

Show that the LR test of Hy versus Hi rejects Hy for large

values of R R
T, = n(ﬂn - ln(ﬁn) - 1)

where 3, is defined as in part (a).
(d) Show that when Hy is true, 2T, —4 x*(1).
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CHAPTER 8

Linear and Generalized Linear
Models

8.1 Linear models

Linear models include an extremely wide class of models and are
possibly the most widely used models in applied statistics. The
reasons for this popularity are obvious - linear models are simple
in form, easy to interpret, and (under appropriate assumptions)
statistical inference for linear models is remarkably elegant.

In this chapter, we will mainly apply some of the concepts
developed in earlier chapters to the linear model; we will not go into
any particular depth on the theory of linear (and generalized linear)
models as there are numerous texts that do this in some depth; see,
for example, Seber (1977) as well as Sen and Srivastava (1990) for
more detailed treatment of linear model theory and practice.

The general form of the linear model is

Y, = Bo+pizi+ -+ Bpxip + € (i=1,---,n)
= z/B+e

where x; = (1,241, -+,%ip)? is a vector of known constants
(called covariates or predictors), B8 = (80,81, -+, 0y)! is a vector
of unknown parameters, and ¢1,---,&, are i.i.d. Normal random
variables with mean 0 and unknown variance o2. Alternatively, we
can say that Yi,---,Y,, are independent Normal random variables
with E(Y;) = x!'8 and Var(¥;) = o2. (It is possible to write
the linear model without the intercept Gy and none of the theory
developed in this chapter is contingent on the presence of 3y in the
model. However, the intercept is almost always included in practice;
unless there is a substantive reason to delete it from the model, it
may be dangerous to do so.)

Linear models include simple and multiple regression models
(where the x;’s are typically vectors of covariates) as well as fixed
effects analysis of variance (ANOVA) models.
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EXAMPLE 8.1: Consider a single factor ANOVA model where
we have k treatments and n; observations for treatment ¢:

This can be written in the form Yj; = mz;-,@ + g5 with 8 =
(:U’a O[l,"',Oék)T and

mlj - (1)1705”'70)T
L2 = (17071a0a"'70)T

Lk = (1707"'7071)T'

Note that the parametrization as given above is not identifiable;
typically, we put some constraint on the «;’s (for example, a; =0
or a; + -+ + ag = 0) to yield an identifiable parametrization. <

8.2 Estimation in linear models

Under the assumptions given in the previous section, namely
that the Y;’s are independent random variables with Normal
distributions, we can easily derive the MLEs of the unknown
parameters o, 51, -+, 8, and o2 Given Y] = y1,---,Y, = yn, the
log-likelihood function is

In £(8.0) = ~nln(o) — -5 > (s — 2T B — 2 In(2r).
1=1

Differentiating with respect to the unknown parameters, we obtain

) 1 &

%lnﬁ(,@,a) — ;;(yi_w?ﬁ)a:z

0 1<

5r MEB0) = =Tt 5wl

Setting these derivatives to 0, it follows that the MLE of 3 satisfies
the so-called normal equations
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while the MLE of o2 is
~ 1 & -~
52 == > (v - ol B

=1

The MLE of 3 is, in fact, a least squares estimator. That is, B
minimizes n
S~ ol B
i=1
This fact, along with the fact that the Y;’s are Normal random
variables, allows us to exploit the geometrical properties of the
multivariate Normal distribution to derive the properties of the
estimators 3 and 2. To do this, it is convenient to write the linear
model in matrix form.
Define random vectors Y = (Y1,---,Y,)T and € = (e1,---,¢&p
as well as the matrix

)T

T
1 11 371p 331
T
1 21 $2p Ty
X = . == . y
1 Zp1t o Tpp :t:g:

X is called the design matrix. We can then rewrite the linear model
as
Y=XB+e
so that Y has a multivariate Normal distribution with mean vector
X B and variance-covariance matrix o21.
Using the matrix formulation of the linear model, we can rewrite
the normal equations (which determine 3) as

n n .

d Y=Y ma]

i=1 i=1
or .

XTy = (xTX)B.
Hence if (X7 X)™! exists (as is the case if the parametrization is
identifiable) then

B=XTx)xTy.
Likewise, the MLE of o2 is given by the formula

n

# = LY (- alBy

N
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- L -xa

HY - X(XTX)—leyH2

SI—3I=3r

(I = H)Y|

where H = X(XTX)7'X7T is a projection matrix onto the space
spanned by the columns of X. The matrix H is often called the
“hat” matrix since the “fitted values” of Y, Y=X [3, are obtained
via the equation Y = HY. R

The following properties of B and &2 now follow easily from
multivariate Normal theory.

PROPOSITION 8.1 Assume (XTX)™! exists. Then
(CL) I8 Np+1(67 (XTX) )7'
() 13 0% ~ 20— 1);
(c) B and 52 are independent.
Proof. (a) Recall that Y ~ N,,(X3,02%I) and
B=X"X)"'xTy = AY.
Hence 3 ~ Npi1(AXB, 02 AAT) with
AXB = (X'X)'XTXp=p
AAT = (XTX) IXTx(xTx)l = xTx)™!
(b) Let H = X(XTX)7' X7 and note that
HB = HY
= H(XB+e¢)
XB+ He

since X3 lies in the column space of X onto which H projects.
Thus

52 1 9
n— = —|(I-H)Y]|
(o
1
= ;H(T—H)sll2
1
= PsT(I—H)E.

The rank of H is (p+ 1) so that the rank of I — H is (n —p — 1);
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thus 1

025T<I —H)e~x*(n—p—1).

(¢) To show that B and 52 are independent it suffices to show that
B and Y — X3 are independent. Note that
B=X"X)"'XTy = AY

and R
Y -XB=(-H)Y =BY.

It suffices then to show that AB equals a matrix of 0’s:
AB = (XTXx)7'XT(1-H)
= (XTx)'xT —(xTX)"'XTH
— (XTX)leT_ (XTX)leT
=0
since XTH = (HX)' =XT. O
Of course, the result of Proposition 8.1 assumes i.i.d. normally

distributed errors. However, if we remove the assumption of
normality of the errors, we still have

E(B)=pB and Cov(B) =c?(XTX)™ ..
In fact, E(8) = 3 if Cov(e) = 62C for any C.
EXAMPLE 8.2: Consider a simple linear regression model
Yi=0o+bixzi+e (i=1,---,n)

where g; ~ N(0,02). The design matrix in this case is

1 1

1 o
X =

1 x,

and

XTX = ( o i )

n 2
=1 Ti D1 T

The least squares estimators of Gy and 3; are
3 = Sz — 7)Y,
>im (@ — )2
Bo = Y —piz.
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The distributions of Bo and 31 can be obtained from Proposition
8.1; in particular, we have

~ 0’2
B1~N (ﬁl,m> .

Note that the variance of Bl effectively decreases as the x;’s become
more dispersed. &

8.3 Hypothesis testing in linear models
Again consider the linear model
Yi = BotPiza+ -+ Bpxipte (i=1,,n)
= x!/B+e.
Suppose that we want to test the null hypothesis
Hy:Br11=0rp2=--=08,=0

against the alternative hypothesis that all parameters are unre-
stricted. We will consider the likelihood ratio (LR) test procedure.

To implement the LR test, we need to find the MLEs under Hy as
well as the unrestricted MLEs. We first define the “reduced” design
matrix

1 11 - x1p
1 o1 -+ w2
X, =
I op1 - Ty
Then the MLEs of 3 are
B, = (X'X,)7'XTY (under Hy)
B = (XTX)7'XTY (unrestricted)
while the MLEs of o2 are
. 1 = 112
5= HY—XTﬂ,,
1
= ~Y'(I-H,)Y (under Hy)
n
1 ~112
o L
n
1
= ~YT(I-H)Y (unrestricted)
n
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where H and H, are projection matrices:
H=XXTxX)"'XT and H, =X, (X'X,)'XT.

Now substituting into the log-likelihood function, we get

In£(B,,52)

—g In (YT(I - HT)Y) -+ constant

In£(3,5%) = —g In (YT(I - H)Y) + constant

where the constant term is the same for both likelihoods.
The LR statistic for testing Hy is now
A = LB
L(B,,57)
(YT -H)Y "
YI'(I-H)Y
B (RSST>”/ 2
N RSS
where RSS, = YT(I — H,)Y and RSS = YZ(I — H)Y are
the residual sums of squares for the reduced and full models
respectively.
The LR criterion suggests that we should reject the null hypoth-
esis for large values of the LR statistic A; since A is an increasing
function of RSS, /RSS, this is equivalent to rejecting for large val-

ues of RSS, /RSS or (equivalently) (RSS, — RSS)/RSS. In fact, the
test statistic we will use to test Hy is

(RSS, —RSS)/(p— )

b= RSS/(n—p—1)

PROPOSITION 8.2 Under the null hypothesis

Hy:Bry1=--=0p=0

the test statistic F' has an F distribution with (p —r),(n —p — 1)
degrees of freedom.

Proof. We need to show that (RSS, — RSS)/a? ~ x%(p — r) and
RSS/0? ~ x%(n —p — 1) as well as the independence of the two
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random variables. Note that we proved that RSS/0? ~ x?(n—p—1)
in Proposition 8.1.
To show that (RSS, — RSS)/0? ~ x?(p — r), we note that
RSS, —RSS = YT (H - H,Y
el'(H - H,)e
since Y = X,8, +¢e and HX, = H. X, = X,. Next note that

H — H, is a projection matrix; clearly H — H, is symmetric and
(H — H,)> = H — H, since HH, = H.H = H,. Thus

1
—3 (RSS; —RSS) ~ x*(g)

where ¢ = trace(H — H,) = p—r. Finally, to show independence, it
suffices to show that (H — H,)Y is independent of (I — H)Y . This
holds since (H — H,)(I — H)=0. O

EXAMPLE 8.3: Consider a single factor ANOVA model

where k is the number of treatment groups. To make the parametri-
zation identifiable, we will set a1 = 0 so that B = (u, a9, -, ak).
Suppose we want to test the null hypothesis of no treatment effect:

Hy:a1=as=---=a; =0

Under Hy, the MLE of y is fi, = Y while the unrestricted MLEs
are

="
1 &
= Z Y
ny =
and 6[2 = }71'—}71 fOI"iZ2.

The residual sums of squares for the restricted and unrestricted
models are

k n;

RSS, = Y > (Vy-Y)
i=1j=1
k n;

RSS = > ) (V- Yi)?
i=1j=1
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and so it follows (after some algebra) that

k
RSS, —RSS = ny(Vi - Y)%
i=1

Thus the F' statistic for testing Hy is

_ Zf:l nz(}_/z - Y)f/(k —1)
P YL (Y — Yi)?/(n— k)

where n =mnj + -+ 4+ ng; under Hy, F ~ F(k—1,n — k). &

Proposition 8.2 can be extended to F' tests of the null hypothesis
Ho : Aﬁ =C

where A is an s X (p + 1) matrix with rank s and ¢ is a vector of
length s. By introducing a vector of Lagrange multipliers A, the
least squares estimator of 3 under Hy can be determined to be

~ ~ -1 ~
B, =B+ (XTX)71AT [AXTX)1AT] (e - AB)
where B is the least squares estimator under the full model. Setting
RSS, = ||[Y — X,]|]?, it can be shown that if Hy is true then

o (RSS, —RSS)/s
~ RSS/(n—p—1)

See Problem 8.8 for details.

~F(s,n—p—1)

Power of the F test

We showed above that the LR test of the null hypothesis Hy :
Bryg1 = -+ = B, = 0 reduces to a test whose test statistic
has an F' distribution under the null hypothesis. As with any
hypothesis testing procedure, the power of this test will depend
on the distribution of the test statistic when Hy does not hold.
For most test statistics, the distribution of the test statistic is
often quite difficult to determine (even approximately) when H
is false. However, it turns out to be straightforward to determine
the distribution of the F' statistic in general. To do this, we need
to define the non-central x? and non-central F distributions.

DEFINITION. Let Xi,---, X, be independent Normal random
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variables with E'(X;) = p; and Var(X;) = 1 and define

V= znjxl?.
=1

Then V has a non-central y? distribution with n degrees of
freedom and non-centrality parameter

0> = ul
i=1
(V ~ x2(n;0?)). The density function of V is

> exp(—02/2)(62/2)F
@) = 3 anine) P

where gorin is the density function of a (central) x? distribution
with 2k 4+ n degrees of freedom.

Figure 8.1 shows the densities of central and non-central y?
distributions with 10 degrees of freedom.

DEFINITION. Let V and W be independent random variables
with V' ~ x2(n;62?) and W ~ x2(m), and define
_V/n
CW/m’
Then U has a non-central F' distribution with n,m degrees of

freedom and non-centrality parameter 62 (U ~ F(n,m;6?)). The
density function of U is

- exp(—02/2)(62/2)k
fu(z) = ;h%mm(@ D %)( /2)

where hogip m is the density function of a (central) F distribution
with 2k 4+ n, m degrees of freedom.

THEOREM 8.3 Let X ~ N,(p,I). If H is a projection matrix
with tr(H) = p then
XTHX ~X*(piu"Hp).

Proof. First of all, note that XTHX = ||[HX||?> and that HX ~
Nn(Hup, H). Now take an orthogonal matrix O such that OH is
a diagonal matrix with p 1’s and n — p 0’s on the diagonal. The
conclusion now follows since |HX||? = |[OHX|]?. O
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Figure 8.1 Densities of the central and non-central x> distributions with 10
degrees of freedom; the solid line is the x*(10) density, the dotted line is the
x2(10;2) density and the dashed line is the x*(10;4) density.

How do non-central distributions arise in the context of the linear
model? The easiest way to see this is to look at the numerator of
the F' statistic for testing the adequacy of a reduced model. From
before we have

RSS = Y'(I-H)Y
RSS, = YT (I-H,Y

and so
RSS, —RSS=YT(H — H,)Y.

Note that
1

PYT(I —H)Y ~*(n—p-1)

even under the alternative hypothesis. On the other hand,

1
;YT(H — H,)Y ~x*(p—1;0°)
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where
0> = %BTXT(H—HT)X,B
— % [ﬁTXTHXB—ﬁTXTHTX[a}
= [1xp? -~ imxp)].

Thus
(RSS, —RSS)/(p — )
RSS/(n—p—1)

F= ~F(p—r,n—p-—1;6%)

where 6?2 is defined above.

It can be shown that, for fixed values of p —r and n — p — 1, the
power of the F test is an increasing function of the non-centrality
parameter 62.

EXAMPLE 8.4: Consider the simple linear regression model
Yvi:ﬁo—i-ﬁll'i—i-&'i (7':177n)

where we will assume (for simplicity) that > ;- ; x; = 0. We want
to test the null hypothesis

Ho:01=0 wversus Hp:p(; #0.

In this case, the full and reduced design matrices are

1 T 1
1 T2 1
X=1 and X, =
1 =z, 1
The projection matrix H, is simply
1/n -+ 1/n
Ho=| i -~
1/n - 1/n
and so
In - 1/n Bo + Bz
H.XB = : S E
/n - 1/n Bo + Bran,
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Bo
fo
since .7, m; = 0; thus ||H, X3|?> = n33. Likewise,

n

X8I = > (6o + Brz:)”

i=1
n

2, a2 2

= nfy+ 01 sz
i=1

Thus the non-centrality parameter for the distribution of the F
statistics for testing Hy is

2 n
= e
i=1
more generally, if > ; x; # 0 then
2 i v 2
0° = o2 ;(xl — )~

Given that the power of the F' test increases as the non-centrality
parameter increases, the form of #? makes sense from an intuitive
point of view; for fixed o2, the power increases as |31| increases
while for fixed (i, the power decreases as o2 increases. Also note
that the power increases as the x;’s become more spread out; this
is a potentially important point from a design perspective. &

EXAMPLE 8.5: Consider a single factor ANOVA model

where to make the parametrization identifiable, we assume (as in
Example 8.1) that a; = 0. The form of the F' test of Hy : c; = - -+ =
ar = 0 was given in Example 8.3. To evaluate the non-centrality
parameter of the I statistic, we first need to evaluate || H,X3||? for
this model; as in Example 8.4, H, is an n X n matrix whose entries
are all 1/n (where n =nj +---ng) and so

2

1 k mn;
15X = 0| 33 (e a)

i=1j=1

© 2000 by Chapman & Hall/CRC



1 ?
= n (u—i— —an‘@z)
L)

Thus the non-centrality parameter for the F' statistic is

_k; ng k
SRlr 3 SURRY SR PR
=1

Li=1j=1

2

2

1 [ & 1 [k
2
= — g njo; — — E n;o;
77 li= n\iz

Note that this non-centrality parameter is proportional to the
variance of a probability distribution putting probability mass of

n;/n at the point a; (for ¢ = 1,---,k); hence, the more dispersed
the «;’s the greater the non-centrality parameter and hence the
power of the F' test. &

8.4 Non-normal errors

To this point, we have assumed normally distributed errors in the
linear model. It is interesting to consider how much of the preceding
theory remains valid under i.i.d. finite variance (but non-normal
errors). Clearly, all the preceding results about distribution theory
for estimators and test statistics will not hold in the more general
setting; these results are very much dependent on the errors (and
hence the responses Y;) being normally distributed.

However, many of the results from the previous section do carry
over to the case of finite variance i.i.d. errors. For example, for
normally distributed errors, we have

B~ Ny (8,0°(x"X)7)
while in general, we can say
E(B)=p8 and Cov(B)=c*(XTX)"".

Likewise, the MLE 2 will remain a biased estimator of o> while
RSS/(n — p — 1) will be an unbiased estimator of o2.

There is also an optimality result for the least squares estimator
of 3 that holds for finite variance i.i.d. errors. Consider the linear
model

Yi=x!B+e (i=1,---,n)
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and define a parameter

P
T
0= Z a;B; =a" B
Jj=0
where ag,ai,---,a, are some (known) constants. We want to
consider unbiased estimators of 6 of the form

n
0 = Z cY; = cTY;
i=1

such estimators are called linear estimators of 6 (since they are
linear in the Y;’s).

THEOREM 8.4 (Gauss-Markov Theorem) Assume that the
design matriz has full rank and let B = (XTX)71XTY be the least
squares estimator of 8. Then

I=a’B
has the minimum variance of all linear, unbiased estimators of
0 = a’B. (The estimator 0 is often called the best linear unbiased
estimator (BLUE) of 6.)

Proof. For any ¢, E(c'Y) = ¢’ X3. Thus if E(c'Y) = a’ for
all 3, it follows that a’ = ¢’ X. It suffices then to show that if
a’ = ¢’ X then R

Var(cTY) > Var(a® B).

Note that Var(c'Y) = o2¢”c while Var(a?8) = o02¢” He where
H=X(XTX)"'XT. Thus

Var(c'Y) — Var(a”B8) = o2 (cTc — cTHc)
2 (CT(I - H)c)

g
> 0

since I — H is a projection matrix and hence positive definite. [

At first glance, the conclusion of the Gauss-Markov Theorem
seems to be very strong. However, notice that the class of estimators
considered in the Gauss-Markov (namely linear, unbiased estima-
tors) is very small. If one considers biased estimators (for example,
ridge estimators; see Hoerl and Kennard (1970) and Problem 8.9)
then it may be possible to achieve a smaller mean square error.
Moreover, for non-normal error distributions, it is often possible to
find better estimators of # = a’ 3 using non-linear estimators of 3.
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Some large sample theory

In Proposition 8.1, we showed that the least squares estimator of
B is exactly normally distributed when the errors are normally
distributed. In this section, we will show that the least squares
estimator has an asymptotic Normal distribution under appropriate
conditions on the design.

Consider the linear model

Yi=xlB+e (i=1,---,n)

where e1,---,&, are ii.d. random variables with mean 0 and
variance o2. Define the least squares estimator

311 = (Xan)_erj;Yn

where the subscript n has been added to make explicit the
dependence on the sample size. Since Y, = X,3 + €, it follows

that R . Lo
To obtain a limiting distribution, we need to normalize Bn -0
by multiplying it by a sequence of constants or matrices. Define

a symmetric matrix A, to be a “square root” of Xff X,; that is,
A% = XT'X,,. We will consider the limiting distribution of

An(lan -B)= Arileg;En‘
Note that Cov(A,(8, — B8)) = o21.
THEOREM 8.5 Suppose that

max x; (X1 X,) tx; — 0
1<i<n

asn — o0o. Then
An(an - /8> —d Np+1<07 021)'

Proof. The idea here is to use the Cramér-Wold device together
with the CLT for weighted sums of i.i.d. random variables. By the
Cramér-Wold device, it suffices to show that

at A xTe, -4 N(0,0%a’ a)
for all vectors a. Note that
n
aTAleXgen = Z Cni€i = cgsn
i=1

© 2000 by Chapman & Hall/CRC



where o
chi=a A, x;.

By the CLT for weighted sums, it suffices to show that
2

max " — 0.

1<i<n Yok Coy,

C

First of all, we have

2. < (aTa) (a:iTAflza:i)

nt —

= (a'a)(z] (X, Xn) " @)

and also
n
2 T T A=1/vT -1
chk:cncn = a' A (X, Xn)A, a
k=1

= CLTCI,.

Thus 9
Maxi <j<n Coy
ML 0k < a0 (X X,) i - 0

> h=1Cok 1<i<n

by hypothesis. [

What is the practical interpretation of the condition

Jax el (XIX,)ta; — 07

If we define H, = X,(XI'X,) ' X! to be the “hat” matrix then
hni = 27 (X X,)"1x; is the i-th diagonal element of H,,; since H,
is a projection matrix, the sum of the h,;’s is (p+1). The condition
above implies that the h,;’s tend uniformly to 0 as n — oo; since
there are n diagonal elements and their sum must be (p + 1), this
does not seem to be a terribly stringent condition to fulfill. In
regression analysis, the diagonal elements h,; can be interpreted
as describing the potential influence of the point x; on the estimate
of 3; the larger hy;, the greater the potential influence (or leverage)
of x;. Thus in practical terms, we can interpret the condition above
to mean that the leverages of all the x;’s are small. If this is the
case and n is sufficient large then 3,, is approximately Normal with
mean 3 and variance-covariance matrix o?(X! X,,)" L.

EXAMPLE 8.6: Consider a simple linear regression model
Y; :ﬁo‘l-ﬁlxi—l-&i (i: 1,--~,n).
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For this model, it can be shown that the diagonals of the “hat”
matrix are
1 (l’l — .f')Z

n SR (o — )%

We will consider two simple design scenarios. First of all, suppose
that x; =i fori=1,---,n. Then

1 (i—(n+1)/2)

i = 0 s 12

hni =

and so o 21+M
1<ien ni nn n n(n+ 1)7

which tends to 0 as n — oo; thus asymptotic normality holds. Next

suppose that z; = 2" for i = 1, -+, n. In this case, z = 2(2" — 1)/n

and " g+l g grHl g gn

i=1
Thus we have

n

max hn; = h

with Ay, — 3/4 as n — oo. For this design (or, more correctly,
sequence of designs), we will not have asymptotic normality. &

Other estimation methods

Perhaps not surprisingly (given the popularity of the linear model in
practice), a vast number of alternatives to least squares estimation
have been proposed. Most of these alternative estimation methods
are motivated by the fact that least squares estimation is not
particularly robust to deviations from its nominal assumptions;
for example, a single observation (x;,Y;) can have effectively an
unbounded influence on the value of the least squares estimator.
We will briefly outline some of the alternatives to least squares
estimation here. Figure 8.2 shows how the least squares line can be
affected by a small number of points.

The simplest alternatives to least squares estimation replace the
“sum of squares” objective function by an objective function that
penalizes large deviations less severely. For example, we might

define 3 to minimize
n

> p(Y; —al'B)

=1
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Figure 8.2 Estimated regression lines; the solid line is the least squares line, the
dotted line is the L1 line and the dashed line is the LMS line. Notice how the
least squares line is pulled more towards the 10 “outlying” observations than are
the other two lines.

where p(z) is a function with p(z)/2? — 0 as  — Foo; typically,
p(x) — o0 as © — Foo although p(x) could be a bounded function.
Such estimators are referred to as M-estimators where the “M”
is an allusion to the fact that these estimators could be viewed as
MLEs were the errors to come from the appropriate distribution.
In many cases, the function p depends on a scale parameter o (so
that p = p,) that must also be estimated.

In the case where p is a convex function, we can prove an
analogous result to Theorem 8.5.

THEOREM 8.6 Suppose that p is a convex function with
pw) = [ v dr
where 1) is a non-decreasing function with E[1(g;)] = 0, E[y?(&;)]

finite and A\(t) = E[p(e1 +t) —(e;)] is differentiable at t = 0 with
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derivative N'(0) > 0. Suppose also that

max x; (X} X,) tx; — 0
1<i<n

as n — o0o. Then

An(Bn - 16) —d NP-H(Oa’YQI)

where

2oL [¥?(ei)]

RYOI

A proof of this result is sketched in Problem 8.10. Note that
when there is an intercept in the model then the assumption that
E[Y(gi)] = 0 is no restriction since we can always redefine the
intercept so this condition holds. When p is twice differentiable
then typically we have X' (0) = E[)’(e;)] where v is the derivative
of 1, or equivalently, the second derivative of p; since p is convex,
' (x) > 0. If p(x) = |z| (in which case, we have Lj-estimators)
then ¢¥(x) = I(z > 0) — I(x < 0) and so A(t) = 1 — 2F(—t); if
F'(0) = f(0) > 0 then X'(0) = 2f(0).

M-estimators are generally robust against non-normality of the
errors, particularly heavy-tailed error distributions where M-esti-
mators can be more efficient than least squares estimators. How-
ever, M-estimators are less robust against more general outliers,
for example, situations similar to that illustrated in Figure 8.2.
Numerous (more robust) alternatives have been proposed, such as
G M-estimators (Krasker and Welsch, 1982), which bound the influ-
ence that any observation can have, and the least median of squares
(LMS) estimator of Rousseeuw (1984), for which 8 minimizes

median{|Yi — :L'ZT,B| 1< < n}

over 3. The LMS estimator has a breakdown point (roughly
defined to be the fraction of “bad” observations needed to drive
an estimator to the boundary of the parameter space; see Donoho
and Huber (1983)) of 50%; the breakdown point of M-estimators
is effectively 0. However, while the LMS estimator is quite robust,
it is extremely inefficient when the classical model (with Normal
errors) is true; see Kim and Pollard (1990) for details.
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8.5 Generalized linear models

Generalized linear models represent a generalization of classical
linear models (where the response is nominally assumed to be
normally distributed) to situations where the response has a non-
normal distribution, for example, a Binomial, Poisson or Gamma
distribution. The standard reference for generalized linear models
is the book by McCullagh and Nelder (1989).

In classical linear models theory (as described in sections 8.2

and 8.3), we are given responses Y7, ---,Y, that we assume to be
normally distributed with means p1,-- -, p, and constant variance
o2 where

i = Bo+ P+ -+ BpTip

= ] B;
8 = (5O,ﬂ1,---,ﬁp)T are unknown parameters and x;1,---, T
are known constants (for ¢ = 1,---,n). Thus p; = E(Y;) is a

linear function of the parameter vector 3 and Var(Y;) is a constant
(typically unknown). From this specification, it is possible to find
the likelihood function for 3 and o?; the MLE of 3 turns out to be
the least squares estimator.

It is possible to generalize the notion of linear models to non-
normal response variables. Let Y7, ---,Y, be independent random
variables from some family of distributions with means w1, -+, tuy
and variances o7, -+, 02 where o7 o< V(u;); it will be shown that
this property holds for random variables belonging to a certain class
of distributions that includes one-parameter exponential families.

Given covariates @; (i = 1,---,n), we will assume that some
function of u; is a linear function of x;; that is,
T
9(pi) = z; B

for some strictly increasing function g, which is called the link
function. The classical (considered in sections 8.1 to 8.3) linear
model has g(u) = u and V() = 02, a constant. The following two
examples illustrate possible models for discrete responses.

EXAMPLE 8.7: (Poisson regression) Assume that Y7,---,Y,, are
independent Poisson random variables. For the Poisson distribu-
tion, it is well-known that the variance is equal to the mean so
V(p) = p. The standard Poisson regression model uses a logarith-
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mic link function; that is,
In(u;) =z B

where p; = E(Y;). (This is often called a log-linear Poisson model.)
One advantage of the logarithmic link is the fact that the function
In(z) maps the interval (0, 00) onto the entire real line. &

EXAMPLE 8.8: (Binary regression) Here we assume that Y7,
--+,Y, are independent random variables taking the values 0 and

1 with

In this case, u; = E(Y;) = 6; and Var(Y;) = 6;(1 — 0;) so that
V(n) = p(l — p). The most commonly used link function is the

logistic or logit link
1
o) =tn ()
the model g(u) = xI 3 is called a logistic regression model. Other
commonly used link functions include the so-called probit link

g(p) =@~ ()

(where ®~! is the inverse of the standard Normal distribution
function) and the complementary log-log link

g9(p) = In(=In(1 — p)).

Note that these three link functions map the interval (0,1) onto
the entire real line; in each case, g is the inverse of the distribution
function of a continuous random variable. &

Likelihood functions and estimation

We will now assume that Y7,---,Y, have density or frequency
functions that belong to a one-parameter exponential family,
possibly enriched by an additional scale parameter. In particular,
we will assume that the density (frequency) function of Y is

¢

where 6; and ¢ are parameters, and the set A does not depend
on 6; or . When ¢ is known, this family of density (frequency)

f(y;0i,0) = exp +ec(y,¢)| foryeA
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functions is an exponential family; when ¢ is unknown, this family
may or may not be an exponential family. In any event, if Y; has
the distribution given above, it can be shown that

E(Y;) =b'(6;)
and
Var(Y;) = ¢ b"(6;)
where b’ and b” are the first two derivatives of b. If ¢’ is a one-to-

one function (either strictly increasing or strictly decreasing) then
0; can be uniquely determined from p; = E(Y;) and so it follows

that
Var(Y;) = ¢V (1)

We will refer to the function V' as the variance function as it gives
the variance of any Y; up to a constant multiple that depends on
the parameter ¢.

We now assume that Y = (Y3,---,Y,,) are independent random
variables with the density (frequency) function of Y; given above

where ) .
9(pi) = g(b'(6:)) = x; B.
Given Y = y, the log-likelihood function of 3 is simply

= [0:(B)y: — b(6:(B))
> [F

The MLE of 3 can be determined by maximizing the log-likelihood
function given above; differentiating the log-likelihood with respect
to the elements of 3, we obtain the following equations for the MLE

3:

InL(B3,¢) = + c(yi, ¢)

& Y M(:@)
2 BV @)™
where p;(8) = g~ (33?5)-

There are two points to be made regarding the maximum likeli-
hood estimator of 3. The first point is the fact that this estimator
remains the same regardless of whether the scale parameter ¢ is
known or unknown. The second, and more interesting, point is that
the estimating equations depend only on the distribution of the Y;’s
via the link function g and the “variance function” V', which ex-
presses the relationship (up to a constant multiple) between the
variance and mean of the response. This fact suggests the possibil-
ity of formulating generalized linear models by specifying only the
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relationship between the variance and mean of the response and not
the distribution of the response itself. This will be pursued below.

The link function plays a very important role in the formulation
of a generalized linear model. Frequently, the link function ¢ is
chosen so that g(u;) = 6; in which case the log-likelihood function
becomes

| yizl B —b(x!B)

nL(B,¢) =) 3
i=1

+ C(yia ¢)

In this case, the family of distributions of Y are a (p+ 1)-parameter
exponential family if ¢ is known; the link g is called the natural or
canonical link function.

EXAMPLE 8.9: Suppose that Y7,---,Y, are independent Ex-
ponential random variables with means p; > 0. In this case, the
density of Y; is

f(y; i) = expl—y/pi — In(p;)] fory >0

and so the natural link function is g(u) = —1/u. Note that the
range of this link function is not the entire real line (unlike the link
functions in Examples 8.7 and 8.8); this fact makes the use of the
natural link function somewhat undesirable in practice and the link
function g(p) = In(u) is usually preferred in practice. O

The natural link functions in the Poisson and binary regression
models are the log and logistic links respectively (see Examples
8.7 and 8.8). Despite its name, there is no really compelling
practical reason to prefer the natural link to any other link function.
(Nonetheless, there are some theoretical advantages to using the
natural link which relate to the fact that joint distribution of Y is
an exponential family.)

Inference for generalized linear models

In the classical linear model, the assumption of normality makes
it possible to give exact sampling distributions of parameter
estimators and test statistics. Except in special cases, this is not
true for most generalized linear models.

There are several options available for approximating sampling
distributions. For example, computer intensive approaches such

© 2000 by Chapman & Hall/CRC



as Monte Carlo simulation and resampling (for example, the
bootstrap; see Efron and Tibshirani (1993)) may be used in general.
If the sample size is sufficiently large, it is often possible to
approximate the joint distribution of the MLEs by a multivariate
Normal distribution. In particular, under regularity conditions on
the design (analogous to those in Theorems 8.5 and 8.6), it can be
shown that the MLE B is approximately multivariate Normal with
mean vector B and variance-covariance matrix ¢(XTW ()X ) ™!
where X is an n x (p+1) matrix whose i-th row is 7 and W (u) is a
diagonal matrix whose i-th diagonal element is [V (u;)] 7 [¢' (1i)] 2.
An estimator of the variance-covariance matrix of B can be obtained
by substituting the estimators of 3 and ¢:
Cov(B) = 6 (X"W (@)X)

where i depends on 3 Given 6&/(,@), estimated standard errors
of the parameter estimates will be the square roots of the diagonal
elements of Cov(83).

Likewise, hypothesis tests and confidence intervals are typically
based on the asymptotic normality of the MLEs; for example, we
can often adapt the likelihood testing theory outlined in section 7.4
to obtain y? approximations for the null distributions of likelihood
based test statistics, such as the LR and score tests. Some care
should be exercised in using these approximations though.

Numerical computation of parameter estimates

The MLE of 3 are the solutions of the estimating equations given
above. Unfortunately, no explicit representation of these estimators
exists and hence maximum likelihood estimates must generally
be obtained using some iterative numerical method such as the
Newton-Raphson or Fisher scoring algorithm. It can be shown that
the Fisher scoring algorithm is equivalent to solving a sequence
of weighted least squares problems. In the case where the natural
link is used, the Fisher scoring algorithm coincides exactly with the
Newton-Raphson algorithm since the model is a (p + 1)-parameter
exponential family.

We assume a generalized linear model with link function g(u) and
variance function V (u) with g(u;) = 3 for i = 1,---,n. Recall
that the Fisher scoring algorithm iteratively updates the estimate of
B using the score function (that is, the gradient of the log-likelihood
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function) and the expected Fisher information matrix evaluated at

~(k
the previous estimate of 3. Let ,6'( ) be the estimate of 3 after k
iterations of the algorithm and

— _ ~(k
i =g l(wfﬁ()>-

Then the (k + 1) iterate in the Fisher scoring algorithm is defined

to be
B(Hl) _ B(k) L (,@(k)) g (B(k))

where
n T

HB) =2 V(@) g (@]

is the expected Fisher information matrix (evaluated at 3) and

- yi — 1i(8)
B)= 2 V(BB
; ; : . (k1)
is the score function. Rearranging the expression for 3 , we get
B(k+1) — (XTWw® x)=Lx Ty () 5 (k)

where X is the matrix whose ¢-th row is w;fp, W®) is a diagonal
matrix whose i-th diagonal element is

wz( Y= . 2
v (@") o (7))

and z(*®) is a vector whose i-th element is

ﬁ)=g@%+d@%@r¢m

X
= B g (1) (- ).

This formulation of the Fisher scoring algorithm suggests that the

~ (k
sequence of estimates {B( )} is simply a sequence of weighted least

. . (k+1 . .
squares estimates; that is, ﬂ( minimizes the weighted least
squares objective function

n

S w (=M — 27 g)?

i=1
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over all @; for this reason, the Fisher scoring algorithm described
above is often called iteratively reweighted least squares. One
attractive feature of this algorithm is that it can be implemented
quite easily using a weighted least squares algorithm.

8.6 Quasi-Likelihood models

We noted earlier that the estimating equations defining MLE of 8
depended on the distribution of the Y;’s only on the link function
g and the variance function V' (where Var(Y;) = ¢V (;)). This fact
suggests that it may be possible to estimate 3 in the model

merely by specifying the relationship between the variance and
mean of the Y;’s.

Suppose that Y7,---,Y, are independent random variables with
pi = E(Y;) where g(u;) = x{B and Var(Y;) = ¢V(u) for
i = 1,---,n; the variance function V(u) is a known function and

¢ is a “dispersion” parameter whose value may be unknown. Note
that we are not specifying the distribution of the Y;’s, only the
relationship between the mean and variance.

To estimate 3, we will introduce the quasi-likelihood function
(Wedderburn, 1974). Define a function ¢ (u;y) so that

0 y—p
2 puyy = Y1),
V()
Then given Y = y, we define the quasi-likelihood function (or
perhaps more correctly, the quasi-log-likelihood function) by

= (i vi)
i=1

where, of course, p1; depends on 3 via the relationship g(;) = ! 3.

Parameter estimates may now be obtained by maximizing the
quasi-likelihood function. Taking partial derivatives of Q(3) with
respect to 3, we get the same estimating equations for ,@ as before:

n Y ,uz

2 GV

= 0.
2 @)V ()

The estimate B can be computed numerically as before by using
the reweighted least squares algorithm given above.
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EXAMPLE 8.10: Suppose that V(@) = p. Then the function

Y(u;y) satisfies

o o (y—p)
aﬂd)(u,y)— v

which gives
Y(u3y) = yln(p) — p+c(y)

(where ¢(y) is an arbitrary function of y). Note that the logarithm
of the Poisson frequency function with mean p is y In(p) —p—In(y!),
which has the form given above; this makes sense since the mean
and the variance are equal for the Poisson distribution. &

EXAMPLE 8.11: Suppose that V(u) = p?(1—p)? for 0 < p < 1.
Then ( )
Yy—H
3 YY) = S0 o
op (ki9) P2 (1 — p)?

which gives

) = (2y — 1)In L)—g—l_—y .

Y(pwsy) = (2y — 1) <1—u . 1_HJrC(y)

This particular variance function can be useful when the data
are continuous proportions; however, the function ¥ (u;y) is not
equal to the logarithm of any known density or frequency function.
See Wedderburn (1974) for an application that uses this variance
function. &

EXAMPLE 8.12: Suppose that V(u) = u + ap? where a > 0 is
a known constant. In this case,

(p;y) = yn(p) = (y + 1/a) In(1 + ap) + c(y).
The logarithm of the Negative Binomial frequency function

_Tly+1/a)  (aw)?

T = f =0,1,2,---
f(ynu) y'F(l/a) (1 i aﬂ)y-l—l/a or y 0, ) 4y

has the same form as 1(u; y). However, typically « is an unknown
parameter and so quasi-likelihood estimation is not equivalent
to maximum likelihood estimation in this case. More details of
regression models for Negative Binomial data can be found in Dean
and Lawless (1989); these models are often used as an alternative
to Poisson regression models. &

© 2000 by Chapman & Hall/CRC



It should be noted that quasi-likelihood will not generally provide
the most efficient estimation of @ unless the quasi-likelihood
function is the true log-likelihood function of the data. However,
more or less correct inference for B can still be carried out
using the quasi-likelihood estimator of B. In particular, 8 will
be approximately multivariate Normal with mean vector 8 and
variance-covariance matrix ¢(X7W (u)X)~! where X and W (u)
are as previously defined.

The following example illustrates how we can obtain more
efficient estimates if the error distribution is known.

EXAMPLE 8.13: Consider an ordinary linear regression model
where p; = xI'B and V(u;) is constant. It is easy to see that
maximum quasi-likelihood estimator of 3 is simply the least squares
estimator. However, suppose that the density of Y; were given by

exp[(y — pi)/0]
o (1+exp((y — ) /0))?
Then the MLEs of 8 and o satisfy the equations

i<1 2exp|(Y; — 27 B)/5) )mzzo

o 1+ exp((Yi — 2 B)/3)]

fy; pi, o) =

and

n n B 2exp|(Y; —wT,@)/U)]> 273 =
8+Z<l T A

In this case, the MLE B will be approximately multivariate Normal
with mean vector 3 and variance-covariance matrix 302(X7T X)~!
while the least squares estimator will be approximately multivari-
ate Normal with mean vector B and variance-covariance matrix
3.28990%(XTX) ™! since Var(Y;) = ir%0? = 3.289902. o

Estimation of the dispersion parameter

So far, we have not discussed the estimation of the dispersion
parameter ¢ if it is unknown. When the distribution of the Y;’s
is specified then ¢ can be estimated using maximum likelihood
estimation. In the quasi-likelihood setting, if Var(Y;) = oV (),
there are several approaches to estimating ¢; perhaps the simplest
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approach is to use the fact that
E[(Y; — 1))
V(i)

for ¢ = 1,---,n. This suggests that ¢ can be estimated by the
method of moments estimator

¢ =

-1ty ¥ — )
n* = V(i)
where fi; depends on the maximum likelihood or maximum quasi-
likelihood estimator B and n* is either the sample size n or the
“residual degrees of freedom”, n — p — 1. An alternative estimator
of ¢ is

n

1 n
1:1

While the origin of S\b as an estimator of ¢ is far from clear, the
connection between ¢ and ¢ can be seen by making a Taylor series
expansion of ¢ (u;Y;) around p = fi;:

. 9 ~

V¥sYy) = G Ye) + 5 (s Vo) (Yo — fla) + -+
~ (Y — i)?
— i Y, + — 4 -
v ) V(1)

Thus

_ (g+...7

which suggests that qg R~ 5 provided that the remainder terms in
the Taylor series expansion are negligible.

8.7 Problems and complements

8.1: Suppose that Y = X3 + & where € ~ N,(0,0%]) and X is
n X (p+ 1). Let 3 be the least squares estimator of 3.
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(a) Show that R
o Y - xBP
n—p—1
is an unbiased estimator of 2.
(b) Suppose that the random variables in & are uncorrelated
with common variance ¢2. Show that S? is an unbiased

estimator of 2.
(c) Suppose that (X7 X)~! can be written as

oo Co1 Co2 tt Cop
€10 C11 C12 't Clp
(XTx)L=| c20 ca c2 - cz
Cp0 Cp1 Cp2 -+ Cpp

Show that ~
Bi—hi T(h—p—1)
S, /ij
for j=0,1,---,p.
8.2: Suppose that Y = X3 + € where € ~ N,(0,02C) for some
known non-singular matrix C.

(a) Show that the MLE of 3 is
B=xXTc'x)'xTcy.
(This estimator is called the generalized least squares estimator
of B.)
(b) Find the (exact) distribution of 3.

(c) Find the distribution of the (ordinary) least squares estima-
tor of 3 for this model. Compare its distribution to that of the
generalized least squares estimator.

8.3: Consider the linear model
Yi:ﬂﬂ—"ﬂlxil'f‘""i‘ﬁpxip"’_gi (’L:]_”n)

where for j =1,---,p, we have
n
Zxﬁ =0.
=1

(a) Show that the least squares estimator of Jy is BO =Y.
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(b) Suppose that, in addition, we have

n
> xjimg =0
i=1
for 1 < j # k < p. Show that the least squares estimator of 3;

1S n
3 - 2ie1 %Y
J n 2 "
i=1Tj;

8.4: Consider the linear model
Yii=ai1+ iz +e fori=1,---.n

and
Yo = ag + Poxgi +€2; fori=1,---,n

where the €j;’s are independent N(0,0?) random variables.
Define the response vector Y = (Yi1,---, Y1, Yo, -, Yo, )7
and the parameter vector v = (a1, as, 81, 42)%.

(a) The linear model above can be written as Y = X~ + .
Give the design matrix X for this model.

(b) Suppose we wish to test the null hypothesis Hy : f1 = (2
versus the alternatve hypothesis H; : (1 # [2. Let RSSy
and RSS; be the residual sums of squares under Hy and H;
respectively and give the F statistic for testing Hy in terms of
RSSp and RSS1. What is the distribution of this statistic under
Hy? What is the distribution of the test statistic under H;?

8.5: Suppose that Y = 6 + € where 6 satisfies A0 = 0 for some
known ¢ x n matrix A having rank ¢g. Define 6 to minimize
|Y — 0]]? subject to A8 = 0. Show that

6=(1-ATAAT )Y,
8.6: Consider the linear model
Y =X18+Xoy+e¢

where £ ~ N,,(0,021); we will also assume that the columns of
X5 are linearly independent of the columns of X7 to guarantee
identifiability of the model. Suppose that 3 is estimated using
only Xi: R

B=Xi(X{ X)) 'X{Y.

© 2000 by Chapman & Hall/CRC



(a) Show that
E(B) =B+ (X{ X1) 7' X{ Xay.

When would B be unbiased?
(b) Assume X; has ¢ columns and define

62 _ YT (I - H)Y
n—gq )
Show that F(S?) > o2 with equality if, and only if, v = 0.
8.7: (a) Suppose that U ~ x2(1;63) and V ~ x%(1;603) where
62 > 63. Show that U is stochastically greater than V. (Hint:
Let X ~ N(0,1) and show that P(|X +6| > x) is an increasing
function of 6 for each z.)

(b) Suppose that U, ~ x%(n;6?) and V,, ~ x2(1;603) where
6? > 63. Show that U, is stochastically greater than V,.

8.8: Consider the linear model Y = X3 + ¢ and suppose we want
to test the null hypothesis

H()ZAB:C

where A is an s X (p + 1) matrix with rank s and ¢ is a vector
of length s.

(a) Show that the least squares estimator of 3 under Hy is given
by

B, =B+ (XTX) AT [AXTX) ' AT] (e~ 4B)

where B is the least squares estimator under the full model.
(Hint: Let A be a vector of Lagrange multipliers and minimize
the objective function

g(B.A) =Y — X8|+ AT(48 - ¢)

over both B and A.

(b) Let RSS, be the residual sum of squares under Hy. Show
that

RSS, — RSS = (48 — o) [AXTX)"'47] " (4B - ).

(c) Show that
% (RSS, — RSS) ~ x?(s)

© 2000 by Chapman & Hall/CRC



when Hj is true. (Hint: Note that when Hj is true AB ~
Ny(e,a?A(XTX)71AT))
(d) Show that

Fo (RSS, — RSS)/s
- RSS/(n—p—1)
when Hj is true.

(e) Suppose that Hy is false so that A3 = a # c. Find the
distribution of the F' statistic in part (d). (Hint: Note that
AB —c~ Ng(a—c,d?A(XTX)1AT))

8.9: Suppose that Y = X3 + ¢ where € ~ N,(0,0%I) and define
the ridge estimator (Hoerl and Kennard, 1970) B, to minimize

1Y — X8|+ A8

for some A > 0. (Typically in practice, the columns of X are
centred and scaled, and Y is centred.)

(a) Show that

~F(s,n—p—1)

~

By = (XTX+X)'XTY
= I+MX"X)™)7'B

where ,El is the least squares estimator of 3. Conclude that B A
is a biased estimator of 3.

(b) Consider estimating # = a’' 3 for some known a # 0. Show
that ~ ~
MSEg(a’ By) < MSEy(a’ B)

for some A\ > 0.

8.10: In this problem, we will sketch a proof of Theorem 8.6. We
start by defining the function

n

Zn(u) = 3 [pler — @l 471 w) = ples)]

=1

which is a convex function since p(z) is convex. Note that Z,,(u)
is minimized at u = \/n(83,, — B); thus if

(Zn(ul)a Ty Zn(uk)) —d (Z(ul)v Ty Z(uk))

where Z(u) is uniquely minimized then /n(8, — 3) converges
in distribution to the minimizer of Z (Davis et al, 1992).
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(a) Let vy = &l A, u for a given u. Show that

Zotw) = -3 &l AT (e
=1

(b) Show that
(an(ul)a Tt an(uk)) —d (U{W7 Y UZ;W>

where W Ny (0, B (1)),

(c) Show that as n — oo,

EZ(u)] — —u' u
and Var[Z,2(u)] — 0.

(d) Deduce from parts (b) and (c) that
(Zn(ur), -+, Zn(ur)) —a (Z(w1), - -, Z(ug))
where Z(u) = u'W + A(0)ulu/2.
(e) Show that Z(u) in (d) is minimized at u = —W /A(0).
8.11: Suppose that Y; = ! B+¢; (i = 1,---,n) where the ¢;’s are

i.i.d. with mean 0 and finite variance. Consider the F' statistic
(call it F,) for testing

Hy:Brp1=--=03,=0
Whereﬁz(ﬂ0,~--,ﬁp)T.

(a) Under Hp and assuming the conditions of Theorem 8.5 on
the x;’s, show that

(p—7)Fn —a X0 — 7).

(b) If Hy is not true, what happens to (p — r)F, as n — 007
(Hint: Look at the “non-centrality” of F,, when Hj is not true.)

8.12: Consider the linear regression model
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where €1, ---,e, are i.i.d. random variables with density func-
tion i\
f@) = 5 exp (~Alal)

and A > 0 is an unknown parameter. (This distribution is
sometimes called the Laplace distribution.)

(a) Show that the MLE of 8 minimizes the function
n
9(8) =>_IYi — ={ B|.
i=1

This estimator is called the L; estimator of 3.

(b) Because the absolute value function is not differentiable at
0, numerical methods based on derivatives will not work for this
problem; however, linear programming algorithms (such as the
simplex algorithm or interior point algorithms) can be used to
find estimate of 3. Consider the following linear programming

problem: "

minimize Z(e;“ +e;)

i=1
subject to the constraints
m?ﬁ%—e?—e[ =Y, fori=1,---,n
ef > 0 fori=1,---,n
e, > 0 fori=1,---,n

(The unknowns in this problem are B as well as the e;’s
and the e; ’s.) Show that if B is a solution to this linear
programming problem then it also minimizes ¢g(3) in part
(a). (See Portnoy and Koenker (1997) for more discussion of
computational methods for L; estimation.)

8.13: Consider the linear regression model
Yi=xlB+e (i=1,---,n)

where €1,---,¢, are i.i.d. Exponential random variables with
unknown parameter \.

(a) Show that the density function of Y; is
fily) = Xexp[-A(y —ai B)] fory > =] B.
(b) Show that the MLE of 8 for this model maximizes the
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function

subject to the constraints

YZ'ZZBZT’U/ fori=1,---,n.

(c) Suppose that Y; = fz; +¢; (i = 1,---,n) where e1,---,&,
L.i.d. Exponential random variables with parameter A and x; >
0 for all 7. If 3, is the MLE of (3, show that 3, — ( has
an Exponential distribution with parameter A Y, x;. (Hint:
Show that Bn = minj<i<n Y;/xl)

8.14: Suppose that Y has a density or frequency function of the

form
f(y;0,¢) = exp @—TM + c(y, ¢)

for y € A, which is independent of the parameters 6 and ¢.
(a) Show that Ey(Y) = b'(0).
(b) Show that Varg(Y') = ¢b”(0).
8.15: Suppose that Y has a density or frequency function of the

form
f(y;0,9) =exp |0y — %?) +c(y, ¢)

for y € A, which is independent of the parameters 6§ and ¢.
This is an alternative to the general family of distributions
considered in Problem 8.14. and is particularly appropriate for
discrete distributions.

(a) Show that the Negative Binomial distribution of Example
8.12 has this form.

(b) Show that Ey(Y) = ¢~ ¥ (6) and Varg(Y) = ¢~ 10" (0).
8.16: The Inverse Gaussian distribution is a continuous distribu-
tion whose density function is

f(y;0,0) = . eXp{

o/ 2my3 (1- 5y)2}

202y
for y > 0.

(a) If Y has the density function above, show that E(Y) =1/§
and Var(Y) = ¢2/63. (Thus Var(Y) = o?[E(Y)]3.)
(b) Suppose that Y7,---,Y,, are independent Inverse Gaussian
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random variables with E(Y;) = pu; and In(y;) = =] 3 where
3 is unknown. Outline the iteratively reweighted least squares
algorithm for computing maximum likelihood estimate of 3.
(c) Find an expression for the MLE of o2,

8.17: Lambert (1992) describes an approach to regression mod-
elling of count data using a zero-inflated Poisson distribution.
That is, the response variables {Y;} are nonnegative integer-

valued random variables with the frequency function of Y; given
by

| [ 0;+(1—0;)exp(—N;) fory=0
P(Y;=y) = { (1—6;)exp(= )N/ [yl fory=1,2,---

where 6; and )\; depend on some covariates; in particular, it is

assumed that
In ( T 0i> = x; B

In(\) = zlo.

where x; (1 = 1,---,n) are covariates and 3, ¢ are vectors of
unknown parameters.

(a) The zero-inflated Poisson model can viewed as a mixture of a
Poisson distribution and a distribution concentrated at 0. That
is, let Z; be a Bernoulli random variable with P(Z; = 1) = 6;
such that P(Y; = 0|Z; = 0) = 1 and given Z; = 1, Y; is Poisson
distributed with mean \;. Show that

v oy 0i/10i + (1 = 0;) exp(=A;)] fory=0
Pzi=ovi=y={ v
(b) Suppose that we could observe (Y1, Z1),- -, (Yn, Z,) where
the Z;’s are defined in part (a). Show that the MLE of 3
depends only on the Z;’s

(c) Use the “complete data” likelihood in part (b) to describe
an EM algorithm for computing maximum likelihood estimates
of B and ¢.

(d) In the spirit of the zero-inflated Poisson model, consider the
following simple zero-inflated Binomial model: for i = 1,--- n,
Y1, --,Y, are independent random variables with

PY;=0) = ¢o+(1-0)(1-0)"
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Table 8.1 Data for Problem 8.17; for each observation m = 6.

03 0 06 0 1.0 0 11 O
22 1 22 0 24 0 25 0
30 4 32 0 34 4 58 5
62 0 65 5 71 4 76 6
77T 4 82 4 86 4 98 0

m

PYi=y) = (1—9)<y

)9?(1—907”_9 fory=1,---,m

where 0 < ¢ < 1 and

0;
in (125-) = o + Bua

for some covariates x1,- -+, xpn.

Derive an EM algorithm for estimating ¢ and 8 and use it
to estimate the parameters for the data in Table 8.1; for each
observation, m = 6. with m = 6:

(e) Carry out a likelihood ratio test for Hy : f; = 0 versus
Hiy : 31 # 0. (Assume that the standard y? approximation can
be applied.)

8.18: Suppose that Y7,---,Y, are independent Bernoulli random
variables with parameters ; = P(Y; = 1) (i = 1,---,n) and
assume the logistic regression model (see Example 8.8)

In <1 67’9'> = Po + brzir + - + Bpip.
- U

In many epidemiological studies, the data are sampled retro-
spectively; that is, there is an additional (unobservable) vari-
able that determines whether or not an individual is sampled
and the sampling probability may depend on the value of Y;.
Let Z; be a Bernoulli random variable with Z; = 1 if individual
1 is sampled and 0 otherwise and suppose that

where pg and p; are constant for ¢ =1,---,n.
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(a) Assuming the logistic regression model, show that

p10;
P16 +po(1 —6;)

(b) Let ¢; = P(Y; = 1|/Z; = 1). Show that

PY;=1Z=1) =

1H<1 iﬁz@) =05+ fizin + - + Bpxip

where 85 = B + In(p1/po). This indicates that 3y, ---, 5, may
still be estimated under retrospective sampling.

8.19: Consider finding a quasi-likelihood function based on the
variance function V' (p) = p” for some specified r > 0.

(a) Find the function v (p;y) for V(u).
(b) Show that

)
V(s y) = a—ulnf(y;ﬂ)

for some density or frequency function f(y;u) when r = 1,2, 3.

8.20: The Multinomial logit model is sometimes useful when a
response is discrete-valued and takes more than two possible
values. Given a covariate vector x;, we assume that Y; has the
following Multinomial distribution (see Problem 2.28):

Py(Yi=y) =07 x---x 67
where y1 +---+ 1y, = 1 and
ln<%) :ac;fF,Bk fork=2---r

01
(a) Show that
_ exp(a? By)

1+exp(z]By) + -+ +exp(z] B,)

for k=2,---,r with

Ok

1
~ 1+exp(@!By) + - +exp(xlB,)

61

(b) Suppose that we model the components of Y; as indepen-
dent Poisson random variables with means Ay;, - -, A1 with

In(Awi) =i+ By (k=1,---,7).
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Show that the MLEs of 3y, --,3, for the Poisson model are
the same as those for the Multinomial logit model.
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CHAPTER 9

Goodness-of-Fit

9.1 Introduction

Up to this point, we have assumed a particular statistical model
for given observations. For example, given i.i.d. random variables
X1, -+, Xp, we have assumed that they have a common density (fre-
quency) function f(x;6) where only the parameter # is unknown;
that is, we have assumed the form of the distribution up to the value
of an unknown parameter, which allows us to focus our energies on
inference for this parameter.

However, there are many situation where we want to test
whether a particular distribution “fits” our observed data. In some
cases, these tests are informal; for example, in linear regression
modeling, a statistician usually examines diagnostic plots (or other
procedures) that allow him to determine whether the particular
model assumptions (for example, normality and/or independence
of the errors) are satisfied. However, in other cases where the form
of the model has more significance, statisticians tend to rely more
on formal hypothesis testing methods. We will concentrate on these
methods in this chapter.

Roughly speaking, we can put goodness-of-fit tests into two class-
es. The first class of tests divides the range of the data into disjoint
“bins”; the number of observations falling in each bin is compared
to the expected number under the hypothesized distribution. These
tests can be used for both discrete and continuous distribution
although they are most natural for discrete distributions as the
definition of the bins tends to be less arbitrary for discrete
distributions than it is for continuous distributions.

The second class of tests are used almost exclusively for testing
continuous distributions. For these tests, we compare an empirical
distribution function of the data to the hypothesized distribution
function; the test statistic for these tests is based either on some
measure of distance being the two distributions or on a measure of
“correlation” between the distributions.
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9.2 Tests based on the Multinomial distribution

Suppose that we observe i.i.d. random variables Xq,---, X, from
an unknown distribution (which may be continuous or discrete).
Our immediate goal is to find a test of the null hypothesis

Hj : the X;’s have density (frequency) function f(z;0)
where the alternative hypothesis is
Hi : the X;’s have an arbitrary distribution.

The parameter 6 above may be known or unknown; if it is unknown,
we will assume that it is finite dimensional.

Let S be a set such that P(X; € S) = 1. Then define disjoint sets
Aq, -+, A such that

k
S = U Aj.
j=1
The idea now is to count the number of X;’s that fall into each of
the sets Aq,---, Ar; we can define random variables

n
V=Y I(X;€4)) (j=1,---,k).
i=1
In practice, the number of sets k is chosen to be much sample than

the sample size n. Because the X;’s are i.i.d., the random vector
Y = (Y1, --+,Y;) has a Multinomial distribution (see Problem

2.28):
H o7

PY =y
( )= yr! x o x !
where ¢; = P(X; € Aj) for j=1,--- k.
Now we assume that the X;’s have a density or frequency function
f(z;0) where § = (01,---,0,) is unknown. In this case, we can
express the ¢;’s more precisely in terms of the parameter 6:

;= Py(Xi € Aj) =p;j(0) (j=1,--,k).

Thus if we are interested in testing the null hypothesis that the
X;’s have density (frequency) function f(z;0) for some 8 € ©, we
can express this null hypothesis in terms of the parameters of the
Multinomial random vector Y':

Hoy:¢;=pj0) (j=1,---,n) for somed € O.
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EXAMPLE 9.1: Let X4, --, X, beii.d. random variables with
density function

f(z;0) =021 for0<az<1

where # > 0 is unknown. We can take S = [0,1] and define
(arbitrarily) A; = [0,1/4], Ay = (1/4,1/2], A3 = (1/2,3/4],
Ay = (3/4,1]. Integrating the density, we get

j/4 N i1 0
PO = Jyya =G 4

for j = 1,---,4. Defining Y7,---,Y, to be the counts as above, we
have

Po(Yi=uy1,--,Ys = ya)

- ywwwﬂnl() (%)T'

Viewing this joint frequency function as a function of 6 (given
bY = y), we have a likelihood function for € based on the counts
Yi,--, Yy %

At this point, we should note that in going from the original data
X = (Xy, -, Xp) to the counts Y = (Y1, --,Y%), we do typically
lose information in that Y = Y (X) is typically neither sufficient
for  (when Hj is true) nor in any nonparametric sense (when H is
false). This is an inevitable consequence of goodness-of-fit testing,
particularly for continuous distributions. However, if X is discrete
with S = {x1,---, 21} (a finite set) then we could define A; = {z;}
and Y is still sufficient for # (although not necessarily minimal
sufficient).

We noted in Example 9.1 that the joint frequency function of Y’
under the null hypothesis can be interpreted as a likelihood function
for the unknown parameter 6. In fact, this is generally true if one
regards the probabilities ¢ = (¢1,-- -, @) as unknown parameters.
This suggests that we can carry out a likelihood ratio (LR) test of
the null hypothesis by comparing the maximized H likelihood (that
is, maximizing over #) to the “unrestricted” maximized likelihood
(that is, maximizing over ¢ subject to ¢; > 0 (for j =1,---,k) and
b1+ + ok = 1).
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In principle, the LR test is quite simple. Given Y = y, define the
log-likelihoods

k
I £1(6) = 36 +1n (")

= Yl X oyl
and

k ol
InL£o(6) =Y y;In(p;(0)) + In (—) :
j=1

MEEEEYT

The maximum likelihood estimator of ¢ is @ = Y /n while the
maximum likelihood estimator of 8 satisfies the equation

k
>
j=1

where p}(@) is the derivative or gradient of p; with respect to . If
A is the LR statistic, we have

Y, -
L—p/i(0) =0
p;(6)

o~ o~

In(A) = InLi(¢p) —InLy(0)

k
)
= ZYﬂn( JA>;
=1

np;(0)

the null hypothesis will be rejected for large values of A (or
equivalently In(A)). Of course, to implement the LR test, we need
to know the distribution of A under the null hypothesis; given this
null distribution, we can determine the “rejection region” for A to
make it (at least approximately) an « level test or, alternatively,
compute a p-value for the test.

In Chapter 7, we showed that, under i.i.d. sampling, we could
approximate the null distribution of 2In(A) by a x? distribution.
It is quite easy to see that this theory also applies to this situation
since Y can be viewed as a sum of n independent Multinomial
random vectors. Given this fact, we can apply the standard
asymptotic theory for LR tests; in doing so, we are assuming that
n (the sample size) tends to infinity while & (the number of bins)
as well as p (the dimension of 8) remain fixed.

The asymptotic theory for the MLE of 8 under the Multinomial
model is quite simple if notationally somewhat cumbersome. If
Y, ~ Mult(n, p(€)) then

Cov(Y,) =nC(0)
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where C(0) is a k x k matrix whose diagonal elements are Cy;(6) =
pi(0)(1 — pi(0)) and whose off-diagonal elements are C;;(0) =
—pi(0)p;(0); C(O) will have rank k—1 provided that 0 < p;(0) < 1
for j = 1,--- k. If P(0) is a k x p matrix whose j-th row is the
gradient of In(p;(@) then under mild regularity conditions, the MLE

of 6, én satisfies
V(0 — 0) —4 N,(0,1(6) )

where

1(6) = P(6)TC(6)P(8).
The inverse of I(0) exists provided that p < k — 1 and P(0) has
rank p.

THEOREM 9.1 Suppose that Y, ~ Mult(n,pi1(0),---,pr(0))
where p1, -+, pg are twice continuously differentiable functions on
O, an open subset of RP where p < k — 2. Define

In(A,) = Z Y,;In <#> .
j=1

np; (0n)
If /(0 — 0) —q Np(0,1(0)71) then
21n(A,) —q X2 (k —1—p).

Theorem 9.1 can be viewed as a special case of Theorem 7.5
applied to Multinomial distributions. It is important to note that
0., is the MLE of @ under the Multinomial model and not the MLE
under the original model; however, the difference between these two
MLEs is typically not large.

An alternative statistic to the LR statistic is Pearson’s y?
statistic:

& ~
K2 — Z Yoy — ”pj(en))z
ot ~ .
j=1 np;(6y)
This statistic turns out to be closely related to the LR statistic.

Note that K2 compares the “observed” number of observations
falling in bin j (Y,;) to the (estimated) “expected” number of

o~

observations under the null hypothesis (np;(0,)). As with the LR
statistic, we will reject the null hypothesis for large values of K2.

THEOREM 9.2 Assume the same conditions on'Y ,, and én as
in Theorem 9.1. Then

K2 —2In(A,) —, 0
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and so ) )
Kn —d X (k_l_p)'

Proof. It follows from the CLT and the asymptotic normality of the
MLE 6,, that for each j,

ﬁ(%_ma)) —a N(0,p;(8)(1 - p;(6)))

Vi(p;(0,) —pj(0)) —a N(0,5(0)T1(8)7'p(0))

where p;(8) is the gradient of p;(@) (which we assume here to be a
column vector). Thus

Y, ~
M50,
n p]( ) —p 0
Y, ~ "
n n] —p;j(0n) —p 0

for any r > 2. A Taylor series expansion gives

in(YVoy /) = In(p; @) =~ (2~ py(B0)

pj(0,) \ 1

where 6}, lies on the line segment joining Y;,; and 6,,. We also have

2In(An) = 2nZ(——pj ))m( Ynj )

np;(6n)

_ Y,,;
+2n ij (6,)In <—i> .
j=1

np;(6n)

Now substituting the Taylor series expansion above for In(Y;,;/n) —
In(p; (6,)), it follows that 2In(A,) — K2 —p 0 and so K, —g4
X’(k—=1-p). O

Theorem 9.2 suggests that Pearson’s x? statistic should be nearly
identical to the LR statistic when the null hypothesis is true (at
least if n is sufficiently large). In fact, even when the null hypothesis
does not hold, the two statistics can still be very close; the following
example illustrates this.
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Table 9.1 Frequency of goals in First Division matches and “expected” frequency
under Poisson model in Example 9.2

Goals 0 1 2 3 4 >5
Frequency 252 344 180 104 28 16
Expected 2489 326.5 214.1 93.6 30.7 10.2

EXAMPLE 9.2: Consider the data on goals scored in soccer
(football) games given in Example 5.25; the complete data are
summarized in Table 5.6. We want to test the hypothesis that the
number of goals scored in a game follows a Poisson distribution.
Because there are relatively few games in which more than 6 goals
were scored, we will consider the games with 5 or more goals scored
as a single bin.

If we set Y, to be the number of games in which j goals
were scored for 7 = 0,---,4 and Y5 to be the number of games
in which 5 or more goals were scored then (Yp,---,Ys) has a
Multinomial distribution where the probabilities po(A),- -+, ps(N)
under the Poisson model are

exp(—A\)N
J!

4
ps(A) = 1= p;j(\)
Jj=0

Given the data in Table 9.1, we can determine the maximum
likelihood estimate of A numerically (a closed-form solution does
not exist); for these data, A = 1.3118. The expected frequencies in
Table 9.1 are obtained simply 924pj(X) for j = 0,---,5. We then
obtain

5

2In(A) = 2> y;jn <924p]®>=10.87

]:

5
K2 — Z Z/J—924PJ( ))2 — 11.00.

Under the null hypothesis (Poisson model), both statistics should
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be approximately x2(4) distributed as there are six bins and
the Poisson model has one unknown parameter. Using the x2(4)
distribution, we obtain (approximate) p-values of 0.028 (LR test)
and 0.026 (Pearson’s x? test). The small p-values suggest that the
Poisson model may not be appropriate; however, a comparison of
the observed and “expected” frequencies suggests that the Poisson
model may not be that bad. <&

Log-linear models

Log-linear models describe the structure of dependence or asso-
ciation in data that has been cross-classified according to several
discrete or categorical variables. More precisely, suppose we take a
random sample from a population where each member of the pop-
ulation is described by some attributes, each of which take a finite
number of values or levels. Then for each combination of levels, we
count the number of individuals in the sample having this combi-
nation of levels. One simple goal is to determine if the variables
are independent or, failing that, to determine the structure of the
dependence (or association) between the variables.

To simplify the discussion, we will restrict ourselves to the
situation where three categorical variables (which we will call U, V/,
and W) are measured for each individual, and we will assume that
these have, respectively, u, v, and w possible values or levels. (All
of the discussion below can be extended to four or more variables
without difficulty.) Define

Oij = P(U =1,V =4, W =k)

fOI‘ ’L — 1’...7u’ ,7 = 1’...71)7 and k — 1,...’w' Deﬁne }/ij to
be the number of individuals in the sample with U = ¢, V = j,
and W = k; then the random vector Y = (Y111, -, Yuww) has

a Multinomial distribution with probabilities 65, (1 = 1,---,u;
j=1,---,v;k=1,---,w). It follows that the MLE of 6, is
. Y.
Oijp = —2%.
n

This general model (where the 6;;,’s are unconstrained) is often
called the saturated model since there are as many parameters as
there are observations.

The goal in log-linear modeling is to find a simpler model for the
probabilities 6;;;’s; note that under the saturated model described
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above, the dimension of the parameter space is effectively uvw — 1.
Simplifications of the general model result from expressing the 0;;1’s
in terms of marginal probabilities. For example, we can define

0,0 = PU=4V =)

05 = P(V=7)

where a + in the subscript indicates that we have summed over
that index. Given these probabilities, we can define a number of
possible models that describe the dependence structure between
the variables U, V and W; some of these are:

Oij. = Oip4 0454041k
(mutual independence of U, V' and W)
Oije = Oir+01jk
((V, W) is independent of U)
0. — Oi 1104k
ik = T
otk

(U and V are conditionally independent given W).

These models for 6, are called log-linear models since In(f;;) can
expressed as a sum of terms; for example, in the model where U
and V are conditionally independent given W, we can write

In(ik) = I(Oir) +m(045%) — In(011k)
= ik + Bjk + k-

Generally, we can write a log-linear model as
In(0;1) = x/;,8

where x;;;, is typically a vector of 0’s and 1’s (depending on the
structure of the log-linear model) and 3 is a vector of unknown
parameters. To insure identifiability, we must assume that the
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design matrix
T
T
X = :
Lyvw

has rank equal to the length of the parameter vector (3. Note,
however, that since the 6;;;,’s are probabilities, we must also impose
the constraint

u v w u v w
D2 k=22 > exp(@ipB) =1
i=1j=1k=1 i=1j=1k=1

Because of this constraint, the effective number of parameters in
the log-linear model is one less than the length of 3. Given Y = y,
the log-likelihood function for 3 is

u v w
InL(B) = Z Z Z yzgk(wz;kﬂ)
i=1j=1k=1
subject to the constraint
u v w
Z Z Z exp(wgkﬁ) =1.
i=1j=1k=1
Maximum likelihood estimates can be computed using either the
iterative proportional fitting algorithm or the Newton-Raphson
algorithm; see Agresti (1990) and Fienberg (1980) for details.
Given the MLE ,6', we can define the expected count ka =

nexp(x z‘jk/@)- To test the null hypothesis
Hy : 01 = exp(a:;?g-kﬁ) versus My : 0;;;,’s unspecified

we can use either the LR test or Pearson’s x? test whose test
statistics are;

2in(A,) = 23 3 Vije n(Yiu/Yij)

i=1j=1k=1
KTQL _ ZZZ 'L]kY zjk) )
i=1j=1k=1 ijk

If n is sufficiently large then the null distributions of both statistics
is x? with (uvw — p) where p is the length of 3. (As before, an
informal rule-of-thumb says that n is large enough to apply the x>
approximation if min; ; Yijr > 5.)
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EXAMPLE 9.3: Suppose that we want to test the null hypothesis
that U, V, and W are independent. This hypothesis can be
expressed via the log-linear model

(k) = p+ o + B + vk

(fori=1,---,u,7=1,---,v,and k = 1,---,w) where, to make the
model identifiable, we assume that a; = 61 = v = 0; the number
of parameters in this modelisp=14+(u—1)+(v—1)+ (w—1) =
u+v+w—2 although due to the constraint on the 0;;;’s the effective
number of parameters is p—1. The expected counts ﬁjk have a very
simple form in this model:

Ve = n (Yi++) (Y+j+> <Y++k>
n n n

where as before the + in the subscript indicates that summation
over the corresponding index. Thus under the null hypothesis, both
the LR statistic and Pearson’s x? statistic have x? distributions
with (uvw —u — v — w + 2) degrees of freedom. O

We can also use LR and Pearson’s x? tests to compare nested
log-linear models; see Agresti (1990) for more details.

9.3 Smooth goodness-of-fit tests

Suppose that Xi,---, X, are i.i.d. continuous random variables
with unknown distribution function F. We want to test the null
hypothesis

Hy: F=F
where Fy may depend on some unknown parameters.

To start, we will consider a somewhat simpler testing problem in
which Fy = Fj is a fixed continuous distribution function and does
not depend on any unknown parameters. Admittedly, this is not a
very useful problem in practice since we would like to test whether
the X;’s come from a particular family of distributions; however,
this simplication is very useful in illustrating the general principles
used in constructing “smooth” goodness-of-fit tests. D’Agostino
and Stephens (1986) gives a comprehensive survey of smooth
goodness-of-fit tests.

Given the fixed continuous distribution Fy, define Y; = Fy(X;)
(1t = 1,---,n). Since Fpy is continuous, the Y;’s have a Uniform
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distribution on [0,1] if the distribution function of the X;’s is Fj
(that is, Hy is true; on the other hand, if Hy is false (that is,
Fy is not the distribution function of the X;’s) then the Y;’s will
not have a Uniform distribution although their distribution will be
concentrated on the interval [0, 1]. Therefore (at least in this simple
problem), we can assume that the distribution function F' of the
X;’s is concentrated on [0, 1] and the null hypothesis becomes

Hy:F(z)=2 for0<z<1.

Our test statistics for testing Hy will be based on the empirical
distribution function

N 1
Fale) = - Y I(Xi <),
=1

which was earlier used to define substitution principle estimators.
Recall that R
sup |Fu(w) = F(z)| = 0
0<z<1
as n — oo and so this suggests that a reason test statistic should
compare the empirical distribution function Fj,, to the Uniform
distribution function in some way, for example,

1
sup |Fn(z) — x| or / (Ey(z) — x)? da.
0<z<1 0

As one might imagine, the null distributions of such test statistics
are quite complicated to determine. However, it is fairly straightfor-
ward to determine the asymptotic null distributions (as n — o).
To do this, we need to take a closer look at the limiting distribution
of By(x) = v/n(Fn(x) — ) as a random function on the interval
[0, 1]. While the mathematics of this is somewhat beyond the scope
of this book, it is fairly easy to give a heuristic development of the
limiting distribution of B,,.

We will limit our discussion to the limiting distribution of B,, at
a finite number of points. By the Multivariate CLT, we have for
O0< <22 < - <, <1,

Bn(xl)
B (x

(: . Ni(0,C)
B ()
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Figure 9.1 A simulated realization of a Brownian bridge process.
where the variance-covariance matrix C has (7, j) element

Cli,j) = Cov(I(X1 <xy), [(X1 < xy))
= EI(X1 < z)I(X1 < )]
—E[I(Xy < 2;)|EI(X) < ;)]

= min(z;, ;) — z;x;.

The trick now is to find a random function (or stochastic process)
B on [0, 1] such that the random vector (B(z1),- -, B(xy)) has the
limiting distribution given above (for any finite number of points
Z1,--+,Tk). Such a random function exists and is called a Brownian
bridge. A simulated realization of a Brownian bridge is given in
Figure 9.1.

Now define the test statistics

K, = \/a sup |ﬁn(x) _$| = Sup |Bn($)|a

0<z<1 0<z<1
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(which is called the Kolmogorov-Smirnov statistic),

1 1
W2 = n/o (Fp(z) — x)* dx :/0 B2(z) dz,

(which is called the Cramér-von Mises statistic), and

_[MF@) -2 1 Bi(a)
Ai_n/@ z(1—x) d:v—/o x(l—x)dx

(which is called the Anderson-Darling statistic). Note that each test
statistic can be written as ¢(B,,) for some ¢; the “convergence” of
B, to B suggests that ¢(B,) —4 ¢(B) and, in fact, this can be
proved rigorously. Thus we have, for example, for the Kolmogorov-
Smirnov statistic

K, —4 sup |B(z)|=K
0<<1

where
P(K >x) = 22 1)+ exp(—25222).

Likewise, representations of the limiting distributions of the Cra-
mér-von Mises and Anderson-Darling statistics can be obtained;
both limiting random variables can be represented as an infinite
weighted sum of independent x? random variables with 1 degree
of freedom. If Z1, Z, - - - are independent N (0, 1) random variables
then

w2 —y —J_
n j:l 32772
Ai —d
iU + jG+1)

The limiting distribution functions of W2 and A2 can be obtained
by first obtaining the characteristic function of the limiting distri-
bution and then inverting the characteristic function.

Both the Cramér-von Mises and the Anderson-Darling tests
are quite powerful for alternatives that are close to the Uniform
distribution and tend to be better for these alternatives (in terms
of power) than the Kolmogorov-Smirnov test. However, in practice,
we are typically interested in detecting larger departures from the
Uniform distribution and, in such cases, all three tests perform well.
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Figure 9.2 Normal probability plot with normally distributed data.

Tests based on probability plots

Suppose that Xi,---,X, are ii.d. continuous random variables
with distribution function F’ and we want to test the null hypothesis

HO:F(x):FO(x;’u)

where p and o > 0 are unknown parameters.

There is a simple ad hoc approach to checking the validity of Hy
which involves plotting the order statistics X(y),---, X(,) against
values of the inverse of Fjy; these plots are known as probability
plots (or quantile-quantile plots). The idea behind probability plots
is quite simple. If Hy is true and n is reasonably large then we have

Xoy = p+oEy(Xg) (i=1,---,n)

where Ep(X(;)) is the expected value of the order statistic X(;
under sampling from Fy. Thus if Hy is true and we plot X ;) versus
Eo(X(;y) for @ = 1,---,n, we should expect to see these points
falling close to a line whose slope is ¢ and whose y-intercept is pu.
However, if the X;’s do not come from the family of distributions
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Figure 9.3 Normal probability plot with non-normally distributed data.

in Hy then we would expect to see some curvature (or other non-
linearity) in the points. In practice, Eop(X (i)) is typically not easy to
evaluate but may be approximated; two common approximations

for Eo(X(;)) are FyY((i—1/2)/n) and Fy '(i/(n + 1)).

Two Normal probability plots are given in Figures 9.2 and 9.3 for
sample sizes of n = 50; Figure 9.2 shows a Normal probability plot
with normally distributed data while Figure 9.3 shows a Normal
probability plot for non-normal (in fact, Exponential) data.

While probability plots are typically used merely as informal
“eyeball” tests of distributional assumptions, we can use them to
carry out formal goodness-of-fit tests. The standard approach to
goodness-of-fit testing based on probability plots is to use as a
test statistic an estimator of the correlation between the order
statistics and their expected values (or suitable approximations
thereof) under i.i.d. sampling from the distribution function Fy;
for example, see Lockhart and Stephens (1998). Given vectors x
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and y of length n, define

Y1 —2) (i — ¥
r(x,y) = n _1(2 1/2 )('n, ) _\o\1/2
(i (i = 2)%) " (i (i — 9)?)
to be the correlation between x and y. Now given

Xu= (X Xw)

and
E(Xy) = (Eo(X1)), 5 Eo(X(ny))

(where, as before, Fy denotes expected value under sampling from
Fpy), we define the test statistic

Rn = T(Xm EO(Xn))'

(Alternatively, we can replace FEy(X(;)) by one of the approxima-
tions given above.) We can then use R,, as a test statistic to test
the null hypothesis

Tr —

Hy: F(z) = Fy ( H) for some p and o.

It is easy to see that the null distribution of R,, is independent
of the unknown parameters u and o. Moreover, since both X,
and Fy(X,) have non-decreasing elements, the correlation R,
is necessarily nonnegative; when Hy is true, this correlation is
typically close to 1. The null distribution of R,, can (for any n)
be approximated quite well by Monte Carlo sampling; it suffices to
generate independent random variables from Fp. It is also possible
to derive the asymptotic distribution of R, which will depend on
Fy; the derivation of these limiting distributions turns out to be
quite difficult from a technical point of view.

In the next two examples, we will give the limiting distribution
for R,, in the case of the extreme value distributions and Normal
distributions.

EXAMPLE 9.4: Suppose that

Fo(x) = exp[—exp(—z)];

Fp is called a type I extreme value distribution. If Xq,---, X, are
i.i.d. with distribution function F(z) = F((x — pu)/0), we have

n(l — R2) —In(n)

2y/In(n)
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Thus for n sufficiently large, the null distribution of R? is approxi-
mately Normal with mean 1 — In(n)/n and variance 4In(n)/n?. ©

EXAMPLE 9.5: Suppose that Fj is the standard Normal distri-
bution. A correlation test related to the statistic R,, was proposed
by Shapiro and Francia (1972). However, another correlation-type
test was proposed earlier by Shapiro and Wilk (1965); the so-called
Shapiro-Wilk test takes into account the correlation between the
order statistics in defining the correlation. Interestingly, the lim-
iting behaviour of both test statistics is more or less identical, if
somewhat bizarre. Defining

Ap —

1 & iln+1—4) 3
(n+1)? ; (@ 1(i/(n+1)) 2

(where ¢ is the density function and ®~! is the quantile function
of a standard Normal distribution), we have

oo
1
2 2
n(l—Ry) — an —d ];1 k—_|_2(Zk -1)
where Z;,Zs,--- are i.i.d. standard Normal random variables.

This limiting distribution is sufficiently complicated that it is
probably easier to simply approximate the distribution of R,, using
simulation! &

The power of correlation tests based on probability plots seems to
vary according to the family of distributions being tested under the
null hypothesis. The general rule-of-thumb seems to be (Lockhart
and Stephens, 1998) that correlation tests work quite well for
“short-tailed” distributions (such as the Normal) but less well
for longer-tailed distributions such as the type I extreme value
distribution of Example 9.4. As before, these power considerations
are for alternatives that are close to the null; for gross departures
from the null hypothesis, correlation tests are adequate although
the same information is usually available from the corresponding
probability plot.
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Table 9.2 Data for Problem 9.1.

3.5 7.9 8.5 92 114 174 208 21.2
214 225 253 257 259 262 266 278
28.7 30.1 302 309 350 360 390 39.0
39.6 432 448 477 575 625 728 831
96.6 106.6 115.3 118.1 152.5 169.2 202.2 831.0

9.4 Problems and complements

9.1: The distribution of personal incomes is sometimes modelled
by a distribution whose density function is

—(a+1)

f(x;a,9)2g<1+§> forz >0
0 0

for some unknown parameters @ > 0 and # > 0. The data

given in Table 9.2 are a random sample of incomes (in 1000s

of dollars) as declared on income tax forms. Thinking of these

data as outcomes of i.i.d. random variables X7, ---, Xy, define
40 40
i = Y I(X;<25), Yp=) I(25<X;<40),
i=1 i=1
40 40
Y3 = Y I(40< X;<90) and Yy=) I(X;>90).
=1 =1

(a) What is the likelihood function for the parameters o and 6
based on (Y7,---,Yy)?
(b) Find the maximum likelihood estimates of o and 6 based
on the observed values of (Y7,---,Ys) in the sample.
(¢) Test the null hypothesis that the density of the data is
f(z;,0) for some o and @ using both the LR statistic and
Pearson’s x? statistic. Compute approximate p-values for both
test statistics.

9.2: Consider testing goodness-of-fit for the Zeta distribution with
frequency function is

p—(e+1)

Cla+1)
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Table 9.3 Data for Problem 9.2.
Observation 1 2 3 4 5 6 7
Frequency 128 30 12 6 3 1 1

where o« > 0 and
(p)=>Y k7
k=1

is the Zeta function.
(a) Let Xi,---, X, be i.i.d. Zeta random variables. Define

Y, = ZI(XZ-:]') forj=1,---,k

Vigr = Y I(Xi>k+1)
=1

Find an expression for the MLE of « based on Y7, -, Yi11.
(b) Let @y, be the MLE in part (a). Find the limiting distribu-
tion of \/n(a, — «). (Note that this limiting distribution will
be different than the limiting distribution of the MLE based on
the X;’s.)

(c) Carry out the Pearson x? and LR goodness-of-fit tests for
the Zeta distribution using Y3, ---,Y;. What are the (approxi-
mate) p-values for the two test statistics?

9.3: Consider Theorem 9.2 where now we assume that én is some
estimator (not necessarily the MLE from the Multinomial mo-
del) with

o~

Vn(0, —0) —4 N,(0,C(6)).

(a) Show that K2 —2In(A,) —, 0 (under the null hypothesis).

(b) What can be said about the limiting distribution of 21n(A;,)
under this more general assumption on 6,7

9.4: Consider the general log-linear model for Multinomial proba-
bilities in a three-way cross-classification

(1) = mz;kﬁ.
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fori=1,---,u,j=1,---,v,and k=1,---,w
(a) Let 2z, = xijr — x111. Show that the log-linear model can
be rewritten as a Multinomial logit model (see Problem 8.20)

01
In( Y2 ) = 2T
" (9111> Zikl0

exp(z Z;k/B)
z{llﬁ et zng
(b) Using the result of Problem 8.20, suggest a Poisson log-

linear model that can be used to estimate the parameter 3 in
the log-linear model.

and hence

Osjie =

9.5: Suppose that Xi,---,X, are i.i.d. continuous random vari-
ables whose range is the interval (0, 1). To test the null hypoth-
esis that the X;’s are uniformly distributed, we can use the
statistic

oo 2 2
vV, = (Wiggsm(%r)(})) + (IZCOS (27 X; )) .

(a) Suppose that the X;’s are Uniform random variables on
[0, 1]. Show that as n — oo,

( Zsm 21w X;) \/_Zcos (27 X; )) —q (21, Z5)

=1
where Z1 and Z, are independent N(0,0?) random variables.
Find the value of o2.

(b) Find the asymptotic distribution of V;, when the X;’s are
uniformly distributed.

(c) Suppose that either E[sin(27X;)] or E[cos(27X;)] (or both)
are non-zero. Show that V;, —, oo in the sense that P(V,, <
M) — 0 for any M > 0. (Hint: Use the WLLN.)

(d) Suppose that {vy, o} is such that
P(Vy, > vpa) =«

when the X;’s are uniformly distributed. If the X;’s satisfy the
condition given in part (c), show that

lim P(Vy, > vpq) =1

n—o0

for any a > 0.
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9.6: Suppose that (X1,Y1), -, (Xp,Yy) are i.i.d. random variables
such that X? + Y? = 1 with probability 1; thus (X1,Y3),
<+, (Xy,Y,) represent an ii.d. sample from a distribution on
the unit circle C = {(x,y) : 22+y? = 1}. In this problem, we are
interested in testing if this distribution is Uniform on the unit
circle. To do this, we define new random variables ®1,---, &,
on the interval [0, 1] so that

X; =cos(2nr®;) and Y; =sin(27®;);

then the distribution of (X;,Y;) is Uniform on the unit circle if,
and only if, the distribution of ®; is Uniform on [0, 1].

(a) If E,(z) is the empirical distribution of ®1,---,®,, and
B, (z) = v/n(F,(x) — x), we can define Watson’s statistic to be

U2 = /01 B?(z) dx — (/01 Bn(x)>2.

Using the heuristic approach of section 9.3, show that

Up —d /32(:@ dx — (/OlB(x)>

where B(z) is a Brownian bridge process.

(b) The definition of ®;,---,®, above is dependent on the
orientation of the coordinate system; for example, for any given
0, we could define ®1,---,®, on [0, 1] so that

2

X; =cos(2n®; +0) and Y; =sin(2n®; +0)

Now define U? as in (a) using the (new) ®;’s. Show that U2 is
independent of 6.

(c) Consider using the test statistic

1 & ’ 1 ¢ i
V, = (% iz_:lsm(%r@i)) + <% iz_;cos(QW@i))

as in Problem 9.5. Show that V,, is independent of 6.

(d) Consider using either the Kolmogorov-Smirnov, Anderson-
Darling or Cramér-von Mises tests for testing uniformity on the
unit circle. Show that none of these tests is independent of 6.
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9.7: A Brownian Bridge process can be represented by the infinite

series
V2 X sin(rkx)
7y = V23 kD)
(it k
where Z71, Zs, - - - are i.i.d. Normal random variables with mean

0 and variance 1.

(a) Assuming that expected values can be taken inside infinite
summations, show that

E[B(z)B(y)] = min(z,y) —zy

for 0 <z,y <1.
(b) Define

= /01 B*(z) dx

using the infinite series representation of B(x). Show that the
distribution of W? is simply the limiting distributions of the
Cramér-von Mises statistic.

9.8: Consider the representation of the Brownian bridge B(z) in
Problem 9.7.

(a) Show that

! 232 & Zojq
/0 Bla)de =5 Z (2k — 1)?
(b) Let B = fol B(x) dx. Show that

/B%:) da — (/01 B(x)>2 _ /Ol[B(x) _ BPda.

(c) Use parts (a) and (b) to show that the limiting distribution
of Watson’s statistic U2 in Problem 9.6 is the distribution of
the random variable

X o Z
U2:Z 2k—1 1+ Lok

2.2
= 2k%m
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9.9: Suppose that Xi,---, X, are i.i.d. Exponential random vari-
ables with parameter A. Let Xy < --- < X(;) be the order

statistics and define the so-called normalized spacings (Pyke,
1965)

D1 = ’I’LX(l)
and Dy = (n—k+ )X - Xp-1)) (F=2,---,n).

According to Problem 2.26, Dy, ---, D,, are also i.i.d. Exponen-
tial random variables with parameter A.

(a) Let X, be the sample mean of X1,---,X,, and define

T, = zn: D}
R =t
Show that /n(T),, — 2) —4 N(0, 20).
(b) Why might 7,, be a useful test statistic for testing the
null hypothesis that the X;’s are Exponential? (Hint: Note that
Dy + -4+ D, = nX; show that subject to a; +--- + a, = k,
a? + -+ + a2 is minimized at a; = k/n.)
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