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CHAPTER 1 A REVIEW OF
DISTRIBUTION THEORY

This chapter reviews some basic concepts of discrete and continuous random variables. Distri-
bution results on algebra and transformations of random variables (vectors) are given. Part of
the chapter pays special attention to the properties of the Gaussian distributions. The final
part of this chapter introduces some commonly-used distribution families.

1.1 Basic Concepts

Random variables are often classified into discrete random wvariables and continuous random
variables. By names, discrete random variables are some variables which take discrete values
with an associated probability mass function; while, continuous random variables are variables
taking non-discrete values (usually R) with an associated probability density function. A proba-
bility mass function consists of countable non-negative values with their total sum being one and
a probability density function is a non-negative function in real line with its whole integration
being one.

However, the above definitions are not rigorous. What is the precise definition of a random
variable? Why shall we distinguish between mass functions or density functions? Can some
random variable be both discrete and continuous? The answers to these questions will become
clear in next chapter on probability measure theory. However, you may take a glimpse below:

(a) Random variables are essentially measurable functions from a probability measure space
to real space. Especially, discrete random variables map into discrete set and continuous
random variables map into the whole real line.

(b) Probability (probability measure) is a function assigning non-negative values to sets of a
o-field and it satisfies the property of countable additivity.

(c) Probability mass function for a discrete random variable is the Radon-Nykodym derivative
of random wvariable-induced measure with respect to a counting measure. Probability
density function for continuous random variable is the Radon-Nykodym derivative of
random variable-induced measure with respect to the Lebesgue measure.

For this chapter, we do not need to worry about these abstract definitions.

Some quantities to describe the distribution of a random variable include cumulative distri-
bution function, mean, variance, quantile, mode, moments, centralized moments, kurtosis and
skewness. For instance, if X is a discrete random variable taking values x, x5, ... with probabili-

ties my, my, .... The cumulative distribution function of X is defined as Fx(z) = >, ., m;. The
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kth moment of X is given as E[X*] = }_, m;x¥ and the kth centralized moment of X is given as
E[(X — p)*] where p is the expectation of X. If X is a continuous random variable with prob-
ability density function fx(x), then the cumulative distribution function Fx(x) = ffoo fx(t)dt
and the kth moment of X is given as E[X*] = [T aFfx(x)dz if the integration is finite.
The skewness of X is given by E[(X — u)]/Var(X)*? and the kurtosis of X is given by
E[(X — u)1/Var(X)?. The last two quantities describe the shape of the density function:
negative values for the skewness indicate the distribution that are skewed left and positive val-
ues for the skewness indicate the distribution that are skewed right. By skewed left, we mean
that the left tail is heavier than the right tail. Similarly, skewed right means that the right
tail is heavier than the left tail. Large kurtosis indicates a “peaked” distribution and small
kurtosis indicates a “flat” distribution. Note that we have already used E[g(X)] to denote the
expectation of g(X). Sometimes, we use [ g(z)dFx(x) to represent it no matter wether X is
continuous or discrete. This notation will be clear after we introduce the probability measure.

Next we review an important definition in distribution theory, namely the characteris-
tic function of X. By definition, the characteristic function for X is defined as ¢x(t) =
Elexp{itX}] = [ exp{itz}dFx(z), where i is the imaginary unit, the square-root of -1. Equiva-
lently, ¢x () is equal to [ exp{itz}fx(z)dz for continuous X and is ) m; exp{itz; } for discrete
X. The characteristic function is important since it uniquely determines the distribution func-
tion of X, the fact implied in the following theorem.

Theorem 1.1 (Uniqueness Theorem) If a random variable X with distribution function
Fx has a characteristic function ¢y (t) and if a and b are continuous points of Fx, then

T 6—ita _ e—ztb
Fx(b) — Fx(a) = lim — / ————ox(t)dt.
-T 1

Moreover, if Fx has a density function fx (for continuous random variable X) , then

fx(x) ! /OO e " px (t)dt.

:% .

We defer the proof to Chapter 3. Similar to the characteristic function, we can define the
moment generating function for X as Mx(t) = E[exp{tX}]. However, we note that Mx () may
not exist for some ¢ but ¢x(t) always exists.

Another important and distinct feature in distribution theory is the independence of two
random variables. For two random variables X and Y, we say X and Y are independent if
P(X <2, <y) = P(X < 2)P(Y < y); ie., the joint distribution function of (X,Y)
is the product of the two marginal distributions. If (X,Y’) has a joint density, then an
equivalent definition is that the joint density of (X,Y’) is the product of two marginal den-
sities. Independence introduces many useful properties, among which one important property
is that E[g(X)h(Y)] = E[g(X)]E[R(Y)] for any sensible functions g and h. In more gen-
eral case when X and Y may not be independent, we can calculate the conditional density
of X given Y, denoted by fx|v(z|y), as the ratio between the joint density of (X,Y’) and
the marginal density of Y. Thus, the conditional expectation of X given Y = y is equal to
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EX|Y =y] = [zfxy(z|y)dz. Clearly, when X and Y are independent, fxy(zly) = fx(z)
and E[X|Y = y] = EF[X]. For conditional expectation, two formulae are useful:

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

So far, we have reviewed some basic concepts for a single random variable. All the above
definitions can be generalized to multivariate random vector X = (Xj,..., X})" with a joint
probability mass function or a joint density function. For example, we can define the mean
vector of X as E[X] = (E[Xy], ..., F[X}])" and define the covariance matrix for X as F[X X'] —
E[X]E[X]'. The cumulative distribution function for X is a k-variate function Fx(z1, ..., z;) =
P(X; <uy,..., X < x) and the characteristic function of X is a k-variate function, defined as

¢X(t1; 7tk) = E[ei(t1X1+"'+thk)} = /]c Bi(t1z1+"'+tkzk)de([E1, ceny ZL‘k)
R

Same as Theorem 1.1, an inversion formula holds: Let A = {(z1,..,xx) 1 a1 < 21 < by, ..., a5 <
7 < b} be a rectangle in RF and assume P(X € 0A) = 0, where A is the boundary of A.
Then

FX<bla-- ) FX(al,.. Clk) P(XGA)

e~ e _ o= bj d d
t1y .. b )dby - - - di.
T_)()o 27T / / ¢X( 1 ; k) 1 k

Finally, we can define the conditional densfcy, the conditional expectation, the independence of
two random vectors similar to the univariate case.

1.2 Examples of Special Distributions
We list some commonly-used distributions in the following examples.

Example 1.1 Bernoulli Distribution and Binomial Distribution A random variable X
is said to be Bernoulli(p) if P(X = 1) =p=1—- P(X = 0). If Xy,..., X,, are independent,
identically distributed (i.i.d) Bernoulli(p), then S,, = X; + ... + X, has a binomial distribution,
denoted by S,, ~ Binomial(n, p), with

P(S, = k) = (Z)pk(l —p)" .

The mean of S, is equal to np and the variance of S, is equal to np(1 — p). The characteristic
function for S, is given by

E[eitsn] _ (1 —p —|—p€it>n.
Clearly, if S; ~ Binomial(ny,p) and Sy ~ Binomial(ng,p) and S, Ss are independent, then
S1 4 Sy ~ Binomial(ny + na, p).

Example 1.2 Geometric Distribution and Negative Binomial Distribution Let X, X5, ...
be i.i.d Bernoulli(p). Define Wy = min{n : X; + ... + X,, = 1}. Then it is easy to see

PW,=k)=(1-pF'p, k=12, ..
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We say W) has a geometric distribution: W; ~ Geometric(p). To be general, define W,,, =
min{n : X; + ... + X,, = m} to be the first time that m successes are obtained. Then

k—1

m—1

P(Wy, =k) = ( )pm(l—p)k_m, Ek=m,m+1,..

W, is said to have negative binomial distribution: W,, ~ Negative Binomial(m, p). The mean
of W,, is equal to m/p and the variance of W,,, is m/p*—m/p. If Z; ~ Negative Binomial(m;, p)
and Z; ~ Negative Binomial(ms, p) and Z, Zs are independent, then

7y + Zy ~ Negative Binomial(m; + ma, p).

Example 1.3 Hypergeometric Distribution A hypergeometric distribution can be obtained
using the following urn model: suppose that an urn contains N balls with M bearing the number
1 and N — M bearing the number 0. We randomly draw a ball and denote its number as Xj.
Clearly, X; ~ Bernoulli(p) where p = M/N. Now replace the ball back in the urn and
randomly draw a second ball with number X5 and so forth. Let S,, = X; + ... + X, be the sum
of all the numbers in n draws. Clearly, S,, ~ Binomial(n,p). However, if each time we draw a
ball but we do not replace back, then X, ..., X,, are dependent random variable. It is known
that S,, has a hypergeometric distribution:
MY (N—M
P(S, = k) = M

Or, we write S, ~ Hypergeometric(N, M, n).

Example 1.4 Poisson Distribution A random variable X is said to have a Poisson distri-
bution with rate A, denoted X ~ Poisson()), if

Ake—k
k!

It is known that E[X] = Var(X) = X and the characteristic function for X is equal exp{—A(1—
e)}. Thus, if X; ~ Poisson(\;) and Xy ~ Poisson()\;) are independent, then X; + X5 ~
Poisson(A; + A2). It is also straightforward to check that conditional on X; + X5 = n, Xj is
Binomial(n, A1 /(A1 + A2)). In fact, a Poisson distribution can be considered as the summation
of a sequence of bernoulli trials each with small success probability: suppose that X1, ..., Xy,
are i.i.d Bernoulli(p, ) and np, — A. Then S,, = X,;; +... + X,,,, has a Binomial(n, p,). We note
that for fixed k, when n is large,

P(X =k) = k=0,1,2,...

Ak

e

n! k —k
— o1 =p)"
F(n— k)!pn( pa)" " =

Example 1.5 Multinomial Distribution Suppose that { By, ..., By} is a partition of R. Let
Y1, ..., Y, beiidrandom variables. Let X, = (X;1, ..., Xix) = (Ip,(Y2), ..., I (V;)) fori=1,...n
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and set N = (Ny,...,Ny) = > ", X;. That is, N;,1 <1 < k counts the number of times that
{Y1,...,Y,} fall into B;. It is easy to calculate

n
P(N1 =nq,... Ny =ng) = < )p?l ceppk, g =0,
ny,...,Ng

where p; = P(Y; € By),...,pr = P(Y1 € Bg). Such a distribution is called the Multinomial
distribution, denoted Multinomial(n, (p1, .., pr)). We note that each N is a binomial distribution
with mean np;. Moreover, the covariance matrix for (Ny, ..., N;) is given by

pi(l—p1) ... —pipk
ik - pe(l—pr)

Example 1.6 Uniform Distribution A random variable X has a uniform distribution in an
interval [a, b] if X’s density function is given by I}, 4 (x)/(b—a), denoted by X ~ Uniform(a,b).
Moreover, E[X] = (a +b)/2 and Var(X) = (b — a)?/12.

Example 1.7 Normal Distribution The normal distribution is the most commonly used
distribution and a random variable X with N(u,o?) has a probability density function

1 (Z’—M)2}

Moreover, E[X]| = p and var(X) = o2. The characteristic function for X is given by exp{itu —
o“t*/2}. We will discuss such distribution in detail later.

Example 1.8 Gamma Distribution A Gamma distribution has a probability density

1
BT (0)

denoted by T'(#, 3). It has mean 63 and variance 63%. Specially, when § = 1, the distribution
is called the exponential distribution, Fzp(3). When § = n/2 and § = 2, the distribution is
called the Chi-square distribution with degrees of freedom n, denoted by x2.

2?1 exp{—%}, x>0

Example 1.9 Cauchy Distribution The density for a random variable X ~ Cauchy(a,b)

has the form )

br {1+ (x —a)?/b?}

Note E[X]| = oo. Such a distribution is often used as a counterexample in distribution theory.

Many other distributions can be constructed using some elementary algebra such as sum-
mation, product, quotient of the above special distributions. We will discuss them in next
section.
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1.3 Algebra and Transformation of Random Variables (Vec-
tors)

In many applications, one wishes to calculate the distribution of some algebraic expression
of independent random variables. For example, suppose that X and Y are two independent
random variables. We wish to find the distributions of X +Y, XY and X/Y (we assume Y > 0
for the last two cases).

The calculation of these algebraic distributions is often done using the conditional expec-
tation. To see how this works, we denote F(+) as the cumulative distribution function of any
random variable Z. Then for X + Y,

Fxiy(2) = B[II(X+Y < 2)] = By [Ex[I(X < 2=Y)[Y]] = Ey[Fx(=Y)] = /Fx(z—y)dFy(y);

symmetrically,
Fxiy(2) = /Fy(z —x2)dFx(x).

The above formula is called the convolution formula, sometimes denoted by Fx * Fy-(z). If both
X and Y have densities functions fx and fy respectively, then the density function for X +Y
is equal to

fx* fr(z) = /fX(Z —y)fy(y)dy = /fy(z — ) fx(x)dx.

Similarly, we can obtain the formulae for XY and X/Y as follows:

Fxy(z) = E[E[I(XY < 2)|[Y]] = /Fx(z/y)dFy(y), fxv(z) = /fx(Z/y)/yfy(y)dy,

Fyv(2) = E[E[I(X/Y < 2)|Y]] = / Fy(y2)dFy(y), fxpv(z) = / Fx(y2)yfy (v)dy.

These formulae can be used to construct some familiar distributions from simple random
variables. We assume X and Y are independent in the following examples.

Example 1.10 (i) X ~ N(p1,01) and Y ~ N(p2,03). X +Y ~ N(uy + p2, 07 + 03).
(ii)) X ~ Cauchy(0,01) and Y ~ Cauchy(0, 05) implies X +Y ~ Cauchy(0, 01 + 03).
(iii) X ~ Gamma(ry,0) and Y ~ Gamma(ry, 0) implies that X +Y ~ Gamma(ry + r9,0).
(iv) X ~ Poisson(A;) and Y ~ Poisson(\y) implies X + Y ~ Poisson(A; + A2).
(v) X ~ Negative Binomial(ms, p) and Y ~ Negative Binomial(ms, p). Then X +Y ~ Negative
Binomial(my + ma, p).

The results in Example 1.10 can be verified using the convolution formula. However, these
results can also be obtained using characteristic functions, as stated in the following theorem.

Theorem 1.2 Let ¢x(t) denote the characteristic function for X. Suppose X and Y are
independent. Then ¢x iy (t) = ox(t)oy(t). t

The proof is direct. We can use Theorem 1.2 to find the distribution of X +Y. For example,
in (i) of Example 1.10, we know ¢x(t) = exp{uit — oit?/2} and ¢y (t) = exp{pat — o5t*/2}.
Thus,

Ox+y (t) = exp{(u + p)t — (07 + 03)t/};



DISTRIBUTION THEORY 7

while the latter is the characteristic function of a normal distribution with mean (p; + po) and
variance (02 + 03).

Example 1.11 Let X ~ N(0,1), Y ~ x2, and Z ~ x2 be independent. Then
X

VY/m
Y
ﬂ ~ Snedecor’s F, ,,
Z/n ’

Y

Y+ 7

~ Student’s t(m),

~ Beta(m/2,n/2),
where I ((m + 1)/2) .
ft(m)('r) = \/mr(m/Q) (1 T x2/m)(m+1)/2[(_00,00)(x)’
_ I'(m+n)/2 (m/n)m/2gm/2=1
I8 ®) = o T (ny2) (1 + ma )7z 0o ()
~ T(a+0)
fBeta(a,b) = W

1 —2) 0 <z < 1).

Example 1.12 If Y7, ..., Y, are i.i.d Exp(6), then

Yi+...4+Y ) )
Z; = ~ Beta(i,n —17+1).
Yi+...+Y. ( )

Particularly, (71, ..., Z,) has the same joint distribution as that of the order statistics (&,.1, ..., &nn)
of n Uniform(0,1) random variables.

Both the results in Example 1.11 and 1.12 can be derived using the formulae at the beginning
of this section. We now start to examine the transformation of random variables (vectors).
Especially, the following theorem holds.

Theorem 1.3 Suppose that X is k-dimension random vector with density function fx(z1, ..., xx).
Let g be a one-to-one and continuously differentiable map from R* to R*. Then Y = g(X) is
a random vector with density function

fX(g_l(yh "'7yk))|‘]gfl(y17 7yk)|7

where g~ is the inverse of g and J,-1 is the Jacobian of g~*. §

The proof is simply based on the variable-transformation in integration. One application of
this result is given in the following example.

Example 1.13 Let X and Y be two independent standard normal random variables. Consider
the polar coordinate of (X,Y), i.e., X = Rcos® and Y = Rsin©®. Then Theorem 1.3 gives
that R? and © are independent and moreover, R* ~ Exp{2} and © ~ Uniform(0,2r). As an
application, if one can simulate variables from a uniform distribution (6) and an exponential
distribution (R?), then using X = Rcos©® and Y = Rsin © produces variables from a standard
normal distribution. This is exactly the way of generating normally distributed numbers in
most of statistical packages.
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1.4 Multivariate Normal Distribution

One particular distribution we will encounter in larger-sample theory is the multivariate normal
distribution. A random vector Y = (Y7, ..., Y},) is said to have a multivariate normal distribution
with mean vector u = (p1, ..., tn)" and non-degenerate covariance matrix ¥, ,, denoted as
N(u,X) or N,(u,2) to emphasize Y'’s dimension, if Y has a joint density as

CSRES e exp{—%(?/ — 'S Ny — )}

fY(yla"'ayn) = (27_[_ !

We can derive the characteristic function of Y using the following ad hoc way:
¢y (t) = FEle"Y]
= G | U= 4= b
) W/GXP{_%y/EIy + (it + 37 )y - M/221’u}dy

exp{—p'~""p/2} 1 . . .
QryEe | S0l B - Sy = it = )

1
+§(Eit + p)' S (Dt + u)} dy

1
= exp{it'u— §t'2t}.
Particularly, if Y has standard multivariate normal distribution with mean zero and covariance
In><n7 ¢Y(t) = eXp{—t/t/Q}

The following theorem describes the properties of a multivariate normal distribution.

Theorem 1.4 If Y = A, «xXkx1 where X ~ Ni(0, ) (standard multivariate normal distribu-
tion), then Y’s characteristic function is given by

oy (t) = exp {—t'St/2}, t=(t1,...,t,) € R
and rank(X) = rank(A). Conversely, if ¢y (t) = exp{—t'¥Xt/2} with 3, «, > 0 of rank k, then

Y = A sk Xpx1 with rank(A) = k and X ~ Ni(0, ).

Proof
by (1) = Elexp{it/(AX)}] = Elexp{i(A't) X }] = exp{—(A'D)'(A'1)/2} = exp{—t AA't/2}.

Thus, ¥ = AA’" and rank(X) = rank(A). Conversely, if ¢y (t) = exp{—t'St/2}, then from
matrix theory, there exist an orthogonal matrix O such that ¥ = O’ DO, where D is a diagonal
matrix with first £ diagonal elements positive and the rest (n — k) elements being zero. Denote
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these positive diagonal elements as dy, ..., d,. Define Z = OY. Then the characteristic function
for Z is given by

62(t) = Elexp{it'(0Y)}] = Elexp{i(0't)' Y}] = exp{—(0't) £(0't)/2}

= exp{—dit1/2 — ... — dit3/2}.
This implies that Zi, ..., Zj are independent N(0,d;), ..., N(0,d;) and Zy1 = ... = Z,, = 0. Let
X, =Z;/\/d; for i =1, ...,k and write O’ = (Bpxk, Crx(n—k)). Then
Zl Xl
Y:O/Z:ank :ankdiag{(\/dl,...,\/ dk)} = AX.
Zy, Xk

Clearly, rank(A) = k. T

Theorem 1.5 Suppose that Y = (Y1, ..., Yy, Yi11, ..., ¥3,) has a multivariate normal distribution
with mean pu = (,u(l)/, ,u(Q)I)’ and a non-degenerate covariance matrix

Y X2

w= (221 222> |
Then
(1) (va ) Yk), ~ Nk(:u(l)a Z11)-
(i) (Y1,...,Ys) and (Yiy1, ..., Yn) are independent if and only if X1 = 39y = 0.
(iii) For any matrix A,,x,, AY has a multivariate normal distribution with mean Ay and co-
variance AYA’.
(iv) The conditional distribution of Y\ = (Vi,...,Y3)" given Y® = (Yii1,...,Y,) is a multi-
variate normal distribution given as

YOIy @ ~ N(u + 25550 (Y — 1) 8y — B15550551).

Proof (i) From Theorem 1.4, we obtain that the characteristic function for (Y1, ...,Y;) — put
is given by exp{—t/(DX)(DX)'t/2}, where D = (Iyxr Opx(n—r)). Thus, the characteristic
function is equal to

exp {—(t1, .., tr) X1 (t1, ., tr)'/2},

which is the same as the characteristic function from Ny (0, ¥q1).
(ii) The characteristics function for Y can be written as

exp Zt(l)lﬂ(l) + Zt(Q)//L(Z) — % {t(l),Eut(l) + 2t(1)/212t(2) + t(2)/222t(2)}:| .

If 315 = 0, the characteristics function can be factorized as the product of the separate functions
for t) and t®. Thus, YV and Y® are independent. The converse is obviously true.
(iii) The result follows from Theorem 1.4.
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(iv) Consider Z1) = Y1) — (M) — 53,3 1Y ®) — @), From (iii), Z(!) has a multivariate normal
distribution with mean zero and covariance calculated by

Cov(ZW, ZWY) = Cov(YWV YWY — 25,57 Cov(Y®, YD) 4+ £1,55 Cov(Y ) YO8 1%,

= Y11 — S1225, X1
On the other hand,

Cov(ZW, YD) = Cov(YV, Y?) - 2,55 Con(Y®, Y?) = 0.

From (ii), Z®" is independent of Y?). Then the conditional distribution Z() given Y'® is the
same as the unconditional distribution of ZM: i.e.,

ZWY® ~ N(0,51; — B985 %01).
The result follows.

With normal random variables, we can use algebra of random variables to construct a
number of useful distributions. The first one is Chi-square distribution. Suppose X ~ N, (0, I),
then || X2 = >, X? ~ x2, the chi-square distribution with n degrees of freedom. One can
use the convolution formula to obtain that the density function for y? is equal to the density
for the Gamma(n/2,2), denoted by g(y;n/2,1/2).

Corollary 1.1 If Y ~ N,(0,%) with ¥ > 0, then Y'271Y ~ x2. 1

Proof Since ¥ > 0, there exists a positive definite matrix A such that AA" = X. Then
X =AY ~ N,(0,1). Thus
V'S = X'X ~ 2.

Suppose X ~ N(p,1). Define Y = X2 § = p?. Then Y has density

fr(y) =D pu(6/2)g(y; (2k +1)/2,1/2),

where pi(6/2) = exp(—46/2)(6/2)%/k!. Another ways to obtain this is: Y|K = k ~ x3,.,
where K ~ Poisson(d/2). We call Y has the noncentral chi-square distribution with 1 degree
of freedom and noncentrality parameter § and write Y ~ x3(6). More generally, if X =
(X1,...,X,) ~ Ny(p, I)and let Y = X'X, then Y has a density fy(y) = > oo 2r(0/2)g(y; (2k+
n)/2,1/2) where § = p'u. We write Y ~ x2(d) and call Y has the noncentral chi-square
distribution with n degrees of freedom and noncentrality parameters ¢. It is then easy to show
that if X ~ N(u, %), then Y = X'S71X ~ y2(4).

If X ~ N(0,1),Y ~ x2 and they are independent, then X/,/Y/n is called t-distribution
with n degrees of freedom. If Y} ~ x2,Yy ~ x2 and Y; and Y, are independent, then
(Y1/m)/(Ya/m) is called F-distribution with degrees freedom of m and n. These distributions
have already been introduced in Example 1.11.



DISTRIBUTION THEORY 11
1.5 Families of Distributions

In Examples 1.1-1.12, we have listed a number of different distributions. Interestingly, a number
of them can be unified into a family of general distribution form. One advantage of this
unification is that in order to study the properties of each distribution within the family, we
can examine this family as a whole.

The first family of distributions is called the location-scale family. Suppose that X has a
density function fx(z). Then the location-scale family based on X consists of all the distribu-
tions generated by aX + b where a is a positive constant (scale parameter) and b is a constant
called location parameter. We notice that the distributions such as N(u,0?), Uniform(a,b),
Cauchy(u, o) belong a location-scale family. For a location-scale family, we can easily see that
aX + b has a density fx((y —b)/a)/a and it has mean aE[X] + b and variance a*var(X).

The second important family, which we will discuss in more detail, is called the ezponential
family. In fact, many examples of either univariate or multivariate distributions, including
binomial, poisson distributions for discrete variables and normal distribution, gamma distribu-
tion, beta distribution for continuous variables belong to some exponential family. Especially,
a family of distributions, {F}, is said to form an s-parameter exponential family if the dis-
tributions P have the densities (with respect to some common dominating measure p) of the
form

po(x) = exp {Z e (0)Ti(x) — 3(9)} h(z).

Here 1; and B are real-valued functions of § and T} are real-value function of x. When {n;(0)} =
0, the above form is called the canonical form of the exponential family. Clearly, it stipulates
that

exp{B(0)} = / exp{ ) _ ni(0)Ti(x) Yr(w)dp(z) < oc.
k=1
Example 1.14 X, ..., X,, are i.i.d according to N (i, ?). Then the joint density of (X, ..., X,,)

is given by
el 3 ._L - 2_ M 2 1
exp{ 5 E i 5 Elxi =l }( o)

=1 1=

Then m(0) = p/o?, ma(0) = =1/202, Th (21, ..., ) = >0y @iy and To(@q, ooy Ty) = > 5| X2

Example 1.15 X has binomial distribution Binomial(n,p). The distribution of X = x can
written as

exp{z log 1 L nlog(l —p)} (Z)

Clearly, n(6) = log(p/(1 — p)) and T'(x) = =.

Example 1.16 X has poisson distribution with poisson rate A. Then
P(X =1z) = exp{zlog A — A\}/x!.

Thus, n(0) =log A and T'(z) = z.
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Since the exponential family covers a number of familiar distributions, one can study the
exponential family as a whole to obtain some general results applicable to all the members
within the family. One result is to derive the moment generation function for (77, ..., Ts), which
is defined as

MT(tl, ey ts) =F [exp{t1T1 + ...+ tSTS}] .

Note that the coefficients in the Taylor expansion of My correspond to the moments of (77, ..., T%).

Theorem 1.6 Suppose the densities of an exponential family can be written as the canonical
form

exp{)_ mTr(x) = Aln)}h(z),
k=1
where 7 = (91, ...,1s)". Then for t = (t1, ..., 1),

Mr(t) = exp{A(n +1t) — A(n)}-

Proof It follows from that
Mr(t) = Elexp{t:T + ... + t;Ts}] = /eXp{Z(m +t:)Ti(x) — A(n) ph(z)dp(x)
k=1

and

exp{A(n)} = / exp{ 3 nTi (@) (o) dia(z).

Therefore, for an exponential family with canonical form, we can apply Theorem 1.6 to
calculate moments of some statistics. Another generating function is called the cumulant gen-
erating functions defined as

KT(tlv B ts) = lOg MT(tla "'7ts) = A(77 + t) - A(n)
Its coefficients in the Taylor expansion are called the cumulants for (77, ..., T%).

Example 1.17 In normal distribution of Example 1.14 with n = 1 and o2 fixed, n = pu/0? and

1

2 2 2
A(n):gzu =n"0"/2.

Thus, the moment generating function for T'= X is equal to

Ma(t) = expl G ((n+ 1 = )} = explut + 202},

From the Taylor expansion, we can obtain the moments of X whose mean is zero (u = 0) is
given by
EX" M =0,E[X"]=1-2---(2r—1)o*,r=1,2,...
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Example 1.18 X has a gamma distribution with density

1 —1_—a/b
- a xX 0'
F(a)b“x e , T >

For fixed a, it has a canonical form
exp{—z/b+ (a — 1)logz — log(I'(a)b*)}I(z > 0).

Correspondingly, n = —1/b,T = X, A(n) = log(I'(a)b*) = alog(—1/n) + logI'(a). Then the
moment generating function for T'= X is given by

My(t) = explalog - Z J=-w

After the Taylor expansion around zero, we obtain
E[X] = ab, E[X?] = ab® + (ab)?, ...

As a further note, the exponential family has an important role in classical statistical infer-
ence since it possesses many nice statistical properties. We will revisit it in Chapter 4.

READING MATERIALS: You should read Lehmann and Casella, Sections 1.4 and 1.5.

PROBLEMS

1. Verify the densities of ¢(m) and F,,,, in Example 1.11.
2. Verify the two results in Example 1.12.
3. Suppose X ~ N(v,1). Show that Y = X? has a density
Fr) = pe(?/2)g(y; (2k +1)/2,1/2),
k=0
where py(p?/2) = exp(—pu?/2)(1?/2)* /k! and g(y; n/2,1/2) is the density of Gamma(n/2,2).
4. Suppose X = (Xy,...,X,,) ~ N(u,I) and let Y = X'X. Show that Y has a density

Fr(w) =Y pelp' p/2)g(y; (2k +n)/2,1/2).

k=0

5. Let X ~ Gamma(ai, ) and Y ~ Gamma(as, 5) be independent random variables.
Derive the distribution of X/(X +Y).
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6. Show that for any random variables X, Y and Z,
Cov(X,Y) = E[Cou(X,Y|Z)] + Cov(E[X|Z], E[Y|Z]),
where Cov(X,Y|Z) is the conditional covariance of X and Y given Z.

7. Let X and Y bei.i.d Uniform(0,1) random variables. Define U = XY,V = max(X,Y) =
XVY.

(a) What is the range of (U,V)?

(b) find the joint density function fy v (u,v) of the pair (U,V). Are U and V indepen-
dent?

8. Suppose that for 0§ € R,
fo(u,v) ={14+0(1 —2u)(1 —2v)} (0 <u<1,0<v<1).

(a) For what values of 6 is fy a density function in [0, 1]2?

(b) For the set of §’s identified in (a), find the corresponding distribution function Fj
and show that it has Uniform(0,1) marginal distributions.

(c) If (U, V) ~ fp, compute the correlation p(U, V') = p as a function of 6.

9. Suppose that F' is the distribution function of random variables X and Y with X ~
Uniform(0, 1) marginally and Y ~ Uniform(0, 1) marginally. Thus, F(x,y) satisfies

Fz,1)=2z, 0<z2<1, and F(l,y)=vy, 0<y<1.

(a) Show that
Flz,y) <z Ny

forall 0 <2 <1,0 <y <1. Here x Ay =min(z,y) and we denote it as Fy(z,y).
(b) Show that
F(z,y) > (z+y—1)"
forall 0 <z <1,0<y <1. Here (z+y—1)" =max(x +y — 1,0) and we denote
it as Fp(x,y).

(¢) Show that Fy is the distribution function of (X, X) and F7, is the distribution func-
tion of (X, 1 — X).

10. (a) f W ~ x3 = Gamma(1,2), find the density of W, the distribution function W and
the inverse distribution function explicitly.

(b) Suppose that (X,Y) ~ N(0, Irx2). In two-dimensional plane, let R be the distance
of (X,Y) from (0,0) and € be the angle between the line from (0,0) to (X,Y) and
the right-half line of z-axis. Then X = Rcos©® and Y = Rsin©. Show that R and
O are independent random variables with R? ~ x3 and © ~ Uniform(0, 27).

(c) Use the above two results to show how to use two independent Uniform(0,1) random
variables U and V' to generate two standard normal random variables. Hint: use one
result that if X has a distribution function F' then F'(X) has a uniform distribution
in [0, 1].
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11. Suppose that X ~ F on [0,00), Y ~ G on [0,00), and X and Y are independent random
variables. Let Z =min{X, Y} =XAY and A=I(X <Y).
(a) Find the joint distribution of (Z, A).
(b) If X ~ Exponential(\) and Y ~ Exponential(u), show that Z and A are indepen-
dent.

12. Let Xi,..., X, be i.i.d N(0,0?%). (wi,...,w,) is a constant vector such that wy, ..., w, > 0

and wy + ... + w, = 1. Define X,,, = Ju1 X1 + ... + Jw,X,,. Show that
(a) Y, = X,/ ~ N(0,1).
(b) (n—1)S2/0* = (3001, X7 — X2,) /0 ~ Xy
(c) Y, and S? are independent so T,, =Y,,/\/S2 ~ t,_1/0.
(d) when wy = ... = w, = 1/n, show that Y, is the standardized sample mean and S? is
the sample variance.

Hint: Consider an orthogonal matrix ¥ such that the first row is (y/wy, ..., \/W,). Let

Then Y, = Zy/o and (n —1)S2/c* = (Z3 + ... + Z2) /o*.

13. Let X,x1 ~ N(0,I,x,). Suppose that A is a symmetric matrix with rank r. Then
X'AX ~ x%if and only if A is a projection matrix (that is, A*> = A). Hint: use the
following result from linear algebra: for any symmetric matrix, there exits an orthogonal

matrix O such that A = O’ diag((dy, ...,d,))O; A is a projection matrix if and only if
dy, ..., d, take values of 0 or 1’s.

14. Let W,, ~ Negative Binomial(m, p). Consider p as a parameter.

(a) Write the distribution as an exponential family.

(b) Use the result for the exponential family to derive the moment generating function

of W,,, denoted by M (t).

(c) Calculate the first and the second cumulants of W,,,. By definition, in the expansion
of the cumulant generating function,

N Hk ke
log M(t) =) P
k=0
g is the kth cumulant of W,,. Note that these two cumulants are exactly the mean

and the variance of W,,.

15. For the density Cexp {—|z|'/?},—00 < x < oo, where C' is the normalized constant,
show that moments of all orders exist but the moment generating function exists only at
t=0.
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16.
17.
18.
19.
20.
21.
22.

23.

Lehmann and Casella, page 64, problem 4.2.
Lehmann and Casella, page 66, problem 5.6.
Lehmann and Casella, page 66, problem 5.7.
Lehmann and Casella, page 66, problem 5.8.
Lehmann and Casella, page 66, problem 5.9.
Lehmann and Casella, page 66, problem 5.10.
Lehmann and Casella, page 67, problem 5.12.

Lehmann and Casella, page 67, problem 5.14.
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CHAPTER 2 MEASURE,
INTEGRATION AND
PROBABILITY

This chapter is an introduction to (probability) measure theories, a foundation for all the
probabilistic and statistical framework. We first give the definition of a measure space. Then
we introduce measurable functions in a measure space and the integration and convergence of
measurable functions. Further generalization including the product of two measures and the
Radon-Nikodym derivatives of two measures is introduced. As a special case, we describe how
the concepts and the properties in measure space are used in parallel in a probability measure
space.

2.1 A Review of Set Theory and Topology in Real Space

We review some basic concepts in set theory. A set is a collection of elements, which can be a
collection of real numbers, a group of abstract subjects and etc. In most of cases, we consider
that these elements come from one largest set, called a whole space. By custom, a whole space
is denoted by () so any set is simply a subset of 2. We can exhaust all possible subsets of (2
then the collection of all these subsets is denoted as 2, called the power set of Q. We also
include the empty set, which has no element at all and is denoted by (), in this power set.

For any two subsets A and B of the whole space §2, A is said to be a subset of B if B contains
all the elements of A, denoted as A C B. For arbitrary number of sets {4, : « is some index},
where the index of a can be finite, countable or uncountable, we define the intersection of these
sets as the set which contains all the elements common to A, for any «. The intersection of
these sets is denoted as N A,. A.’s are disjoint if any two sets have empty intersection. We
can also define the union of these sets as the set which contains all the elements belonging to
at least one of these sets, denoted as U,A,. Finally, we introduce the complement of a set A,
denoted by A¢, to be the set which contains all the elements not in A. Among the definitions
of set intersection, union and complement, the following relationships are clear: for any B and

{Aat,
BN{U,A.} =Us{BNA,}, BU{N A} =N {BUA,},

{Ua Ao} = N AL, {NaAa}t = ULAS. ((de Morgan law)

Sometimes, we use (A — B) to denote a subset of A excluding any elements in B. Thus
(A — B) = AN B¢ Using this notation, we can always partition the union of any countable

17
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sets Ay, Ao, ... into a union of countable disjoint sets:
AjUAUA3U.. =AU (A — AU (A3 — AtUAY) U ...

For a sequence of sets Aq, Ay, Az, ..., we now define the limit sets of the sequence. The upper
limit set of the sequence is the set which contains the elements belonging to infinite number
of the sets in this sequence; the lower limit set of the sequence is the set which contains the
elements belonging to all the sets except a finite number of them in this sequence. The former
is denoted by lim,, A,, or lim sup,, A, and the latter is written as lim A, or liminf, A,. We can
show
limsup 4, =N>2, {urr_ A}, lim i%f A, =02 {nr_ A},
n

When both limit sets agree, we say that the sequence has a limit set. In the calculus, we know
that for any sequence of real numbers 1, xo, ..., it has a upper limit, lim sup,, z,,, and a lower
limit, liminf,, x,,, where the former refers to the upper bound of the limits for any convergent
subsequences and the latter is the lower bound. It should be cautious that such upper limit or
lower limit is different from the upper limit or lower limit of sets.

The second part of this section reviews some basic topology in a real line. Because the
distance between any two points is well defined in a real line, we can define a topology in a real
line. A set A of the real line is called an open set if for any point x € A, there exists an open
interval (z — e,z +¢€) contained in A. Clearly, any open interval (a, b) where a could be —oo and
b could be oo, is an open set. Moreover, for any number of open sets A, where « is an index,
it is easy to show that U, A, is open. A closed set is defined as the complement of an open set.
It can also be show that A is closed if and only if for any sequence {x,} in A such that z,, — z,
x must belong to A. By the de Morgan law, we also see that the intersection of any number
of closed sets is still closed. Only () and the whole real line are both open set and closed set;
there are many sets neither open or closed, for example, the set of all the rational numbers. If
a closed set A is bounded, A is also called a compact set. These basic topological concepts will
be used later. Note that the concepts of open set or closed set can be easily generalized to any
finite dimensional real space.

2.2 Measure Space

2.2.1 Introduction

Before we introduce a formal definition of measure space, let us examine the following examples.

Example 2.1 Suppose that a whole space ) contains countable number of distinct points
{x1,2y,...}. For any subset A of ), we define a set function u#(A) as the number of points in
A. Therefore, if A has n distinct points, u#(A) = n; if A has infinite many number of points,
then p#(A) = co. We can easily show that (a) u#(0) = 0; (b) if Ay, A, ... are disjoint sets of
Q, then p#(U,A,) = >, 1#(A,). We will see later that u# is a measure called the counting
measure in €.

Example 2.2 Suppose that the whole space 2 = R, the real line. We wish to measure the sizes
of any possible subsets in R. Equivalently, we wish to define a set function A which assigns
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some non-negative values to the sets of R. Since A measures the size of a set, it is clear that
A should satisfy (a) A\(()) = 0; (b) for any disjoint sets A, Ay, ... whose sizes are measurable,
AMUpAyn) =Y, A(A,). Then the question is how to define such a A. Intuitively, for any interval
(a,b], such a value can be given as the length of the interval, i.e., (b — a). We can further
define A-value of any set in By, which consists of () together with all finite unions of disjoint
intervals with the form U ,(a;,b;], or U (a;, b;] U (api1,00), (—00,byir] U UM, (a;, b;], with
a;,b; € R, as the total length of the intervals. But can we go beyond it, as the real line has far
far many sets which are not intervals, for example, the set of rational numbers? In other words,
is it possible to extend the definition of A\ to more sets beyond intervals while preserving the
values for intervals? The answer is yes and will be given shortly. Moreover, such an extension
is unique. Such set function A is called the Lebesgue measure in the real line.

Example 2.3 This example simply asks the same question as in Example 2.2, but now on
k-dimensional real space. Still, we define a set function which assigns any hypercube its volume
and wish to extend its definition to more sets beyond hypercubes. Such a set function is called
the Lebesque measure in R, denoted as \*.

From the above examples, we can see that three pivotal components are necessary in defining
a measure space:

(i) the whole space, Q, for example, {x1, 2o, ...} in Example 2.1, R and R* in the last two
examples,

(ii) a collection of subsets whose sizes are measurable, for example, all the subsets in Example
2.1, the unknown collection of subsets including all the intervals in Example 2.2,

(iii) aset function which assigns negative values (sizes) to each set of (ii) and satisfies properties
(a) and (b) in the above examples.

For notation, we use (£2, .4, 1) to denote each of them; i.e., 2 denotes the whole space, A
denotes the collection of all the measurable sets, and p denotes the set function which assigns
non-negative values to all the sets in A.

2.2.2 Definition of a measure space

Obviously, €2 should be a fixed non-void set. The main difficulty is the characterization of A.
However, let us understand intuitively what kinds of sets should be in A: as a reminder, A
contains the sets whose sizes are measurable. Now suppose that a set A in A is measurable
then we would think that its complement is also measurable, intuitively, the size of the whole
space minus the size of A. Additionally, if Ay, As, ... are in A so are measurable, then we should
be able to measure the total size of Ay, A,, ..., i.e, the union of these sets. Hence, as expected,
A should include the complement of a set which is in .4 and the union of any countable number
of sets which are in A. This turns out that A must be a o-field, whose definition is given below.

Definition 2.1 (fields, o-fields) A non-void class A of subsets of € is called a:

(i) field or algebra if A, B € A implies that AU B € A and A° € A; equivalently, A is closed
under complements and finite unions.

(ii) o-field or o-algebra if A is a field and Aj, As, ... € A implies U2, A; € A; equivalently, A is
closed under complements and countable unions. T
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In fact, a o-field is not only closed under complement and countable union but also closed
under countable intersection, as shown in the following proposition.

Proposition 2.1. (i) For a field A, 0,Q € A and if Ay,..., A, € A, N, A; € A
(i) For a o-field A, if Ay, Ay, ... € A, then N2, A; € A. 1

Proof (i) For any A € A, Q = AU A € A Thus, ) = Q° € A If Ay,..., A, € A then
N A = (UL A9)C € A,
(ii) can be shown using the definition of a (o-)field and the de Morgan law. f

We now give a few examples of o-field or field.

Example 2.4 The class A = {0}, Q} is the smallest o-field and 2% = {A : A C Q} is the largest
o-field. Note that in Example 2.1, we choose A = 2% since each set of A is measurable.

Example 2.5 Recall B in Example 2.2. It can be checked that By is a field but not a o-field,
since (a,b) = U2, (a,b — 1] does not belong to By.

After defining a o-field A on §2, we can start to introduce the definition of a measure. As
implicated before, a measure can be understood as a set-function which assigns non-negative
value to each set in A. However, the values assigned to the sets of A are not arbitrary and they
should be compatible in the following sense.

Definition 2.2 (measure, probability measure) (i) A measure p1 is a function from a o-field
A to [0, 00) satisfying: pu() = 0; p(U2,A,) = > 7, u(A,) for any countable (finite) disjoint
sets A1, Ag, ... € A. The latter is called the countable additivity.

(ii) Additionally, if () = 1, p is a probability measure and we usually use P instead of u to
indicate a probability measure.

The following proposition gives some properties of a measure.

Proposition 2.2 (i) If {A,,} C A and A,, C A,41 for all n, then p(US,A,) = lim,, o0 (A,).
(ii) If {A,} C A, p(A1) < oo and A,, D A4 for all n, then pu(NS, A,) = limy, 0 u(Ay).
(iii) For any {A,} C A, n(UnA,) <>, 1(A,) (countable sub-additivity). t

Proof (i) It follows from
p(Us Ay) = (A1 U (Ag — Ay U L) = w(Ay) + p(As — Ay) + ..
= 1i£n {n(Ar) + (A — A) + o+ (A, — Ayq)} = 1i£n w(Ay).
(ii) First,
(21 An) = (A1) — p(Ar = M2, An) = p(Ar) — p(U72, (A NAT)).

Then since A; N A¢ is increasing, from (i), the second term is equal to lim, u(A4; N AS) =
wu(Ay) —lim, p(A,). (i) thus holds.
(iii) From (i), we have

1(UpAy) = lim (A, U ... U A,) = lim {Z n(A; — uj<i,4j)}

=1



BASIC MEASURE THEORY 21

<lmy p(A) =) p(A).
=1 n
The result holds. t .

If a class of sets {A,} is increasing or decreasing, we can treat U, A, or N,A, as its limit
set. Then Proportion 2.2 says that such a limit can be taken out of the measure for increasing
sets and it can be taken out of the measure for decreasing set if the measure of some A, is
finite. For an arbitrary sequence of sets {A,}, in fact, similar to Proposition 2.2, we can show

p(liminf A,) = lim p(Ng2,,A,) < liminf u(A,).

The triplet (€2, A, ) is called a measure space. Any set in A is called a measurable set.
Particularly, if ¢ = P is a probability measure, (2, A, P) is called a probability measure space,
abbreviated as probability space; an element in €2 is called a probability sample and a set in A
is called a probability event. As an additional note, a measure p is called o-finite if there exists
a countable sets {F,,} C A such that Q = U, F,, and for each F,, u(F,) < oc.

Example 2.6 (i) A measure p on (2,.4) is discrete if there are finitely or countably many
points w; € Q and masses m; € [0, 00) such that

Some examples include probability measures in discrete distributions.
(ii) in Example 2.1, we define a counting measure p# in a countable space. This definition can
be generalized to any space. Especially, a counting measure in the space R is not o-finite.

2.2.3 Construction of a measure space

Even though (€, .4, ) is well defined, a practical question is how to construct such a measure
space. In the specific Example 2.2, one asks whether we can find a o-field including all the
intervals of By and on this o-field, whether we can define a measure A such that A\ assigns any
interval its length. Even more general, suppose that we have a class of sets C and a set function
u satisfying property (i) of Definition 2.2. Can we find a o-field which contains all the sets
of C and moreover, can we obtain a measure defined for any set of this o-field such that the
measure agrees with p in C? The answer is positive for the first question and is positive for
the second question when C is a field. Indeed, such a o-field is the smallest o-field containing
all the sets of C, called o-field generated by C, and such a measure can be obtained using the
measure extension result as given below.
First, we show that the o-field generated by C exists and is unique.

Proposition 2.3 (i) Arbitrary intersections of fields (o-fields) are fields (o-fields).

(ii) For any class C of subsets of €2, there exists a minimal o-field containing C and we denote
it as o(C). T

Proof (i) can be shown using the definitions of a (o-)field. For (ii), we define

U(C) = mCC.A,.A is U—ﬁeldAa
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i.e., the intersection of all the o-fields containing C. From (i), this class is also o-field. Obviously,
it is the minimal one among all the o-fields containing C.

Then the following result shows that an extension of u to o(C) is possible and unique if C

is a field.

Theorem 2.1 (Caratheodory Extension Theorem) A measure p on a field C can be
extended to a measure on the minimal o-field o(C). If p is o-finite on C, then the extension is
unique and also o-finite. }

Proof The proof is skipped. Essentially, we define an extension of p using the following outer
measure definition: for any set A,

1 (A) = inf {ZN(Az) A eCAC UfilAl} :
i=1

This is also the way of calculating the measure of any set in o(C). T

Using the above results, we can construct many measure spaces. In Example 2.2, we first
generate a o-field containing all the intervals of By. Such a o-field is called the Borel o-field,
denoted by B, and any set in B is called a Borel set. Then we can extend A to B and the obtained
measure is called the Lebesgue measure. The triplet (R, B, \) is named the Borel measure space.
Similarly, in Example 2.3, we can obtain the Borel measure space in R*, denoted by (RF, BX, \F).

We can also obtain many different measures in the Borel o-field. To do that, let F' be a
fixed generalized distribution function: F' is non-decreasing and right-continuous. Then starting
from any interval (a,b], we define a set function Ag((a,b]) = F(b) — F(a) thus Ar can be easily
defined for any set of By. Using the o-field generation and measure extension, we thus obtain
a different measure A in B. Such a measure is called the Lebesque-Stieltjes measure generated
by F'. Note that the Lebesuge measure is a special case with F'(z) = z. Particularly, if F is a
distribution function, i.e., F'(00o) = 1 and F(—o0) = 0, this measure is a probability measure
in R.

In a measure space (€2, A, ), it is intuitive to assume that any subsets of a set with measure
zero should be given measure zero. However, these subsets may not be included in A. Therefore,
a final stage of constructing a measure space is to perform the completion by including such
nuisance sets in the o-field. Especially, a general definition of the completion of a measure is
given as follows: for a measure space (€2, A, 1), a completion is another measure space (£, A, 1)
where

A={AUN:Ae€ A N C B for some B € A such that u(B) = 0}

and let i(AUN) = u(A). Particularly, the completion of the Borel measure space is called the
Lebesgue measure space and the completed Borel o-field is called the o-field of Lebesgque sets.
From now on, we always assume that a measure space is completed.
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2.3 Measurable Function and Integration

2.3.1 Measurable function

In measure theory, functions defined on a measure space are more interesting and important,
as compared to measure space itself. Specially, only so-called measurable functions are useful.

Definition 2.3 (measurable function) Let X :  — R be a function defined on 2. X is
measurable if for x € R, the set {w € Q: X (w) < x} is measurable, equivalently, belongs to A.
Especially, if the measure space is a probability measure space, X is called a random variable.

f

Hence, for a measurable function, we can evaluate the size of the set such like X ! ((—o0, z]).
In fact, the following proposition concludes that for any Borel set B € B, X~(B) is a measur-
able set in A.

Proposition 2.4 If X is measurable, then for any B € B, X }(B) = {w: X(w) € B} is
measurable.

Proof We defined a class as below:
B*={B:B C R,X '(B) is measurable in A} .

Clearly, (—oo,z] € B*. Furthermore, if B € B*, then X !(B) € A. Thus, X (B =
Q — XY(B) € A then B¢ € B*. Moreover, if By, By, ... € B*, then X 1(B;), X 1(B,), ... € A.
Thus, X Y (BiUByU...) = X 1(B)) UX}(By)U...€ A. So B;UByU ... € B*. We conclude
that B* is a o-field. However, the Borel set B is the minimal o-filed containing all intervals of
the type (—oo, z]. So B C B*. Then for any Borel set B, X !(B) is measurable in A. }

One special example of a measurable function is a simple function defined as Y | z;14,(w),
where A;,;i = 1,...,n are disjoint measurable sets in A. Here, [4(w) is the indicator function
of A such that I4(w) =1 if w € A and 0 otherwise. Note that the summation and maximum
of a finite number of simple functions are still simple functions. More examples of measurable
functions can be constructed from elementary algebra.

Proposition 2.5 Suppose that {X,} are measurable. Then so are X; + X, X; X5, X? and
sup,, X,, inf,, X, limsup,, X;, and liminf, X,,. |
Proof All can be verified using the following relationship:

{X1+X2 SI}:Q—{Xl—i—XQ >Z‘}:Q—UT€Q{X1 >T}ﬂ{X2 >ZE—T},

where @ is the set of all rational numbers. {X? <z} is empty if * < 0 and is equal to
(X1 <z} —{X1 < =z} X1Xo = {(X1 + X2)? — X} — X3} /2 so it is measurable. The
remaining proofs can be seen from the following:

{suan < x} =N, {X, <z}.
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n

{ggz;fgx}::{$Hx—x;)z-—x}.

{lim sup X,, < x} = NreQr>0 Uneqy Misn { Xk <z +71}.

n

liminf X,, = — limsup(—X,,).

n

One important and fundamental fact for measurable function is given in the following propo-
sition.

Proposition 2.6 For any measurable function X > 0, there exists an increasing sequence of
simple functions {X,,} such that X,,(w) increases to X (w) as n goes to infinity. t

Proof Define
ek k+1
X = —{—< X - I{X > .

That is, we simply partition the range of X and assign the smallest value within each partition.
Clearly, X, is increasing over n. Moreover, if X(w) < n, then |X,(w) — X (w)| < 37. Thus,
X, (w) converges to X (w). T

This fact can be used to verify the measurability of many functions, for example, if g is a
continuous function from R to R, then g(X) is also measurable.

2.3.2 Integration of measurable function

Now we are ready to define the integration of a measurable function.

Definition 2.4 (i) For any simple function X (w) = > | x;14,(w), we define > " | z;u(4;) as

the integral of X with respect to measure y, denoted as [ Xdpu.
(ii) For any X > 0, we define [ Xdu as

/ Xdu = sup / Ydu.
Y is simple function, 0 <Y < X

(iii) For general X, let X* = max(X,0) and X~ = max(—X,0). Then X = X* — X~ If one
of [ X*du, [ X~ du is finite, we define [ Xdu = [ Xtdu— [ X du. {

Particularly, we call X is integrable if [|X|dp = [ X*dp + [ X dp is finite. Note the
definition (ii) is consistent with (i) when X itself is a simple function. When the measure space
is a probability measure space and X is a random variable, f Xdyu is also called the expectation
of X, denoted by E[X].
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Proposition 2.7 (i) For two measurable functions X; > 0 and Xy > 0, if X; < Xs, then
(ii) For X > 0 and any sequence of simple functions Y,, increasing to X, [Y,du — [ Xdu. t

Proof (i) For any simple function 0 <Y < X;, Y < X,. Thus, [Ydu < [ Xodu by the
definition of [ Xpdu. We take the supreme over all the simple functions less than X; and
obtain [ Xidu < [ Xadp.

(ii) From (i), [ Y,dpu is increasing and bounded by [ Xdy. It suffices to show that for any simple
function Z = " x;14,(w), where {A;,1 < i < m} are disjoint measurable sets and z; > 0,
such that 0 < Z < X, it holds

lim/Ynd,u > Z%M(Az)
i=1

We consider two cases. First, suppose [ Zdp = Y., x;u(4;) is finite thus both z; and p(A4;)
are finite. Fix an € > 0, let A;, = A; N {w: Y, (w) > x; — €}. Since Y,, increases to X who
is larger than or equal to z; in A;, A;, increases to A;. Thus p(A;,) increases to pu(A;) by
Proposition 2.2. It yields that when n is large,

/ Vadp = Y1 = A0,

We conclude lim,, [Y,dp > [ Zdp — e>°", p(4;). Then lim, [Y,dp > [ Zdp by letting e
approach 0. Second, suppose de,u = oo then there exists some ¢ from {1,...,m}, say 1, so
that p(A;) = oo or 3 = co. Choose any 0 < = < z; and 0 < y < u(A;). Then the set
Ay, = A1 N{w : Y, (w) > x} increases to A;. Thus when n large enough, p(A;,) > y. We thus
obtain lim,, [ Y,du > zy. By letting @ — z1 and y — p(4,), we conclude lim,, [ Y, du = .
Therefore, in either case, lim, [ Y,du > [ Zdu. {

Proposition 2.7 implies that, to calculate the integral of a non-negative measurable function
X, we can choose any increasing sequence of simple functions {Y;,} and the limit of f Y,du is
the same as f Xdu. Particularly, such a sequence can chosen as constructed as Proposition 2.6;

then
n2n—1

kEk k+1
/Xd,u:lim{ Z 2—nu(2—n§X<2Ln)+nu(XZn)}.

Proposition 2.8 (Elementary Properties) Suppose [ Xdu, [ Ydpand [ Xdu+ [ Ydu exit.

Then
/(X+Y)d,u:/Xd,u+/Yd,u, /chu:c/Xdu;

(i)

(ii) X > 0 implies [ Xdp > 0; X > Y implies [ Xdu > [Ydp; and X =Y a.e., that is,
p{w: X(w) # Y(w)}) = 0, implies that [ Xdu = [Ydpy;

(iii) |X| <Y with YV integrable implies that X is integrable; X and Y are integrable implies
that X 4+ Y is integrable.}
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Proposition 2.8 can be proved using the definition. Finally, we give a few facts of computing
integration without proof.

(a) Suppose p* is a counting measure in 2 = {zy, zy,...}. Then for any measurable function

g,
/gdu# = Zg(xi)-

(b) For any continuous function g(z), which is also measurable in the Lebsgue measure space
(R,B,\), [ gd\is equal to the usual Riemann integral | g(z)dz, whenever g is integrable.

(c) In a Lebsgue-stieljes measure space (€2, B, A\r), where F' is differentiable except discontin-
uous points {x1, s, ...}, the integration of a continuous function g(x) is given by

[ ot =3 ow) (Flw) = P} + [ g(o) @),
where f(x) is the derivative of F(z).

2.3.3 Convergence of measurable functions

In this section, we provide some important theorems on how to take limits in the integration.

Theorem 2.2 (Monotone Convergence Theorem) If X, > 0 and X, increases to X, then
[ Xndp — [ Xdp. 1

Proof Choose non-negative simple function X, increasing to X, as m — oo. Define Y,, =
maxg<, Xgn. {Yn} Is an increasing series of simple functions and it satisfies

X, <Y, <X, so/andu < /Yndu < /Xnd,u.
By letting n — 0o, we obtain
X, < liyrlnYn <X, /Xkdu < /li}lnYndu = li7rln/Yndu < li7rln/Xnd/L,
where the equality holds since Y, is simple function. By letting k — 0o, we obtain
X < li7£nYn <X, lilgn/Xkdu < /li}lnYndp < lirrln/Xnd,u.

The result holds. T

Example 2.7 This example shows that the non-negative condition in the above theorem is
necessary: let X,,(z) = —I(x > n)/n be measurable function in the Lebesgue measure space.
Clearly, X,, increases to zero but f X, d\ = —o0.
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Theorem 2.3 (Fatou’s Lemma) If X,, > 0 then

/lim inf X,,dp < lim inf/Xnd,u.

Proof Note

liminf X,, = sﬁp ir;f X
n n=1 m>n

Thus, the sequence {inf,,>, X,,} increases to liminf,, X,,. By the Monotone Convergence The-
orem,

/limiannd,u = lim/ ir;f Xndp < /Xndu.
Take the liminf on both sides and the theorem holds. T

The next theorem requires two more definitions.

Definition 2.5 A sequence X,, converges almost everywhere (a.e.) to X, denoted X,, —4.. X,
if X,,(w) = X(w) for all w € Q@ — N where u(N) = 0. If u is a probability, we write a.e. as
a.s. (almost surely). A sequence X,, converges in measure to a measurable function X, denoted
X, =, X, if p(|X,, — X| > €) — 0 for all € > 0. If p is a probability measure, we say X,
converges in probability to X. T

The following proposition further justifies the convergence almost everywhere.

Proposition 2.9 Let {X,,}, X be finite measurable functions. Then X,, —,. X if and only if
for any € > 0,
N5y Umsn {| X — X| > €}) = 0.

If u(2) < oo, then X,, =, X if and only if for any € > 0,

(U {| X — X[ > €}) = 0.

Proof Note that

1
{w: X,p(Q) = X(w)} = U2, M2 Upsn {w DX (w) = X(w)] > E} .
Thus, if X,, =, X, the measure of the left-hand side is zero. However, the right-hand side
contains N, Upysy {| X — X| > €} for any € > 0. The direction = is proved. For the other
direction, we choose € = 1/k for any k, then by countable sub-additivity,

U P51 Ui {02 X ) = X1 2 1 )
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< SO U {05 1Xn(0) = X(@)| 2 ¢ by =0

Thus, X,, =4 X. When u(Q) = 1, the latter holds by Proposition 2.2. {

The following proposition describes the relationship between the convergence almost every-
where and the convergence in measure.

Proposition 2.10 Let X, be finite a.e.
(i) If X,, =, X, then there exists a subsequence X,,, —q. X.
(i) If p(?) < 00 and X, =4, X, then X, =, X. {

Proof (i) For any k, there exists some ny such that
P(|X,, — X|>27") < 27"

Then
(Umzk {1 X, = X[ > €}) < p(Unzi {[ X, — X[ 227F}) <Y 27" =0,
m>k
Thus from the previous proposition, X, —, X.
(i) is direct from the second part of Proposition 2.9. f

Example 2.8 Let Xonyp = I(z € [k/2",(k+1)/2™)),0 < k < 2™ be measurable functions in
the Lebesgue measure space. Then it is easy to see X,, —, 0 but does not converge to zero
almost everywhere. While, there exists a subsequence converging to zero almost everywhere.

Example 2.9 In Example 2.7, n?X,, —,.. 0 but A\(|X,,| > €) — oo. This example shows that
1(2) < oo in (ii) of Proposition 2.10 is necessary.
We now state the third important theorem.

Theorem 2.4 (Dominated Convergence Theorem) If | X,| < Y a.e. with Y integrable,
and if X,, —, X (or X,, =4, X), then [|X, — X|dp — 0 and lim [ X, dp = [ Xdp. t

Proof First, assume X,, —,. X. Define Z,, = 2Y — |X,, — X|. Clearly, Z, > 0 and Z, — 2Y.
By the Fatou’s lemma, we have

/2Yd,u < lim inf/(2Y — | X, — X|)dp.

That is, limsup, [|X, — X|du < 0 and the result holds. If X,, —, X and the result does
not hold for some subsequence of X,,, by Proposition 2.10, there exits a further sub-sequence
converging to X almost surely. However, the result holds for this further subsequence. We
obtain the contradiction. f

The existence of the dominating function Y is necessary, as seen in the counter example in
Example 2.7. Finally, the following result describes the interchange between integral and limit
or derivative.



BASIC MEASURE THEORY 29

Theorem 2.5 (Interchange of Integral and Limit or Derivatives) Suppose that X (w,t)
is measurable for each ¢ € (a,b).

(i) If X(w,t) is a.e. continuous in t at ty and | X (w,t)| < Y(w),a.e. for |t —to| < 6 with Y
integrable, then

lim | X(w,t)dp = /tho

t—to

(ii) Suppose 2 X (w, t) exists for a.e. w, all ¢ € (a,b) and |2 X (w,t)| < Y(w), a.e. for all ¢ € (a, b)

with Y integrable. Then
0 0
el Y
at/X(w,t)du /(%X(w,t)du

Proof (i) follows from the Dominated Convergence Theorem and the subsequence argument.
(ii) can be seen from the following:

at/thdu—llm/th+h — X, )d.

Then from the conditions and (i), such a limit can be taken within the integration. t

2.4 Fubini Integration and Radon-Nikodym Derivative

2.4.1 Product of measures and Fubini-Tonelli theorem

Suppose that (4,41, 1) and (Qs, As, o) are two measure spaces. Now we consider the product
set Q1 X Qo = {(w1,ws) : w1 € Qy,wy € Qs}. Correspondingly, we define a class

{Al XAQZAl EAl,AQ EAQ}.

Aj x Ay is called a measurable rectangle set. However, the above class is not a o-field. We thus
construct the o-filed based on this class and denote

.Al X .AQ = O'({Al X A2 : A1 € Al,AQ < ./4.2})
To define a measure on this o-field, denoted 1y X o, we can first define it on any rectangle set

(1 X p2)(Ar X Az) = p1 (A1) pa(Az).

Then py X ps is extended to all sets in the A; x Ay by the Caratheodory Extension theorem.

One simple example is the Lebesgue measure in a multi-dimensional real space R*. We let
(R, B, \) be the Lebesgue measure in one-dimensional real space. Then we can use the above
procedure to define A x ... X A as a measure on R* = R x ... x R. Clearly, for each cube in R*,
this measure gives the same value as the volume of the cube. In fact, this measure agrees with
¥ defined in Example 2.3.

With the product measure, we can start to discuss the integration with respect to this
measure. Let X (wi,ws) be the measurable function on the measurable space (€21 x €9, A; X
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Aa, i1 X pz). The integration of X is denoted as f91x§22 X (wr,wa)d(p1 X p2). In the case when
the measurable space is real space, this integration is simply bivariate integration such like
S f re f(2,y)drdy. As in the calculus, we are often concerned about whether we can integrate
over x first then y or we can integrate y first then x. The following theorem gives the condition
of changing the order of integration.

Theorem 2.6 (Fubini-Tonelli Theorem) Suppose that X : Q; x Qs — R is A; x A
measurable and X > 0. Then

X (wy,ws)dpy is Ay measurable,
1951

X (wy,ws)dpsg is A; measurable,
Qo

and

/ X(wl,wg)d(ul X /lg) = / { X(wl,WQ)d,LLQ} d,u1 = / { X(wl,wg)d,ul} d/,LQ
QlXQQ Ql QQ 92 Q1

As a corollary, suppose X is not necessarily non-negative but we can write X = X+ — X~.

Then the above results hold for X* and X~. Thus, if [, o |X(w1,ws)ld(p1 X p2) is finite,
then the above results hold.

Proof Suppose that we have shown the theorem holds for any indicator function I(wi,ws),
where B € A; x Ay. We construct a sequence of simple functions, denoted as X,,, increases to
X. Clearly, fQ (w1, ws)dpy is measurable and

/ X (wr, wa)d(py % pi2) / / (Wi, wo dﬂl}dﬂz-
Q1 xQo Qo J O

By the monotone convergence theorem, le Xn(wl, wo)dyty increases to le X (wy,ws)dpy almost
everywhere. Further applying the monotone convergence theorem to both sides of the above
equality, we obtain

/ X(waz)d(ﬂl X Mz) = / {X(wbwz)dﬂl}duz-
Q1><Q2 QQ Ql

Similarly,
/ X(wr,wp)d(p1 X pg) = / { X (wr, wo)dpa} dpy.
Q1 x0Qo Q1 J Q2

It remains to show Ip(w;,ws) satisfies the theorem’s results for B € A; x As.

To this end, we define what is called a monotone class: M is a monotone class if for any
increasing sequence of sets By C By C Bjs... in the class, U; B; belongs to M. We then let M,
be the minimal monotone class in A; x As containing all the rectangles. The existence of such
minimal class can be proved using the same construction as Proposition 2.3 and noting that
A, x Ay itself is a monotone class. We show that My = A; x As.
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(a) My is a field: for A, B € My, it suffices to show that AN B, AN B, A°NB € M,. We
consider

My={BeMy:ANB,ANB ,A°NB € My}.

It is straightforward to see that if A is a rectangle, then B € M 4 for any rectangle B and that
M 4 is a monotone class. Thus, M4 = M, for A being a rectangle. For general A, the previous
result implies that all the rectangles are in M 4. Clearly, M 4 is a monotone class. Therefore,
My = Mg for any A € My. That is, for A, B € My, ANB,AN B¢, A°N B € M,.

(b) My is a o-field. For any By, Bs, ... € M, we can write U;B; as the union of increasing
sets By, B1 U Bs,.... Since each set in the sequence is in M, and M, is a monotone class,
U;B; € Mg. Thus, M, is a o-field so it must be equal to A; x A,.

Now we come back to show that for any B € A; x A,, I satisfies the equality in Theorem
2.6. To do this, we define a class

{B: B € A; x Ay is measurable and Ip satifies the equality in Theorem 2.6} .

Clearly, the class contains all the rectangles. Second, the class is a monotone class: suppose
By, Bs, ... is an increasing sequence of sets in the class, we apply the monotone convergence

theorem to
/ Ip,d(p X pi2) :/ {/ [Bid/h}duz I/ {/ [Bid/ﬁz}d/h
leﬂz QQ Ql Ql QQ

and note I, — I ;. We conclude that U;B; is also in the defined class. Therefore, from the
previous result about the relationship between the monotone class and the o-field, we obtain
that the defined class should be the same as A; x As. T

Example 2.10 Let (Q, 2%, u#) be a counting measure space where Q = {1,2,3, ...} and (R, B, \)
be the Lebesgue measure space. Define f(z,y) be a bivariate function in the product of these
two measure space as f(z,y) = I(0 <z < y)exp{—y}. To evaluate the integral f(z,y), we use
the Fubini-Tonelli theorem and obtain

F(ay)d{u# x A} = / i / £ (2, 9)dN ) Yyt () = / exp{—z}du* (z)

QxR
= exp{-n}=1/(e - 1).

2.4.2 Absolute continuity and Radon-Nikodym derivative

Let (£2,.A, 1) be a measurable space and let X be a non-negative measurable function on (.
We define a set function v as

mm:AX@:/umm

for each A € A. It is easy to see that v is also a measure on (€2,.4). X can be regarded as
the derivative of the measure v with respect p (one can think about an example in real space).
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However, one question is the opposite direction: if both p and v are the measures on (2,.4),
can we find a measurable function X such that the above equation holds? To answer this, we
need to introduce the definition of absolute continuity.

Definition 2.6 If for any A € A, u(A) = 0 implies that v(A) = 0, then v is said to be
absolutely continuous with respect to u, and we write v << u. Sometimes it is also said that
v is dominated by p. 1

One equivalent condition to the above the condition is the following lemma.

Proposition 2.11 Suppose v(£2) < oco. Then v << p if and only if for any € > 0, there exists
a 0 such that v(A) < e whenever pu(A) < 6. t

Proof “ <" is clear. To prove “ =" we use the contradiction. Suppose there exists € and a
set A, such that v(4,) > € and u(A,) <n2. Since Y., u(A,) < oo, we have

plimsup A,) <> p(A,) = 0.

m>n

Thus p(limsup,, A,) = 0. However, v(limsup,, A,) = lim, v(Uy>nA,n) > limsup, v(A4,) > €. It
is a contradiction. f

The following Radon-Nikodym theorem says that if v is dominated by p, then a measurable
function X satisfying the equation exists. Such X is called the Radon-Nikodym derivative of v
with respect p, denoted by dv/dpu.

Theorem 2.7 (Radon-Nikodym theorem) Let (€2, A, 1) be a o-finite measure space, and
let v be a measurable on (€2, .A) with ¥ << p. Then there exists a measurable function X > 0
such that v(A) = [, Xdu for all A € A. X is unique in the sense that if another measurable
function Y also satisfies the equation, then X =Y a.e.

Before proving Theorem 2.7, we need the following Hahn decomposition theorem for any
additive set function with real values, ¢(A), which is defined on a measurable space (€2, .4) such
that for countable disjoint sets Ay, Ao, ...,

Qb(UnAn) = Z ¢(An)

The main difference from the usual measure definition is that ¢(A) can be negative and must
be finite.

Proposition 2.12 (Hahn Decomposition) For any additive set function ¢, there exist dis-
joint sets AT and A~ such that AT UA™ =Q, ¢(F) > 0 for any E C AT and ¢(F) < 0 for any
E C A~. AT is called positive set and A~ is called negative set of ¢. T

Proof Let o = sup{¢(A) : A € A}. Suppose there exists a set AT such that ¢p(AT) = a < oo.
Let A= =Q—-AT. f E C A" and ¢(F) < 0, then ¢(AT — E) > a—¢(E) > «, an impossibility.
Thus, ¢(F) > 0. Similarly, for any £ C A~, ¢(F) < 0.
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It remains to construct such AT. Choose A, such that ¢(A,) — «. Let A = U, A,,. For each
n, we consider all possible intersection of Ay, ..., A,,, denoted by B, = {B,; : 1 <i < 2"}. Then
the collection of B,, is a partition of A. Let C,, be the union of those B,,; in B,, such that ¢(B,,;) >
0. Then ¢(A,) < ¢(C,). Moreover, for any m < n, ¢(C,, U...UC,,) > ¢(Cp, U ... UCyq). Let
AT =N Upsim Cp. Then a = lim,, ¢(A4,,) < limy, ¢(Up>mCh) = ¢(A1). Then ¢p(AT) = a.

We now start to prove Theorem 2.7.

Proof We first show that this holds if ;(€2) < co. Let Z be the class of non-negative functions
g such that [, gdu < v(E). Clearly, 0 € Z. If g and ¢’ are in =, then

/ max(g, g’ )du = / gdu +/ gdu < / dv +/ dv = v(E).
E En{g>g'} En{g<g'} En{g>g'} En{g<g’}

Thus, max(g,¢’) € Z. Moreover, if g, increases to g and g, € =, then by the monotone
convergence theorem, g € =.

Let o = sup ez J gdp then oo < v(Q). Choose g, in = such that [ g,du > o —n~'. Define
fn = max(gi, ..., gn) € = and f,, increases to f € =. We have [ fdu = a.

Define a measure 0 < v (E) = v(E) — [, fdu. We will show that there exists set S, and S,
such that u(2 —S,) =0, v,(Q—S,) =0, and S, NS, = 0. If this is true, then since v << p,
vs(2—95,) <v(Q—25,) =0. Thus,

vs(E) <vs(EN(Q2—=S5,))+vs(EN(Q—=25,)) =0.

This gives that v(E) = [}, fdu. We prove the previous statement by contradiction. Let A UA;
be a Hahn decomposition for the the set function vy —n 'y and let M = U, Al so M =N, A,.
Since vs(M€) — n~tu(M°) < v4(A,;) — ntu(A;) < 0, we have v,(M¢) < n~'u(M¢) — 0.
Then pu(M) must be positive. Therefore, there exists some A = A} such that pu(A) > 0 and
vs(E) > n~'u(F) for any E C A. For such A, we have that for e = 1/n,

/(f+€IA)dM = /fdu+eu(EﬁA)
E E

d S(ENA
< /Ef p+vs(ENA)
< fdp+vi(ENA)+ fdu
ENA E-A
< v(ENA)+ fdu<v(ENA)+v(E—A)=v(E).
E-A

In other words, f + el4 is in =. However, [(f + ela)dp = a + eu(A) > a. We obtain the
contradiction.

We have proved the theorem for p(2) < oo. If u is countably finite, there exists countable
decomposition of 2 into {B,,} such that u(B,) < co. For the measures p,(A) = p(ANB,,) and
vn(A) =v(AN B,), v, << W, so we can find non-negative f,, such that

V(AN B,) = / Fody.

ANBy
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Then v(A) = >, v(ANB,) = [, >, fals,du.

The function f satisfying the result must be unique almost everywhere. If two f; ad fo
satisfy that [, fidu = [, fodp then after choosing A = {f1 — fo > 0} and A = {f, — f» < 0},
we obtain f; = fy almost everywhere. {

Using the Radon-Nikodym derivative, we can transform the integration with respect to the
measure j to the integration with respect to the measure v.

Proposition 2.13 Suppose v and p are o-finite measure defined on a measure space (£2,.4)
with v << g, and suppose Z is a measurable function such that [ Zdv is well defined. Then

for any A € A,
/Zdu = / Zd—yd,u.
A A dp

Proof (i) If Z = Ig where B € A, then

d d
/Zdy —v(ANB) :/ = / 152 dp.
A AnB Ap A du
The result holds.

(ii) If Z > 0, we can find a sequence of simple function Z,, increasing to Z. Clearly, for Z,,

/anV:/Zn@d,u.
A A du

Take limits on both sides and apply the monotone convergence theorem. We obtain the result.
(iii) For any Z, we write Z = Z* — Z~. Then both Z* and Z~ are integrable. Thus,

/Zdl/:/Z+d1/—/Z_d1/:/ZJFd—Vdu—/Z_@du:/Zd—ydu.
du du du

2.4.3 X-induced measure

Let X be a measurable function defined on (€2, A, ). Then for any B € B, since X ' (B) € A,
we can define a set function on all the Borel sets as

Such py is called a measure induced by X. Hence, we obtain a measure in the Borel o-field
(R, B , 1 X)-

Suppose that (R, B, v) is another measure space (often the counting measure or the Lebesgue
measure) and px is dominated by v with the derivative f. Then f is called the density of X
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with respect to the dominating measure v. Furthermore, we obtain that for any measurable
function g from R to R,

[ sx@)dnte) = [ gy (@) = [ g(o)fa)ivia)
Q R R
That is, the integration of g(X) on the original measure space € can be transformed as the
integration of g(x) on R with respect to the induced-measure px and can be further transformed
as the integration of g(z)f(x) with respect to the dominating measure v.

When (2, A, u) = (Q, A, P) is a probability space, the above interpretation has a special
meaning: X is now a random variable then the above equation becomes

wanzzguvumwm.

We immediately recognize that f(x) is the density function of X with respect to the dominat-
ing measure v. Particularly, if v is the counting measure, f(z) is in fact the probability mass
function; if v is the Lebesgue measure, f(x) is the probability density function in the usual
sense. This fact has an important implication: any expectations regarding random variable
X can be computed via its probability mass function or density function without referral to
whatever probability measure space X is defined on. This is the reason why in most of statis-
tical framework, we seldom mention the underlying measure space while only give either the
probability mass function or the probability density function.

2.5 Probability Measure

2.5.1 Parallel definitions

Already discussed before, a probability measure space (2,4, P) satisfies that P(Q2) = 1 and
random variable (or random vector in multi-dimensional real space) X is a measurable function
on this space. The integration of X is equivalent to the expectation. The density or the mass
function of X is the Radon-Nikydom derivative of the X-induced measure with respect to the
Lebesgue measure or the counting measure in real space. By using the mass function or density
function, statisticians unconsciously ignore the underlying probability measure space (€2, .4, P).
However, it is important for readers to keep in mind that whenever a density function or mass
function is referred, we assume that above procedure has been worked out for some probability
space.

Recall that F'(z) = P(X < x) is the cumulative distribution function of X. Clearly, F'(x) is
a nondecreasing function with F'(—oo) = 0 and F(o0) = 1. Moreover, F'(x) is right-continuous,
meaning that F(z,) — F(x), if z,, decreases to x. Interestingly, we can show that pp, the
Lebesgue-Stieljes measure generated by F', is exactly the same measure as the one induced by
X, i.e., Px.

Since a probability measure space is a special case of general measure space, all the properties
for the general measure space including the monotone convergence theorem, the Fatou’s lemma,
the dominating convergence theorem, and the Fubini-Tonelli theorem apply.
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2.5.2 Conditional expectation and independence

Nevertheless, there are some features only specific to probability measure, which distinguish
probability theory from general measure theory. Two of these important features are conditional
probability and independence. We describe them in the following text.

In a probability measure space (€2, A, P), we know the conditional probability of an event
A given another event B is defined as P(A|B) = P(AN B)/P(B) and P(A|B°) = P(AN
B€)/P(B°). This means: if B occurs, then the probability that A occurs is P(A|B); if B does
not occur, then the probability that A occurs if P(A|B¢). Thus, such a conditional distribution
can be thought as a measurable function assigned to the a—ﬁeld {0, B, B¢, Q}, which is equal

P(A|B)Ip(w) + P(A|B)Ipe(w).

Such a simple example in fact characterizes the essential definition of conditional probability.
Let N be the sub-o-filed of A. For any A € A, the conditional probability of A given W is a
measurable function on (€2, R), denoted P(A|X), and satisfies that

(i) P(A|RX) is measurable in R and integrable;

(ii) For any G € X,

/ P(AR)AP = P(ANG).

Theorem 2.8 (Existence and Uniqueness of Conditional Probability Function) The
measurable function P(A|R) exists and is unique in the sense that any two functions satisfying
(i) and (ii) are the same almost surely. t

Proof In the probability space (£2,R, P), we define a set function v on X such that v(G) =
P(ANG) for any G € XN. It can easily show v is a measure and P(G) = 0 implies that v(G) = 0.
Thus v << P. By the Radon-Nikodym theorem, there exits a R-measurable function X such

that
= / XdP.
G

Thus X satisfies the properties (i) and (ii). Suppose X and Y both are measurable in X and
JoXdP = [,YdP for any G € R. That is, [,(X —Y)dP = 0. Particularly, we choose
={X-Y >0}and G ={X —-Y < 0}. We then obtain [|X —Y|dP =0. So X =Y, as. }

Some properties of the conditional probability P(-|R) are the following.
Theorem 2.9 P(Q|X) =0, P(2X) =1 a.e. and
0<PAR) <1
for each A € A. if Ay, Ao, ... is finite or countable sequence of disjoint sets in A, then

P(U,A,R) = ZPA]N
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The properties can be verified directly from the definition. Now we define the conditional
expectation of a integrable random variable X given X, denoted E[X|X], as
(i) E[X|N] is measurable in N and integrable;

(ii) For any G € X,
/ BIXNdP = / XdP,
e e

equivalently; F [E[X|N]Ig] = E[X 1], a.e.
The existence and the uniqueness of E[X|N] can be shown similar to Theorem 2.8. The
following properties are fundamental.

Theorem 2.10 Suppose X, Y, X,, are integrable.

(i) f X =a a.s., then E[X|XN] = a.

(ii) For constants a and b, E[aX + bY V] = aE[X|N] 4 b[Y|N].

(iii) If X <Y a.s., then E[X|N} < E[Y|N].

(iv) |ELXIN)| < E[X|IN]

(v) If lim, X,, = X a.s., |X,| <Y and Y is integrable, then lim, E[X,|R] = F[X|N].
(vi) If X is measurable in R, then

EIXYN] = XE]Y|N].
(vii) For two sub-o fields X; and Ny such that 8; C Ny,
E[E[X[R][¥y] = E[X[¥].
(viil) P(A|R) = E[I4|N]. T
Proof (i)-(iv) be shown directly using the definition. To prove (v), we consider Z,, = sup,,,>,, | Xm—
X|. Then Z,, decreases to 0. From (iii), we have
|E[X[N] — BIXIN]| < B{ZuN]

On the other hand, E[Z,|R] decreases to a limit Z > 0. The result holds if we can show Z =0
a.s. Note E[Z,|R] < E[2Y|X], by the dominated convergence theorem,

E[Z] = /E[Z|N]dP < /E[an]dp 0.

Thus Z =0 a.s.
To see (vi) holds, we first show it holds for a simple function X = >, ;15 where B; are
disjoint set in X. For any G € N,

/ (XY |N]dP = /XYdP Zm/

GNB;

YdP = Z x/

E[Y NP = /XE VN,
GNB;

Hence, E[XY|X] = XE[Y|R]. For any X, using the previous construction, we can find a
sequence of simple functions X,, converging to X and |X,| < |X|. Then we have

/ X, YdP = / X, E[Y|R]dP
G G
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Note that | X, E[Y|R]| = |E[X,Y|R]| < E[|XY||R]. Taking limits on both sides and from the
dominated convergence theorem, we obtain

/XYdP:/XE[Y|N]dP
G G
Then E[XY|R] = XE[Y|N].

For (vii), for any G € Xy C Ny, it is clear form that

/GE[X\NQ]dP:/GXdP:/GE[X]Nl]dP

(viii) is clear from the definition of the conditional probability. t

How can we relate the above conditional probability and conditional expectation given a
sub-o field to the conditional distribution or density of X given Y? In R? suppose (X,Y)
has joint density function f(x,y) then it is known that the conditional density of X given
Y =y is equal to f(z,y)/ [ f(z,y)dz and the conditional expectation of X given Y = y is
equal to [ xf(z,y)dz/ [ f(x,y)dz. To recover these formulae using the current definition, we
define X = ¢(Y'), the o-field generated by the class {{Y <y} : y € R}. Then we can define the
conditional probability P(X € B|R) for any B in (R, B). Since P(X € B|X) is measurable in
oY), P(X € B|X) = g(B,Y) where g(B,-) is a measurable function. For any {Y <y} € N,

| PexeBwar = [ 1ty < wla(B) ey = PX € BY < )

= /I(y < yo)/ [z, y)dzdy.

Differentiate with respect to yo, we have g(B,y)fy(y) = [, f 5 f(z,y)dx. Thus,

mXemmzlj@mm

Thus, we note that the conditional density of X|Y = y is in fact the density function of the
conditional probability P(X € -|X) with respect to the Lebesgue measure.
On the other hand, F[X|X] = ¢g(Y) for some measurable function ¢(-). Note that

/I(Y < yo) EIX[R]dP = /I(y < y0)9(W) fy(y)dy = E[XI(Y < y)| = /I(y < yo)zf(z,y)dzdy.

We obtain g(y) = [«f(z,y)dz/ [ f(z,y)dz. Then E[X|N] is the same as the conditional ex-
pectation of X given Y = y.

Finally, we give the definition of independence: Two measurable sets or events A; and Aj
in A are independent if P(AN B) = P(A)P(B). For two random variables X and Y, X and
Y are said to independent if for any Borel sets By and By, P(X € By,Y € By) = P(X €
B,)P(Y € B,). In terms of conditional expectation, X is independent of Y implies that for
any measurable function g, F[g(X)|Y] = E[g(X)].
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READING MATERIALS: You should read Lehmann and Casella, Sections 1.2 and 1.3. You
may read Lehmann Testing Statistical Hypotheses, Chapter 2.

PROBLEMS

1. Let O be the class of all open sets in R. Show that the Borel o-field B is also a o-field
generated by O, i.e., B=0(0).

2. Suppose (2, A, 1) is a measure space. For any set C' € A, we define ANC as {ANC : A € A}.
Show that (2N C, AN C,u) is a measure space (it is called the measure space restricted
to C).

3. Suppose (2, A, i) is a measure space. We define a new class
A={AUN:Ac Aand N is contained in a set B € A with u(B) = 0}.

Furthermore, we define a set function i on A: for any AUN € A, i(AUN) = u(A).
Show (2,.A, i) is a measure space (it is called the completion of (€2, A, u)).

4. Suppose (R, B, P) is a probability measure space. Let F(z) = P((—o0,z]). Show

(a) F(x)is an increasing and right-continuous function with F'(—oo) = 0 and F'(c0) = 1.
F is called a distribution function.
(b) if denote up as the Lebesgue-Stieljes measure generated from F', then P(B) = up(B)

for any B € B. Hint: use the uniqueness of measure extension in the Caratheodory
extension theorem.

Remark: In other words, any probability measure in the Borel o-field can be considered
as a Lebesgue-Stieljes measure generated from some distribution function. Obviously,
a Lebesgue-Stieljes measure generated from some distribution function is a probability
measure. This gives a one-to-one correspondence between probability measures and dis-
tribution functions.

5. Let (R, B, ur) be a measure space, where B is the Borel o-filed and up is the Lebesgue-
Stieljes measure generated from F(z) = (1 —e *)I(x > 0).

(a) Show that for any interval (a,b], up((a,b]) = f(a y€ “I(x > 0)du(x), where 4 is the
Lebesgue measure in R.

(b) Use the uniqueness of measure extension in the Carotheodory extension theorem to
show pup(B) = [,e I(x > 0)du(x) for any B € B.

(¢) Show that for any measurable function X in (R, B) with X > 0, [ X (z)dup(z) =
f X(x)e ®I(x > 0)du(x). Hint: use a sequence of simple functions to approximate

(d) Using the above result and the fact that for any Riemann integrable function, its
Riemann integral is the same as its Lebesgue integral, calculate the integration [(1+

e ) dup(x).
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6.

10.

11.

12.

13.

14.

If X > 0 is a measurable function on a measure space (2,4, x) and [ Xdp = 0, then
p{w: X(w) >0}) =0.

. Suppose X is a measurable function and [ |X|du < oo. Show that for each € > 0, there

exists a ¢ > 0 such that [, | X|du < e whenever p(A) < 4.

Let p be the Borel measure in R and v be the counting measure in the space ) =
{1,2,3,...} such that v({n}) = 27" for n = 1,2, 3, .... Define a function f(z,y): Rx Q>
Ras f(z,y) = I(y—1 < x < y)x. Show f(x,y) is a measurable function with respect to the
product measure space (R x Q,0(B x2%), i x v) and caleulate [, o f(2,y)d(px v)(z,y).

F and G are two continuous generalized distribution functions. Use the Fubini-Tonelli
theorem to show that for any a < b,

F(b)G(b) — F(a)G(a) = / FdG + GdF (integration by parts).
[a,b] [a,b]
Hint: consider the equality

/ d(pr % pc) = / I(z = y)d(pr x pe) +/ I(z <y)d(pr x pe),
[a,b] x[a,b] [a,b] X [a,b] [a,b] x[a,b]

where pp and pug are the measures generated by F' and G respectively.

Let p be the Borel measure in R. We list all rational numbers in R as 71,79, .... Define v
as another measure such that for any B € B, v(B) = u(BN[0,1])+ 3, .5 2. Show that
neither v << p nor u << v is true; however, v << pu+ . Calculate the Radon-Nikodym
derivative dv/d(p + v).

X is arandom variable in a probability measure space (€2, A, P). Let Px be the probability
measure induced by X. Show that for any measurable function ¢ : R — R such that g(X)
is integrable,
[ stx@nare = [ g)apx(o)
Q R
Hint: first prove it for a simple function g.

X1, ..., X, are i.i.d with Uniform(0,1). Let X,y be max{X;,...,X,}. Calculate the con-
ditional expectation E[X;|o(X ()], or equivalently, E[X;|X ).

X and Y are two random variables with density functions f(z) and g(y) in R. Define
A= {x: f(x) >0} and B = {y:g(y) > 0}. Show Py, the measure induced by X, is
dominated by Py, the measured induced by Y, if and only if A\(A N B°) = 0 (that is,
A is almost contained in B). Here, X is the Lebesgue measure in R. Use this result to
show that the measure induced by Uniform(0,1) random variable is dominated by the
measure induced by N(0,1) random variable but the opposite is not true.

Continue Question 9, Chapter 1. The distribution functions Fy and Fj, are called the
Fréchet bounds. Show that F; and Fy; are singular with respect to Lebesgue measure \?
in [0,1]%; i.e., show that the corresponding probability measure P, and Py satisfy

P((X,Y)c A) =1, X(A) =0
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and

P((X,Y) € A% =0, N(A9) =1

for some set A (which will be different for P;, and Py). This implies that F, and Fy do
not have densities with respect to Lebesgue measure on [0, 1]?.

15. Lehmann and Casella, page 63, problem 2.6
16. Lehmann and Casella, page 64, problem 2.11
17. Lehmann and Casella, page 64, problem 3.1
18. Lehmann and Casella, page 64, problem 3.3

19. Lehmann and Casella, page 64, problem 3.7



CHAPTER 3 LARGE SAMPLE
THEORY

In many probabilistic and statistical problems, we are faced with a sequence of random variables
(vectors), say {X,}, and wish to understand the limit properties of X,,. As one example, let X,
be the number of heads appearing in n independent tossing coins. Interesting questions can be:
what is the limit of the proportion of observing heads, X, /n, when n is large? How accurate
is X,,/n to estimate the probability of observing head in a flipping? Such theory studying the
limit properties of a sequence of random variables (vectors) {X,,} is called large sample theory.
In this chapter, we always assume the existence of a probability measure space (2,4, P) and
suppose X, X,,,n > 1 are random variables (vectors) defined in this probability space.

3.1 Modes of Convergence in Real Space

3.1.1 Definition

Definition 3.1 X, is said to converge almost surely to X, denoted by X, —, X, if there
exists a set A C Q such that P(A¢) =0 and for each w € A, X,,(w) — X(w). {

Remark 3.1. Note that
{w: X, (w) = X(w)}° = Ueso Ny {w = sup | X (w) — X (w)| > €}.

m>n
Then the above definition is equivalent to

P(sup | X,, — X| >¢€) -0 asn — 0.

m>n

Such an equivalence is also implied in Proposition 2.9.

Definition 3.2 X,, is said to converge in probability to X, denoted by X,, —, X, if for every
e >0,
P(lX, — X|>¢)—0.

Definition 3.3 X, is said to converge in rth mean to X, denote by X,, —, X, if
E[|X, — X|"]| =0 as n — oo for functions X,,, X € L,.(P),

42
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where X € L,(P) means E[|X|"]| = [ |X|"dP < co. }

Definition 3.4 X, is said to converge in distribution of X, denoted by X,, =4 X or F,, =4 F
(or L(X,,) — L(X) with L referring to the “law” or “distribution”), if the distribution functions
F, and F of X,, and X satisfy

F.(x) = F(z) as n — oo for each continuity point x of F.

Definition 3.5 A sequence of random variables {X,,} is uniformly integrable if

Jim Tim sup £ [|X,|[(|X,| > X)] = 0.
—00

n—o0

3.1.2 Relationship among modes

The following theorem describes the relationship among all the convergence modes.

Theorem 3.1 (A) If X,, —, X, then X,, —, X.

B) If X,, —, X, then X,,, =, X for some subsequence X, .

) If X,, =, X, then X,, =, X.

) If X,, =, X and |X,,|" is uniformly integrable, then X,, —, X.

) If X,, —, X and limsup, £|X,|" < E|X]|", then X,, =, X.

) If X, =, X, then X,, —,» X for any 0 <" <.

) If X, —, X, then X, —q X.

) X, —, X if and only if for every subsequence {X,, } there exists a further subsequence
{Xn,} such that X, ; =4, X.

(I) If X, —4 c for a constant ¢, then X,, =, c. T

Remark 3.2 The results of Theorem 3.1 appear to be complicated; however, they can be well
described in Figure 1 below.

Figure 1: Relationship among Modes of Convergence
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Proof (A) For any € > 0,

P(|X, — X|>¢) < P(sup | X,, — X| >¢€) = 0.
m>n
(B) Since for any € > 0, P(|X,, — X| > ¢) — 0, we choose € = 27" then there exists a X, such

that
P(X,, —X|>2"")<2™™,

Particularly, we can choose n,, to be increasing. For the sequence { X, }, we note that for any
e > 0, when n,, is large,

P(sup [X,, — X|>e) <> P(|X,, - X|>27%) <> 2750

k=zm k>m k>m

Thus, X, —a.s X.
(C) We use the Markov inequality: for any positive and increasing function ¢(-) and random
variable Y,

9(|Y|)]

P(Y] > o) < B[ 7).

In particular, we choose Y = |X,, — X| and g(y) = |y|". It gives that

|Xn_X‘T

P(|X, — X|>¢) < E|
67’

] —0.

(D) Tt is sufficient to show that for any subsequence of {X,,}, there exists a further subsequence
{X,,} such that E|X,, — X|" — 0. For any subsequence of {X,}, from (B), there exists a
further subsequence {X,, } such that X,, —,, X. We will show the result holds for {X,, }.
For any €, there exists A such that

limsup E[| X, |"1(| X, |" > A)] <e.

N

Particularly, we choose A (only depending on €) such that P(|X|" = A) = 0. Then, it is clear
that | X, |"1(| X, |” > A) =as [ X[ I(|X]" > X). By the Fatou’s Lemma,

¢l

E[X['I(|X]" = \)] = /lim X, " T(1 X, " = NP < liminf B[| X, [T (| X" = N)] < e
n ng

Therefore,
E[| X, — X[]
< B[ X, — X["T(| X0, |" <2\ |X|" <2X)] + E[| X, — X[ I(| X, |" > 2X or | X]|" > 2))]
< E[|X,, — X|"I(|X,,|" <2 |X]|" < 2))]

L2 E[(1 X, [+ X)X, |7 > 2X or [X]7 > 2],

where the last inequality follows from the inequality (z+y)” < 2"(max(z,y))" < 2"(2"+y"), x >
0,y > 0. Note that the first term converges to zero from the dominated convergence theorem.



LARGE SAMPLE THEORY 45

Furthermore, when ny, is large, I(| X, | > 2)\) < I(|X]| > A) and I(|X| > 2\) < I(| X, | > )
almost surely. Then the second term is bounded by

2% 2" { E[| X, [T (| X, | = N)] + E[[ X[ I(|X] = M)},
which is smaller than 2"*'e. Thus,

limsup E[| X, — X|"] < 2" e

Let € tend to zero and the result holds.

(E) It is sufficient to show that for any subsequence of {X,,}, there exists a further subsequence
{X,,} such that E[|X,, — X|] — 0. For any subsequence of {X,}, from (B), there exists a
further subsequence {X,, } such that X,,, —,s X. Define

Ynk = 2T(|Xnk|T + |X|T) - |Xnk - X|T > 0.

We apply the Fatou’s Lemma to Y,, and obtain that

/lim infY,, dP < lim inf/Ynde.
n

ny
It is equivalent to

2B X < Tim inf {27 E{| X, '] + 2" B[ X]] = E[| X, — X'}

Thus,
limsup E[| X, — X|"] <2" {liminfEHXnkV] — E[|X|T]} <0.
Nk Nk

The result holds.
(F) We need to use the Holder inequality as follows

[iswaeian<{ [1sepane} " { [a@rae} " Lol

If we choose = P, f = | X, — X|",g=1and p=r/r',qg =r/(r —r') in the Hélder inequality,
we obtain

E[X, — X|"] < E[|X, — X|"]"/" — 0.
(G) X,, =, X. If z is a continuity point of X, i.e., P(X = x) = 0, then for any € > 0,

P(I(X, <z)—I(X <x)|>¢€)

P(I(X, <z)—I(X <x)|>¢|X —2|>0)

+P(|I(X, <z)—I(X <z)| >¢|X —x| <)

PX, <z, X>z+4+0)+PX,>z,X<z—0)+ P(|X —z| <9)
P(|X, — X| > 96)+ P(]X —z| <9).

IA A

The first term converges to zero as n — oo since X,, —, X. The second term can be arbitrarily
small if we choose ¢ is small, since lims_,o P(|X — z| < 0) = P(X = z) = 0. Thus, we have
shown that 1(X, <x)—, (X <z). From the dominated convergence theorem,

Fu(x) = BII(X, < )] — B[I(X < )] = Fx(a).
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Thus, X,, —4¢ X.

(H) One direction follows from (B). To prove the other direction, we use the contradiction.
Suppose there exists € > 0 such that P(|X,, — X| > ¢€) does not converge to zero. Then we can
find a subsequence {X,} such hat P(|X,, — X| > €¢) > ¢ for some 6 > 0. However, by the
condition, we can choose a further subsequence X, such that X,» —,, X then X,» —, X
from A. This is a contradiction.

(I) Let X = c¢. It is clear from the following:

P(|X,—c>€ <1—-F,(c+e)+F(c—€) > 1—Fx(c+e€)+ Fx(c—e€)=0.

Remark 3.3 Denote E[|X|"] as y1,. Then as proving (F) in Theorem 3.1., we obtain pf 'u; = >

r

pot where r > s >t > 0. Thus, log y, is convex in r for r > 0. Furthermore, the proof of (F)
says that ,u71~/ " is increasing in 7.

Remark 3.4 For r > 1, we denote E[|X|"]"/" as || X||, (or | X||z,(r)). Clearly, | X||, > 0 and
the equality holds if and only if X = 0 a.s. For any constant A, ||AX ||, = ||| X]|,. Furthermore,
we note that

E[X+Y[] < BIIX|+[YDIX+Y]™] < EIX[TEX+Y T+ BY T BIX +Y ]
Then we obtain a triangular inequality (called the Minkowski’s inequality)
X+ Yl < 1X ]+ Y-

Therefore, || - || in fact is a norm in the linear space {X : || X||, < oco}. Such a normed space
is denoted as L, (P).
The following examples illustrate the results of Theorem 3.1.

Example 3.1 Suppose that X, is degenerate at a point 1/n; i.e., P(X,, = 1/n) = 1. Then X,
converges in distribution to zero. Indeed, X, converges almost surely.

Example 3.2 X, X, ... are i.i.d with standard normal distribution. Then X,, —4 X; but X,
does not converge in probability to X;.

Example 3.3 Let Z be a random variable with a uniform distribution in [0,1]. Let X, =
I(m27% < Z < (m+ 1)27%) when n = 2¥ + m where 0 < m < 2*. Then X,, converges in
probability to zero but not almost surely. This example is already given in the second chapter.

Example 3.4 Let Z be Uniform(0,1) and let X,, = 2"I(0 < Z < 1/n). Then E[|X,|"]] = oo
but X,, converges to zero almost surely.

The next theorem describes the necessary and sufficient conditions of convergence in mo-
ments from convergence in probability.

Theorem 3.2 (Vitali’s theorem) Suppose that X,, € L.(P), i.e., || X,|, < oo, where 0 <
r < oo and X,, =, X. Then the following are equivalent:
(A) {|X,|"} are uniformly integrable.
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(B) X, =, X.
(C) E|Xal] — E[IX[]- 1

Proof (A) = (B) has been shown in proving (D) of Theorem 1.1. To prove (B) = (C), first
from the Fatou’s lemma, we have

liminf E[|X,|"] > E[|X][].
Second, we apply the Fatou’s lemma to 2"(|X,, — X|" + | X|") — | X,|" > 0 and obtain

E[2'|X|" — |X|"] < 2" liminf B[|X, — X|"] + 2"E[|X|"] — limsup E[|X,|].

Thus,
limsup E[| X,,|"] < E[|X|"] + 2" liminf E[|X,, — X]|"].

We conclude that E[|X,|"] — E[|X]"].
To prove (C') = (A), we note that for any A such that P(|X|" = X) = 0, by the dominated
convergence theorem,

limsup B[, ["1(1X, " = X)) = limsup {E[[X, '] = EIX,/T(1X,1" < M} = BIXFI(X] 2 )

Thus,
/\lim limsup E[| X,|"I(|X,]" > N)] = )\lim limsup F[|X|"I(|X]" > A)] = 0.
—00 n —0 n

From Theorem 3.2, we see that the uniform integrability plays an important role to ensure
the convergence in moments. One sufficient condition to check the uniform integrability of { X, }
is the Liapunov condition: if there exists a positive constant €, such that limsup,, E[| X, | 7] <
0o, then {|X,|"} satisfies the uniform integrability condition. This is because

RN B[ X
B I(X ) > ) < =L

3.1.3 Useful integral inequalities

We list some useful inequalities below, some of which have already been used. The first in-
equality is the Holder inequality:

t/W@%MWé{/V@WW@%M{/WQWW@%W,%+$=L

We briefly describe how the Holder inequality is derived. First, the following inequality holds
(Young’s inequality):

p bq
|ab[§ﬂ+|—|, a,b >0,
p q
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where the equality holds if and only if a = b. This inequality is clear from its geometric meaning.
In this inequality, we choose a = f(z)/ [ {|f(x)|Pdu( (z)}'? and b = g(x z)/ [ {lg(z)]?dp( (z)}"
and integrate over x on both side. It gives the Holder inequality and the equality holds if and
only if f(z) is proportional to g(z) almost surely. When p = ¢ = 2, the inequality becomes

[ ira@iute) < { [ sarinta }2{/mw%mw}m,

which is the Cauchy-Schwartz inequality. One implication is that for non-trivial X and Y,
(E[|XY]])? < E[|X]?]E[[Y|?] and that the equality holds if and only if |X| = ¢,|Y| almost
surely for some constant cg.

A second important inequality is the Markov’s inequality, which was used in proving (C) of
Theorem 3.1:

P(X| > o) < OO
g(e)

where g > 0 is a increasing function in [0, 00). We can choose different g to obtain many similar
inequalities. The proof of the Markov inequality is direct from the following:

fmw>a=EWwan<mgﬂ)mw ) < E%%%.

If we choose g(z) = 22 and X as X — E[X] in the Markov inequality, we obtain
Var(X)

P(X - BIX]| > 0 < =
This inequality is the Chebychev’s inequality and gives an upper bound for controlling the tail
probability of X using its variance.

In summary, we have introduced different modes of convergence for random variables and
obtained the relationship among these modes. The same definitions and relationship can be
generalized to random vectors. One additional remark is that since convergence almost surely
or in probability are special definitions of convergence almost everywhere or in measure as given
in the second chapter, all the theorems in Section 2.3.3 including the monotone convergence
theorem, the Fatou’s lemma and the dominated convergence theorem should apply. Conver-
gence in distribution is the only one specific to probability measure. In fact, this model will be
the main interest of the subsequent sections.

3.2 Convergence in Distribution

Among all the convergence modes of {X,,}, convergence in distribution is the weakest conver-
gence. However, this convergence plays an important and sufficient role in statistical inference,
especially when large sample behavior of random variables is of interest. We focus on such
particular convergence in this section.

3.2.1 Portmanteau theorem

The following theorem gives all equivalent conditions to the convergence in distribution for a
sequence of random variables {X,}.
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Theorem 3.3 (Portmanteau Theorem) The following conditions are equivalent.

(a) X,, converges in distribution to X.

(b) For any bounded continuous function ¢(-), Elg(X,)] — Elg(X)].

(c) For any open set G in R, liminf,, P(X,, € G) > P(X € G).

(d) For any closed set F'in R, limsup, P(X, € F) < P(X € F).

(e) For any Borel set O in R with P(X € 00) = 0 where 0O is the boundary of O, P(X,, €
0O)— P(Xe€0).t

Proof (a) = (b). Without loss of generality, we assume |g(z)| < 1. We choose [—M, M| such
that P(|X| = M) = 0. Since g is continuous in [—M, M], g is uniformly continuous in [—M, M].
Thus for any €, we can partition [—M, M] into finite intervals I; U ... U I,,, such that within
each interval I, max;, g(z) —minj, g(z) < € and X has no mass at all the endpoints of I, (this
is feasible since X has at most countable points with point masses). Therefore, if choose any
point xy € I,k =1,....,m,

|Elg(Xn)] — Elg(X)]]
Ellg(Xo)[I(|Xa] > M)] + El|lg(X)|{(|X]| > M)]

IA

Ms

HEgX)I([Xn] < M) =} g(ax)P(X, € Ii)|

—_

m

+| Zg(l"k)P(Xn € Iy) -

k=1

MSTT

g(zr)P(X € I)|

—_

HEGXOI(X] < M) = > g(x) P(X € L)

MSTT

=
Il
A

P(|X,| > M)+ P(|X| > M) +2c+ Y _|P(X, € ) — P(X € I).
k=1
Thus, limsup,, |E[g(X,)] — E[g(X)]| <2P(|X| > M) + 2¢. Let M — oo and € — 0. We obtain
(b).

(b) = (c). For any open set GG, we define a function

€

9() :1—m7

where d(x,G°) is the minimal distance between x and G°, defined as infcqe
any y € G°,

x — y|. Since for

(1, G°) = |2 =y <o —yl = |v2 =y <oy — 22,
we have d(z1, G%) — d(xq, G) < |x; — 23]. Then,
l9(21) — g(22)| < €M |d(w1,G%) — d(2, G°)| < € My — .

g(x) is continuous and bounded. From (a), E[g(X,)] — E[g(X)]. Note g(z) =0 if x ¢ G and
lg(z)| < 1. Thus,
liminf P(X,, € G) > liminf Flg(X,,)] — Elg(X)].
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Let € — 0 and we obtain E[g(X)] converges to E[I(X € G)] = P(X € G).
(¢) = (d). This is clear by taking complement of F.
(d) = (e). For any O with P(X € 00) = 0, we have

limsup P(X,, € O) < limsup P(X,, € 0) < P(X € O) = P(X € 0),
and
liminf P(X,, € O) > liminf P(X,, € O°) > P(X € O°) = P(X € O).

Here, O and O° are the closure and interior of O respectively.
(e) = (a). It is clear by choosing O = (—o0, z] with P(X € 00) = P(X =z) =0. T

The conditions in Theorem 3.3 are necessary, as seen in the following examples.

Example 3.5 Let g(x) = z, a continuous but unbounded function. Let X, be a random
variable taking value n with probability 1/n and value 0 with probability (1 — 1/n). Then
X, —a 0. However, E[g(X)] =1 - 0. This shows that the boundness of ¢ in condition (b) is
necessary.

Example 3.6 The continuity at boundary in (e) is also necessary: let X,, be degenerate at 1/n
and consider O = {z : > 0}. Then P(X,, € O) =1 but X,, —4 0.

3.2.2 Continuity theorem

Another way of verifying convergence in distribution of X, is via the convergence of the char-
acteristic functions of X,,, as given in the following theorem. This result is very useful in many
applications.

Theorem 3.4 (Continuity Theorem) Let ¢, and ¢ denote the characteristic functions of

X, and X respectively. Then X,, —; X is equivalent to ¢,(t) — ¢(t) for each ¢. }

Proof To prove = direction, from (b) in Theorem 3.1,
on(t) = E[e""] — E[e"™] = ¢(1).

We thus need to prove < direction. This proof consists of the following steps.
Step 1. We show that for any e, there exists a M such that sup, P(|X,| > M) < e. This
property is called asymptotic tightness of {X,}. To see that, we note that

d d
5 a-ena = B [ 0=
- Bl20- )
1 2
> BR(1 - %] > 3
2

2 P(Xa] > 5).
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However, the left-hand side of the inequality converges to

1 (9
5 [ a—otnar
-5

Since ¢(t) is continuous at ¢ = 0, this limit can be smaller than e if we choose § small enough.
Let M = 2. We obtain that when n > Ny, P(|X,| > M) < e. Choose M larger then we can
have P(|Xy| > M) <, for k =1,..., Ny. Thus,

sup P(|X,,| > M) < e.

Step 2. We show for any subsequence of {X,,}, there exists a further sub-sequence {X,, } and
the distribution function for X,, , denoted by F), , converges to some distribution function.
First, we need the Helly’s Theorem.

Helly’s Selection Theorem For every sequence {F},} of distribution functions, there exists a
subsequence {F,, } and a nondecreasing, right-continuous function F such that F,, (z) — F(x)
at continuity points x of F'.

We defer the proof of the Helly’s Selection Theorem to the end of the proof. Thus, from
this theorem, for any subsequence of {X,,}, we can find a further subsequence {X,, } such that
F,, () — G(x) for some nondecreasing and right-continuous function G' and the continuity
points z of G. However, the Helly’s Selection Theorem does not imply that G is a distribution
function since G(—o0) and G(oco) may not be 0 or 1. But from the tightness of {X,,, }, for any
€, we can choose M such that F,, (—M )+ (1—F,, (M)) = P(|X,| > M) < e and we can always
choose M such that —M and M are continuity points of G. Thus, G(—M) + (1 — G(M)) < e.
Let M — oo and since 0 < G(—M) < G(M) < 1, we conclude that G must be a distribution
function.

Step 3. We conclude that the subsequence {X,,, } in Step 2 converges in distribution to X.
Since F},, weakly converges to G(x) and G(z) is a distribution function and ¢,, (¢) converges to
o(t), ¢(t) must be the characteristic function corresponding to the distribution G(z). From the
uniqueness of the characteristic function in Theorem 1.1 (see the proof below), G(z) is exactly
the distribution of X. Therefore, X,,, —4 X. The theorem has been proved.

We need to prove the Helly’s Selection Theorem: let 71,75, ... be all the rational numbers.
For 71, we choose a subsequence of {F},}, denoted by Fii, Fia, ... such that Fii(ry), Fia(r1), ...
converges. Then for r,, we choose a further subsequence from the above sequence, denote
by Fby, Fo, ... such that Fy(rg), Foo(rs), ... converges. We continue this for all the rational
numbers. We obtain a matrix of functions as follows:

Fll F12
F21 F22

We finally select the diagonal functions, Fiy, Fss, .... thus this subsequence converges for all the
rational numbers. We denote their limits as G(r1), G(r2), ... Define G(x) = inf,, -, G(rg). It is
clear to see that GG is nondecreasing. If x; decreases to z, for any € > 0, we can find 75 such that

rs > x and G(x) > G(rs) — €. Then when k is large, G(zx) — € < G(rs) — e < G(z) < G(xy).
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That is, limg G(zx) = G(x). Thus, G is right-continuous. If x is a continuity point of G, for
any €, we can find two sequence of rational number {7} and {ry} such that r; decreases to x
and 7y increases to x. Then after taking limits for the inequality Fy(ry) < Fy(z) < Fy(rg), we
have

G(ryp) < limlinf Fy(x) <limsup Fy(z) < G(rg).
I

Let k — oo then we obtain lim; Fj;(z) = G(x).
It remains to prove Theorem 1.1, whose proof is deferred here: after substituting ¢(¢) in to
the integration, we obtain

1 T e—zta o e—ztb —zta - —ztb it
e / / 4 () dt

// e — et b)dtdF()

The interchange of the integrations follows from the Fubini’s theorem. The last part is equal

00 o T)z—al| _ T|z—b|
[ 7 sty e
— 00 7T 0 T 0

The integrand is bounded by %fooo %dt and as T — o0, it converges to 0, if z < a or x > b;
1/2,ifx =aorx =0; 1, if © € (a,b). Therefore, by the dominated convergence theorem, the
integral converges to

F(b-) ~ Fla) + 5 {F(5) ~ F(b-)} + 5 {F(a) = F(a-)}.

Since F' is continuous at b and a, the limit is the same as F'(b) — F(a). Furthermore, suppose
that F' has a density function f. Then

F(x) ~ F(0) = 5 /_Oo 1_Z,—i_m¢(t)dt.

a 1— efztz

Since o(t)| < ¢(t), according to the interchange between derivative and integration,

we obtaln

fm:i[ﬁmwm.

2

The above theorem indicates that to prove the weak convergence of a sequence of random
variables, it is sufficient to check the convergence of their characteristic functions. For example,
if X1, ..., X, are i.i.d Bernoulli(p), then the characteristic function of X,, = (X} + ... + X,,)/n is
given by (1 —p+pe/™)™ converges to a function ¢(t) = ¢, which is the characteristic function
for a degenerate random variable X = p. Thus X,, converges in distribution to p. Then from
Theorem 3.1, X,, converges in probability to p.

Theorem 3.4 also has a multivariate version when X, and X are k-dimensional random
vectors: X, —¢ X if and only if Flexp{it'X, }| — E[exp{it' X }], where t is any k-dimensional
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constant. Since the latter is equivalent to the weak convergence of t'X,, to t’X, we conclude
that the weak convergence of X, to X is equivalent to the weak convergence of ¢'X,, to t'X
for any t. That is, to study the weak convergence of random vectors, we can reduce to study
the weak convergence of one-dimensional linear combination of the random vectors. This is the
well-known Cramér-Wold’s device:

Theorem 3.5 (The Cramér-Wold device) Random vector X,, in R* satisfy X,, —4 X if
and only /X, —4¢'X in R for all t € R*.

3.2.3 Properties of convergence in distribution

Some additional results from convergence in distribution are the following theorems.

Theorem 3.6 (Continuous mapping theorem) Suppose X,, —,, X, or X,, —, X, or
X, —a X. Then for any continuous function g(-), g(X,) converges to g(X) almost surely, or
in probability, or in distribution.

Proof If X,, —,, X, then clearly, g(X,) —as 9(X). If X, —, X, then for any subsequence,
there exists a further subsequence X,, —,s X. Thus, ¢(X,,) —as 9(X). Then g(X,) —,
g(X) from (H) in Theorem 3.1. To prove that g(X,) —4 g(X) when X,, —4 X, we apply (b)
of Theorem 3.3. T

Remark 3.5 Theorem 3.6 concludes that g(X,,) —4 g(X) if X,, —4 X and g is continuous. In
fact, this result still holds if P(X € C(g)) = 1 where C(g) contains all the continuity points
of g. That is, if ¢g’s discontinuity points take zero probability of X, the continuous mapping
theorem holds.

Theorem 3.7 (Slutsky theorem) Suppose X,, —4 X, Y, —, y and Z,, —, z for some
constant y and z. Then Z,X,, +T,, =4 2X +y.
Proof We first show that X,, +Y,, —4 X +y. For any € > 0,

<PX,<z—y+e) +P(Y,—y|>e).

Thus,
limsup Fx, 1y, (z) < limsup Fx, (z —y +¢€) < Fx(r —y +¢).

On the other hand,
PX,+Y,>2)=PX,+Y,>uxz|V,—y| <e)+ P(|Y, —y| > ¢)

<PX,>x—y—¢)+P(Y,—y| >e).
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Thus,

limsup(l — Fx, 1y, (z)) < limsup P(X,, >z —y —¢€) < limsup P(X,, > = —y — 2¢)

< (1 - Fx(z—y—2e).
We obtain

Fx(z —y —2¢) <liminf Fx, v, (x) < limsup Fx, 1y, (z) < Fx(z 4+ y +¢€).

n

Let € — 0 then it holds

Fxiy(z—) < liminf Fx, 1y, (z) < limsup Fx, v, (2) < Fxy(2).
Thus, X, +Y, —¢ X + .
On the other hand, we have

1
P((Z, — 2)Xp| > €) < P(|Zn — 2| > ) + P(|Z,, — 2| < €, |X,| > =).
€

Thus,

1 1
limsup P(|(Z, — 2)X,| > €) < limsup P(|Z, — z| > €*) +limsup P(| X,,| > 2—) — P(|X]| > 2—)
n n n € €

Since € is arbitrary, we conclude that (Z,, —2)X,, —, 0. Clearly zX,, —; 2X. Hence, Z,X,, —4
zX from the proof in the first half. Again, using the first half’s proof, we obtain Z,X,, + Y, —4
2 X +y.

Remark 3.6 In the proof of Theorem 3.7, if we replace X,, +Y,, by aX, + bY,, we can show
that a X, +0Y,, —4 aX + by by considering different cases of either a or b or both are non-zeros.
Then from Theorem 3.5, (X,,,Y,) —4 (X,y) in R% By the continuity theorem, we obtain
X, +Y, =4 X +yand X,Y, —4 Xy. This immediately gives Theorem 3.7.

Both Theorems 3.6 and 3.7 are useful in deriving the convergence of some transformed
random variables, as shown in the following examples.

Example 3.7 Suppose X,, —4 N(0,1). Then by continuous mapping theorem, X2 —; x3.

Example 3.8 This example shows that g can be discontinuous in Theorem 3.6. Let X,, —4 X
with X ~ N(0,1) and g(x) = 1/x. Although g(x) is discontinuous at origin, we can still show
that 1/X,, —4 1/X, the reciprocal of the normal distribution. This is because P(X = 0) = 0.
However, in Example 3.6 where g(z) = I(z > 0), it shows that Theorem 3.6 may not be true
if P(X € C(g)) < 1.

Example 3.9 The condition Y,, —, y, where y is a constant, is necessary. For example, let
X, =X ~Uniform(0,1). Let ¥,, = =X so Y,, =4 — X, where X is an independent random
variable with the same distribution as X. However X,,+Y,, = 0 does not converge in distribution
to the non-zero random variable X — X.
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Example 3.10 Let X, X5, ... be a random sample from a normal distribution with mean u
and variance o2 > 0, then from the central limit theorem and the law of large number, which
will be given later, we have

\/E(Xn — [/,) —d N(O, 0'2), S, = Z(Xz - Xn>2 —a.s 02'
Thus, from Theorem 3.7, it gives

X, — 1

Vo —p —N(0,0%) = N(0,1).
Sn o

From the distribution theory, we know the left-hand side has a t-distribution with degrees of

freedom (n — 1). Then this result says that in large sample, ¢, ; can be approximated by a

standard normal distribution.

3.2.4 Representation of convergence in distribution

As already seen before, working with convergence in distribution may not be easy, as compared
with convergence almost surely. However, if we can represent convergence in distribution as
convergence almost surely, many arguments can be simplified. The following famous theorem
shows that such a representation does exist.

Theorem 3.8 (Skorohod’s Representation Theorem) Let {X,,} and X be random vari-
ables in a probability space (Q, A, P) and X,, —4 X. Then there exists another probability
space (Q, A, P) and a sequence of random variables X,, and X defined on this space such that
X, and X,, have the same distributions, X and X have the same distributions, and moreover,
X, —ras. X. 1

Before proving Theorem 3.8, we define the quantile function corresponding to a distribution
function F(z), denoted by F~1(p), for p € [0, 1],

F~Yp) = inf{z : F(x) > p}.
Some properties regarding the quantile function are given in the following proposition.

Proposition 3.1 (a) F~! is left-continuous.

(b) If X has continuous distribution function F, then F(X) ~ Uniform(0,1).

(c) Let & ~ Uniform(0,1) and let X = F~1(&). Then for all z, {X <z} = {¢ < F(z)}. Thus,
X has distribution function F'.

Proof (a) Clearly, ! is nondecreasing. Suppose p, increases to p then F~!(p,) increases to
some y < F~1(p). Then F(y) > p, so F(y) > p. Therefore F~'(p) < y by the definition of
F~Y(p). Thus y = F~'(p). F~! is left-continuous.

(b) {X < z} Cc {F(X) < F(z)}. Thus, F(z) < P(F(X) < F(x)). On the other hand,
{F(X) < F(x)—¢} C{X <z}. Thus, P(F(X) < F(x)—¢) < F(z). Let ¢ — 0 and we obtain
P(F(X) < F(zr)—) < F(x). Then if X is continuous, we have P(F(X) < F(x)) = F(x) so
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F(X) ~Uniform(0,1).
() PX <a)=P(F 1§ <z)=PE¢ < Fx)=F(z). t

Proof Using the quantile function, we can construct the proof of Theorem 3.8. Let (Q, A, 15)
be ([0,1],BN[0,1],\), where X is the Borel measure. Define X,, = F-1(£), X = F~1(¢), where
¢ is uniform random variable on (2, A, P). From (c) in the previous proposition, X, has a
distribution F;, which is the same as X,,. It remains to show Xn —as X.

For any t € (0,1) such that there is at most one value x such that F(z) =t (it is easy to
see t is the continuous point of F~!), we have that for any z < z, F'(z) < t. Thus, when n is
large, F,(z) < t so F;'(t) > 2. We obtain liminf, F,;'(t) > 2. Since z is any number less than
z, we have liminf, F,;!(t) > x = F~'(t). On the other hand, from F(z + €) > t, we obtain
when n is large enough, F,,(z +¢€) >t so F;'(t) < x + €. Thus, limsup,, F,!(t) < z + . Since
€ is arbitrary, we obtain limsup,, F,;!(¢) < z.

We conclude F;(t) — F~(t) for any ¢ which is continuous point of F'~*. Thus F,!(t) —
F~1(t) for almost every ¢ € (0,1). That is, X, —as X. T

This theorem can be useful in a lot of arguments. For example, if X,, —; X and one
wishes to show some function of X,,, denote by g(X,), converges in distribution to g(X), then
by the representation theorem, we obtain X, and X and X, —,, X. Thus, if we can show

9(Xn) —ras. 9(X), which is often easy to show, then of course, g(X,) —4 g(X). Since g(X,,)
has the same distribution as ¢(X,) and so are g(X) and ¢g(X), g(X,) —4 g(X). Using this
technique, readers should easily prove the continuous mapping theorem. Also see the diagram

in Figure 2.

Figure 2: Representation of Convergence in Distribution

Our final remark of this section is that all the results such as the continuous mapping
theorem, the Slutsky theorem and the representation theorem can be in parallel given for the
convergence of random vectors. The proofs for random vectors are based on the Cramé-Wold’s
device.

3.3 Summation of Independent Random Variables

The summation of independent random variables are commonly seen in statistical inference.
Specially, many statistics can be expressed as the summation of i.i.d random variables. Thus,
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this section gives some classical large sample results for this type of statistics, which include
the weak /strong law of large numbers, the central limit theorem, and the Delta method etc.

3.3.1 Preliminary lemma

Proposition 3.2 (Borel-Cantelli Lemma) For any events A,

i P(A,) < o

implies P(A,,i.0.) = P({A,} occurs infinitely often) = 0; or equivalently, P(N2, Upspn Ap) =
0. 1

Proof
P(A,,i.0) € P(UpznAm) <> P(A,) =0, asn— .

m>n

As a result of the proposition, if for a sequence of random variables, {Z,}, and for any € > 0,
> P(|Z,| > €) < oo. Then with probability one, |Z,| > € only occurs finite times. That is,
Z'Il %G.S‘ O'

Proposition 3.3 (Second Borel-Cantelli Lemma) For a sequence of independent events

Ay, Ag, o Y7 P(A,) = oo implies P(Ap,i.0.) = 1. t

Proof Consider the complement of {A,,,i.0}. Note

P(U;.LO:I Om>n Afn) = hmp(mmZnAfn) = lim H (1 - P(Am)) < lim sup eXp{_ Z P(Am)} = 0.

m>n m>n

Proposition 3.4 X, X, ..., X,, are i.i.d with finite mean. Define Y,, = X,I(|X,,| < n). Then
S P(X, £ V) < oo,

Proof Since F[|X|] < oo,

Y P(Xn#Ya) <Y P(X[>n)=> nPn<|X[<(n+1)) <) E[X]] < oo.

n=1 n=1

From the Borel-Cantelli Lemma, P(X,, # Y,,,i.0) = 0. That is, for almost every w € 2, when
n is large enough, X, (w) =Y, (w). T
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3.3.2 Law of large numbers

We start to prove the weak and strong law of large numbers.

Theorem 3.9 (Weak Law of Large Number) If X, X;,..., X, are i.i.d with mean pu (so
E[|X]|] < 00 and p = E[X]), then X,, —, u. 1

Proof Define Y,, = X, I(—n < X,, < n). Let fi,, = >_,_, E[Y;]/n. Then by the Chebyshev’s
inequality, -

Var(Y,) _ Sy Var(X (X < k)

P(|Yn _ﬂn| 2 6) S €2 n2e2

Since

Var(Xp I(|Xx| < k) < E[XPI(| Xy < k)]
= B[XH(|Xy| <k, | X3 > VE?)] + BIX2(|X| < K, |X| < VEe?)]
< KB[XuI(1Xy] > VEe?)] + ke,

ne? 2n2
Thus, limsup,, P(|Y, —_ﬂn| > €) < 2. We conclude that Y, — fi,, —, 0. On the other hand,
fin — p. We obtain Y, —, p. This implies that for any subsequence, there is a further
subsequence Y, —as M- Sir_lce X, is eventually the same as Y, for almost every w from
Proposition 3.4, we conclude X, —,s p. This implies X,, =, p.

Theorem 3.10 (Strong Law of Large Number) If X, ..., X, are i.i.d with mean p then
Xn _>a‘s. ,LL' T

Proof Without loss of generality, we assume X,, > 0 since if this is true, the result also holds
for any X, by X,, = X;F — X .

Similar to Theorem 3.9, it is sufficient to show Y,, —,, p, where Y,y = X,,I(X,, < n). Note
E[Y,] = E[X11(X; <n)] = uso

> ENil/n—p.

Thus, if we denote S, = Yr_, (Vi — E[Y]) and we can show S,,/n —,.. 0, then the result holds.
Note

Var(S,) = Zn: Var(Yy) < Zn: E[Y?] < nE[X2I(X, < n)].

k=1 k=1

Then by the Chebyshev’s inequality,
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For any o > 1, let w,, = [@"]. Then

ZP P g 23 Lo < < e L
= 62 YT e ! '

n up>X1 "

Since for any x>0, 32, - At} ' <230 Si0pa/i0ga @ " < Ko for some constant K, we

have ~
9] Su
P n
> (2

n=1 n

K
>€) < E—QE[Xl] < 00,

From the Borel-Cantelli Lemma in Proposition 3.2, Sun JUn —a.s. 0.
For any k, we can find u,, < k < u,y1. Thus, since X5, Xy, ... > 0,

Sy

Up Uni1 Tk Up+1  Up

Unp, Sk

n

Sun+1 Up+1

After taking limits in the above, we have

/o < liminf& < limsup% < pa.

Since « is arbitrary number larger than 1, let & — 1 and we obtain limy Sy, /k = p. The proof
is completed.

3.3.3 Central limit theorem

We now consider the central limit theorem. All the proofs can be based on the convergence of
the corresponding characteristic function. The following lemma describes the approximation of
a characteristic function.

Proposition 3.5 Suppose E[|X|"] < oo for some integer m > 0. Then

m . k
lox(t) k? |/1t™ =0, ast—0.
k=0

Proof We note the following expansion for e%®,

" (itx)* ztm) 0
- Z Kl [ = 1],
—1

where 6 € [0,1]. Thus,

m k
ox(t) — 32 LB < Bl1XT 1 — 1]}/l 0,
k=0
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ast — 0. T

Theorem 3.11 (Central Limit Theorem) If X, ..., X,, are i.i.d with mean y and variance
o2 then \/n(X, — p) —4 N(0,02). t

Proof Denote Y,, = \/E(Xn — ). We consider the characteristic function of Y,.

v, (1) = {dx,-u(t/Vn)}".
Using Proposition 3.5, we have ¢x, _,.(t/v/n) =1 — 0?t*/2n + o(1/n). Thus,

242
v (1) = exp{~ T}

The result holds.

Theorem 3.12 (Multivariate Central Limit Theorem) If X, ... X, are Lid random
vectors in R* with mean p and covariance ¥ = E[(X —pu)(X —p)'], then v/n( X, —u) —4 N(0,%).
t

Proof Similar to Theorem 3.11, but this time, we consider a multivariate characteristic function
Elexp{iv/nt'(X,, — u)}]. Note the result of Proposition 3.5 holds for this multivariate case. }

Theorem 3.13 (Liapunov Central Limit Theorem) Let X, ..., X,,,, be independent ran-
dom variables with p,; = E[X,;] and 02, = Var(X,;). Let p, = D0 pni, 02 = >0 02,
If

3
g
=1 n

then Y77 (Xni — ftni) /o0 —+a N(0,1). §

— 0,

We skip the proof of Theorem 3.13 but try to give a proof for the following Theorem 3.14,
for which Theorem 3.13 is a special case.

Theorem 3.14 (Lindeberg-Fell Central Limit Theorem) Let X1, ..., X,,,, be independent
random variables with p,; = E[X,;] and 02, = Var(X,;). Let 02 = >."  02,. Then both

i=1"ni*
S (Xni — tni) Jon —a N(0,1) and max {02,/02 : 1 <i <n} — 0if and only if the Lindeberg
condition

1 n
— > Bl X — pinil*I(| X0i — pini| > €0,,)] = 0, for all € >0
n =1

holds. T
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Proof “ <": We first show that max{c?, /02 :1 <k <n} — 0.
O/ Tn < E[|(Xok — ) /o]
1

1
< B ( Xk~ pue] 2 €)Xk = )] + €.

n

Thus,
1 n
mz?X{Uik/Ui} < o2 Z Bl Xk — ,unk‘2j(‘Xnk — Hnk| = €0n)] + ¢

n k=1
From the Lindeberg condition, we immediately obtain

mgx{aik/ai} — 0.

To prove the central limit theorem, we let ¢,x(t) be the characteristic function of (X, —
tnk)/0n. We note

072Z 12
| () — (1 — U—ngﬂ
i 2 NG i
<E ||t (Xnk—=pnk)/on _ Z (Zt)j Xnk — Hnk ’ ‘
- T

<E [(|Xnk - Mnk| Z Ean)

2 N .
O i) 7 _ 5 (i) ( Xk = por \’ ‘
— ! oy

1=

+FE

j! On

2 e .
, Y N
I(| Xk — k] < €0) U Xnk—pnk)/on 2 : (it) (X k= [ k> )] .

J=0

From the expansion in proving Proposition 3.5, the inequality |e®® — (1 + itx — t?2?/2)| < t22?
so we apply it to the first half on the right-hand side. Additionally, from the Taylor expansion,
et — (1 + itw — t222/2)] < |t|*|z|®/6 so we apply it to the second half of the right-hand side.
Then, we obtain

2 42
Onk t
Xk — ln, 2
<E | 1(| Xk — o] > €012 (k_/ﬂf) ]
O-TL
X — po?
B {I(|Xnk — pnk] < eon)|t|3% }
6oy
t 2 €lt]? o2,
< 5z Bl = o) T ([ Xk = pimi] 2 e0m)] + =5= 5"
Therefore,
o 5 elt|?

D 16nk(t) = (1= 5B < —5 > 7 B (X = ] > €)Xt = i) + =
k=1 n
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This summation goes to zero as n — oo then € — 0.
Since for any complex numbers 721, ..., Z,,, W1, ..., W,,, with norm at most 1,

|20 Zg = Wi Wi | < |2 = Wi,

k=1
we have
- - 2 ng - 2 aik
[T ¢t =[]0 - gg)ﬂ < k() — (1— Eﬁ)l — 0.
k=1 k=1 n k=1 n

On the other hand, from |e* — 1 — z| < |z|2el,

n

n £2 o2 n
| H€,t2gik/2ai . H(l _ 5%)” < Z |67t20'ik/20 14 %0 2k/20_n|
k=1 " k=1

3

IA
®,

/20t 4ot < (max{ank/an})2 BRI 0.

i
I

We have . .
[T énit) = [L e 7/272] — 0.
k=1 k=1

The result thus follows by noticing

n

2,2 .2
Het k/?an_>€t/2‘
k=1

“=": First, we note that from 1 — cosz < 2?/2,

n

t2

t? y
E Xnk — HUnk I Xnk — HUnk > €0y, S N / ank
20-721 kZ; | | <| | )] 2 k=1 ‘Xnk_ll/nk‘SQTVL 20—2 ( )
Sy
S 5 [1 — cos(ty/on)|dFu(y),
2 k=1 |Xnk U/nk|<€0'n

where F is the distribution for X5 — pnk. On the other hand, since max{o,;/0,} — 0,
maxy, [¢nx(t) — 1| — 0 uniformly on any finite interval of ¢. Then

1> log duk(t) — Z(% —1|<Z|¢nk ) = 1P < max{|gu(t —1|}Z|¢nk )1
k=1

k=1

< max{[on(t) — 1|}2:t2

Thus,

n

Zlog Onk(t) = Z(¢nk( ) —1) +o(1).

k=1
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Since Y p_, log ¢k (t) — —t*/2 uniformly in any finite interval of ¢, we obtain

n

D (1= dur(t)) = 2/2+ o(1)

k=1

uniformly in finite interval of ¢. That is,
> / (1 — cos(ty/on))dEu(y) = t2/2 + o(1).
k=1

Therefore, for any e and for any [t| < M, when n is large,

2 — ZE | Xk — fte| 2T (| X — p| > €0)] < Z/ [1 — cos(ty/on)]dFu(y) + €
O-TL k=1 Xnk— ,U'nk‘>50'n
- 2 = E[| Xk — pnr]?
SQZ/ ank(y)+e<—QZ ! k2ﬂk|]+€§2/e2+e.
k=1 7 | Xnk—tnk|>€on € Tn

Let t = M = 1/€3 and we obtain the Lindeberg condition. f

Remark 3.7 To see how Theorem 3.14 implies the result in Theorem 3.13, we note that

1 n
n =1

Tn k=1
We give some examples to show the application of the central limit theorems in statistics.
Example 3.11 This is one example from a simple linear regression. Suppose X; = a+ 8z, +¢;

for j =1,2,... where z; are known numbers not all equal and the ¢; are i.i.d with mean zero
and variance 02. We know that the least square estimate for 3 is given by

ZX —zn/Z
—B+Zq —zn/Z

Assume

= \2 = \2
max(2; — Zn) /;(Zj —Zp)” = 0.

we can show that the Lindeberg condition is satisfied. Thus, we conclude that

a \/zjﬂ(z; =5 5 )y N0.0%),
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Example 3.12 The example is taken from the randomization test for paired comparison. In a
paired study comparing treatment vs control, 2n subjects are grouped into n pairs. For pair, it
is decided at random that one subject receives treatment but not the other. Let (X}, Y;) denote
the values of jth pairs with X; being the result of the treatment. The usual paired ¢-test is
based on the normality of Z; = X; —Y; which may be invalid in practice. The randomization
test (sometimes called permutation test) avoids this normality assumption, solely based on
the virtue of the randomization that the assignments of the treatment and the control are
independent in the pair, i.e., conditional on |Z;| = z;, Z; = |Z;|sgn(Z;) is independent taking
values £|Z;| with probability 1/2, when treatment and control have no difference. Therefore,
conditional on 21, 2y, ..., the randomization ¢-test, based on the t-statistic v/n — 17, /s, where s?
is 1/n 5 (Z; — Z,)%, has a discrete distribution on 2" equally likely values. We can simulate
this dlstrlbutlon by the Monte Carlo method easily. Then if this statistic is large, there is strong
evidence that treatment has large value. When n is large, such computation can be intimate,
a better solution is to find an approximation. The Lindeberg-Feller central limit theorem can
be applied if we assume

maxz2/Zz — 0.

i<n

It can be shown that this statistic has an asymptotic normal distribution N(0,1). The details
can be found in Ferguson, page 29.

Example 3.13 In Ferguson, page 30, an example of applying the central limit theorem is given
for the signed-rank test for paired comparisons. Interested readers can find more details there.

3.3.4 Delta method

In many situation, the statistics are not simply the summation of independent random variables
but a transformation of the latter. In this case, the Delta method can be used to obtain a similar
result to the central limit theorem.

Theorem 3.15 (Delta method) For random vector X and X, in R* | if there exists two
constant a, and p such that a, (X, —p) —4¢ X and a,, — oo, then for any function ¢ : R — R
such that g has a derivative at p, denoted by Vg ()

an(g(Xn) — g(1)) —a Vg(p) X

Proof By the Skorohod representation, we can construct X,, and X such that X,, ~4 X,, and
X ~g X (~q means the same distribution) and a, (X, —) —q.s. X. Then a,(9(Xn)—g(1)) —a.s.
V(1) X. We obtain the result. 1

As a corollary of Theorem 3.15, if \/n(X, — p) —q N(0,0?), then for any differentiable
function g(-), via(g(X) — g(1)) =4 N(0.g'(1)%")
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Example 3.14 Let Xy, X, ... be i.i.d with fourth moment. An estimate of the sample vari-
ance is s2 = (1/n) Y1 (X; — X,,)®. We can use the Delta method in deriving the asymp-
totic dlstrlbutlon of s2. Denote my, as the kth moment of X; for ¥ < 4. Note that s =

(1/n) 370, X7 — (301, Xi/n)? and

Xn my mo — Ny m3 — Mmimes
il (amsne) = )] = (0 G, " 0%))
we can apply the Delta method with g(x,y) = y — 2% to obtain

Vn(s2 —Var(Xy)) —q N(0,my — (mg —m3)?).

Example 3.15 Let (Xj,Y1),(Xs,Y3),... be i.i.d bivariate samples with finite fourth moment.
One estimate of the correlation among X and Y is

~ Swy
Pn = 2.2’
5355,

whete s, = (1/n) X0, (Xi=X)(Yi— o), 52 = (1/n) S0, (Xi—X,)? and 52 = (1/n) Y0, (Vi—
Y,)?. To derive the large sample distribution of p,, we can first obtain the large sample
2

distribution of (s, s2, s,) using the Delta method as in Example 3.14 then further apply the

Delta method with g(z,y, z) = x/\/yz. We skip the details.

Example 3.16 The example is taken from the Pearson’s Chi-square statistic. Suppose that
one subject falls into K categories with probabilities p, ..., px, where p; + ... + px = 1. We
actually observe nq, ..., ng subjects in these categories from n = n; + ... + ng i.i.d subjects. The
Pearson’s statistic is defined as

3

K
Z n — p)?/ ks

k=1

which can be treated as ) (observed count — expected count)?/expected count. To obtain the
asymptotic distribution of x?, we note that \/n(ny/n — p1,...,nx/n — px) has an asymptotic
multivariate normal distribution. Then we can apply the Delta method to g(z1,...,2x) =

K
> i xi

3.4 Summation of Non-independent Random Variables

In statistical inference, one will also encounter the summation of non-independent random
variables. Theoretical results of the large sample theory for general non-independent random
variables do not exist but for some summations with special structure, we have the similar
results to the central limit theorem. These special cases include the U-statistics, the rank
statistics, and the martingales.
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3.4.1 U-statistics

We suppose Xj, ..., X,, are i.i.d. random variables.

Definition 3.6 A U-statistics associated with h(x1, ..., z,) is defined as
1 -
= > (X, ... Xg,),
r (r) B
where the sum is taken over the set of all unordered subsets § of r different integers chosen
from {1,...,n}. T

One simple example is h(z,y) = zy. Then U, = (n(n — 1))~ > iz XiXj. Many examples
of U statistics arise from rank-based statistical inference. If let X(j),..., X(;,) be the ordered
random variables of X7, ..., X,,, one can see

U, = Blh(X1, .0, X)X (1, ooy X

Clearly, U, is the summation of non-independent random variables.
If define h(‘rh s ZBT) .aS (T!)_l 2(51 ,,,,, Zr) is permutation of (z1, ..., zr) h(fb "'7 ‘%7‘)7 then h(‘rh e xT)

In the last expression, h is called the kernel of the U-statistic U,,.
The following theorem says that the limit distribution of U is the same as the limit distri-
bution of a sum of i.i.d random variables. Thus, the central limit theorem can be applied to

U.

Theorem 3.16 Let p = E[h(Xy,..., X,)]. If E[h(X, ..., X,)?] < oo, then
Vi(Un — ) = v/n Z ElUy — p|Xi] = 0.
Consequently, \/ﬁ(Un — 1) is asymptotically normal with mean zero and variance r?o?, where,

with X4, ..., X,, X4, ..., X, i.i.d variables,

0% = Cov(h(X1, Xo, ..., X)), (X1, Xo, ..., X,.)).

To prove Theorem 3.16, we need the following lemmas. Let & be a linear space of random
variables with finite second moments that contain the constants; i.e., 1 € § and for any X, Y €
S, aX 4+ bY € S, where a and b are constants. For random variable T', a random variable S is
called the projection of T on S if E[(T — S)?] minimizes E[(T — S)?],S € S.

Proposition 3.6 Let S be a linear space of random variables with finite second moments.
Then S is the projection of 7" on § if and only if S € S and for any S € S, E[(T — S)S| =
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Every two projections of 7" onto S are almost surely equal. If the linear space S contains the
constant variable, then E[T| = E[S]| and Cov(T — S,S) =0 for every S € S. t

Proof For any S and S in S,
E[(T - 8)4 = E[(T — 5)4] + 2E[(T — S)S] + E[(S — 5)?.

Thus, if S satisfies that E[(T — S)S] = 0, then E[(T — 5)% > E[(T — S)?. Thus, S is
the projection of T on §. On the other hand, if S is the projection, for any constant c«,
E[(T — S — aS)?] is minimized at o = 0. Calculate the derivative at & = 0 and we obtain
E((T - 9)S] =

If T' has two projections Sy and Sy, then from the above argument, we have E[(S,—55)? = 0.

Thus, S; = Sy, a.s. If the linear space § contains the constant variable, we choose S = 1. Then
0= E[(T — S)S] = E[T] — E[S]. Clearly, Cou(T — S,S) = E[(T — S)S] =0. t

Proposition 3.7 Let &, be linear space of random variables with finite second moments
that contain the constants. Let 7T,, be random variables with projections S, on to §,. If
Var(T,)/Var(S,) — 1 then

_ T,—E[T,] S,— E[S,]

- VVar(T,) B V' Var(S

I

—p 0.

Proof E[Z,] = 0. Note that

Cov(T,, S,)

Var(Z,) =2 — )
(Zn) \/Var War(Sy)

Since S, is the projection of T,,, Cov(T,,S,) = Cov(T,, — Sy, Sy) + Var(S,) = Var(S,). We
have
Var(S,)

Var(Z,) =2(1 — Var(T)

) — 0.

By the Markov’s inequality, we conclude that Z,, —, 0. }

The above lemma 1mphes that 1f S, is the summation of i.i.d random variables such that

W)/ Var(S,) —a N ,s0is (T, — E[T,])/+/Var(T,). The limit distribution of

U statlstlcs is derived usmg thls lemma.
We now start to prove Theorem 3.16.

Proof Let Xi,..., X, be random variables with the same distribution as X; and they are
independent of Xl, ..y X,,. Denote U, by 37, E[U — p|X;]. We show that U, is the projection
of U, on the linear space S, = {g1(X1) + ... + gu(X,) : Flge(X1)?] < 00,k =1,...,n}, which
contains the constant variables. Clearly, U, €S,. For any gp(Xx) € Sy,

E[(Un — Un)gi(X)] = EIE[U, — Un| Xi]gr(Xi)] = 0.
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In fact, we can easily see that

U, = zn: (ﬁ‘l)E[h(Xl, X, X)) — X =1 zn:E[h(Xl, VX1, X)) — pl X

i=1 (:) ’ Z n =1

Thus,
= E[(ENXy, ... X1, Xi) — pl Xi)?)

=1

Var(U,) =

2
r ~ ~ ~ ~
= gCOU(E[h(Xl, ceey erl, X1>|X1], E[h(Xl, ey erl, Xl)’Xl])

7,20,2

2 ~ ~
:%Cov(h(Xl,XQ,...,Xr),h(Xl,Xg...,XT)): -

where we use the equation
Cov(X,Y) = Cou(E[X|Z],E|Y|Z]) + E[Cov(X,Y|Z)].

Furthermore,

n
Var(U,) = (T) YN Cov(h(Xg,, ... Xp,), M(Xa;, ..., X))
BB
n\ <
- 0z
k=1 8 and 3’ share k components

Cov(h(X1, Xas o Xis Xats oo X)) M X1, X, ooy Xy Xigas s X)),

n—r

Since the number of $ and " sharing k& components is equal to (:f) (;) (7« k) we obtain

Var(U,

m—r)n—r+1)---(n—2r+k+1)
Zk'r— nn—1)---(n—r+1)

XOOU(h’(Xla X27 X3 Xk7 Xk+17 ce Xr)a h(Xla X2a ) Xk7 Xk’-i—la ) XT))

The dominating term in U, is the first term of order 1/n while the other terms are of order
1/n?. That is,

2
~ ~ 1
Var(U,) = %C’ov(h(Xl,Xg, s X0) (X, Koy X)) + O(5).

We conclude that Var(U,)/Var(U,) — 1. From Proposition 3.7, it holds that

Up — Un
E__ —p 0.

VCLT(Un) VCLT’(U )

Theorem 3.16 thus holds.
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Example 3.17 In a bivariate i.i.d sample (X1,Y}), (X2, Y3), ..., one statistic of measuring the
agreement is called Kendall’s T-statistic given as

P s S =Y — X) > 0} - 1

i<j
It can be seen that 7+ 1 is a U-statistic of order 2 with the kernel

21 {(y2 — y1)(z2 — 1) > 0}.

Hence, by the above central limit theorem, v/n(7, + 1 — 2P((Ys — Y7)(X5 — X;) > 0)) has an
asymptotic normal distribution with mean zero. The asymptotic variance can be computed as
in Theorem 3.16.

3.4.2 Rank statistics

For a sequence of i.i.d random variables X, ..., X,,, we can order them from the smallest to
the largest and denote by X1y < X9y < ... < X(,). The latter is called order statistics of the
original sample. The rank statistics, denoted by Ry, ..., R, are the ranks of X; among X1, ..., X,,.
Thus, if all the X’s are different, X; = X(g,). When there are ties, R; is defined as the average
of all indices such that X; = X(;) (sometimes called midrank). To avoid possible ties, we only
consider the case that X’s have continuous densities.

By name, a rank statistic is any function of the ranks. A linear rank statistic is a rank
statistic of the special form """  a(i, R;) for a given matrix (a(i,7))nxn- If a(i, j) = ¢;a;, then
such statistic with form )" | cag, is called simple linear rank statistic, which will be our
concern in this section. Here, ¢ and a’s are called the coefficients and scores.

Example 3.18 In two independent sample X1, ..., X,, and Y7,....,Y,,, a Wilcoxon statistic is
defined as the summation of all the ranks of the second sample in the pooled data X, ..., X,
Yi, ..., Y, de,

n+m

i=n+1
This is a simple linear rank statistic with ¢’s are 0 and 1 for the first sample and the second
sample respectively and the vector a is (1, ...,n+m). There are other choices for rank statistics,

for instance, the van der Waerden statistic >/ | ®~1(R;).

For order statistics and rank statistics, there are some useful properties.

Proposition 3.8 Let X, ..., X,, be a random sample from continuous distribution function F
with density f. Then

1. the vectors (X(1y, ..., X(»)) and (Ry, ..., Ry) are independent;
2. the vector (Xp), ..., X(n)) has density n! T[T, f(z;) on the set z; < ... < xp;

3. the variable X(; has density ("_]) F(z)""}(1—F(z))"~* f(z); for F the uniform distribution
on [0, 1], it has mean i/(n 4+ 1) and variance i(n — i+ 1)/[(n + 1)*(n + 2)];
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4. the vector (Ry,...,R,) is uniformly distributed on the set of all n! permutations of
1,2,...,n

5. for any statistic 7" and permutation r = (7, ...,7,) of 1,2,....,n

E[T(Xl, ...,Xn)|(R1, .oy Rn) = r] = E[T(X(Tl), ..,X(Tn))];

6. for any simple linear rank statistic 7= )" | c;ag,,

BT = nénan, Var(T) = — DDCERND T

n—1

The proof of Proposition 3.8 is elementary so we skip. For simple linear rank statistic, a
central limit theorem also exists:

Theorem 3.17 Let T, = > | ¢;ap, such that

r?gahxlai — ay|/

Then ( W/ Var(T,) —4 N(0,1) if and only if for every € > 0,

Z[ ‘az n||c; — Cnl > |ai — an|?|e; — ol =0
€ 7 W — .
\/Zz 1 - an)2 2?21(0i - En)Q Zz 1( - a”) Ei:1(cz‘ - Cn>2

We can immediately recognize that the last condition is similar to the Lindeberg condition.
The proof can be found in Ferguson, Chapter 12.

Besides of rank statistics, there are other statistics based on ranks. For example, a simple
linear signed rank statistic has the form

Z ap+sign(X,
i=1
where R, ..., R}

+. called absolute rank, are the ranks of |Xi|,...,|X,|. In a bivariate sample
(X1,Y1), ...y (Xn, Y,), one can define a statistic of the form

n
E aRibgi
=1

for two constant vector (ay, ..., a,) and (by, ..., b,), where (Ry, ..., R,) and (51, ..., S,) are respec-
tive ranks of (X7, ..., X,,) and (Y7,...,Y,). Such a statistic is useful for testing independence of
X and Y. Another statistic is based on permutation test, as exemplified in Example 3.12. For
all these statistics, some conditions ensure that the central limit theorem holds.
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3.4.3 Martingales

In this section, we consider the central limit theorem for another type of the sum of non-
independent random variables. These random variables are called martingale.

Definition 3.7 Let {Y,,} be a sequence of random variables and F,, be sequence of o-fields such
that F; C Fy C .... Suppose E||Y,|] < co. Then the pairs {(Y,,, F,)} is called a martingale if

EY,|Foo1) = Yoo1, a.s.
{(Y,, Fn)} is a submartingale if

EY,|Foa] > Y, as.
{(Y,, Fn)} is a supmartingale if

E[Yn|fn_1] S Yn—l; a.S.

The definition implies that Y7, ..., Y,, are measurable in F,,. Sometimes, we say Y,, is adapted
to F,. One simple example of martingale is that Y,, = X; + ... + X,,, where X7, X5, ... are i.i.d
with mean zero, and F,, is the o-filed generated by Xi, ..., X,,. This is because

E[Yo|Fut] = E[X1 + oo+ Xo| X1, oy Xpot] = Yoo,

For Y, = X? + ... + X2, one can verify that {(Y,, F,)} is a submartingale. In fact, from one
submartingale, one can construct many submartingales as shown in the following lemma.

Proposition 3.9 Let {(Y,,, )} be a martingale. For any measurable and convex function ¢,
{(¢(Yy), Fn)} is a submartingale. t
Proof Clearly, ¢(Y,) is adapted to F,. It is sufficient to show
E[¢(Yn)’fn_l] Z ¢(Yn—1)
This follows from the well-known Jensen’s inequality: for any convex function ¢,

Elp(Yo)|Fna] = ¢(E[Ya|Fri]) = ¢(Ya1).

Particularly, the Jensen’s inequality is given in the following lemma.

Proposition 3.10 For any random variable X and any convex measurable function ¢,

E[¢(X)] = ¢(E[X]).
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Proof We first claim that for any x, there exists a constant kg such that for any =z,

d(x) > d(w0) + Koz — 20).

The line ¢(xy) + ko(x — ) is called the supporting line for ¢(x) at xo. By the convexity, we
have that for any ©/ <y’ < xy <y < z,
¢(z) — ¢(x0)

¢(x0) — o(2') < ¢(y) — ¢(xo) < '

Ty — &' Y — g T — T

Thus, 2&=20) is hounded and decreasing as = decreases to . Let the limit be kg then

P(x) — P(x0) > 1t

- 0 -

r — Ig
Le.,
d(x) > kg (x — o) + ¢(0).
Similarly,
o) = dlan) _ Oy) = dlan) _ dlz) — blan)
¥ -z - Y-z x—x0

Then %ﬁﬁxa) is increasing and bounded as 2’ increases to xy. Let the limit be k; then

¢(x) = ko (2" — 20) + ¢(z0)-
Clearly, ki > ky . Combining those two inequalities, we obtain
¢(x) = ¢(xo) + ko(x — o)
for kg = (kg + kg )/2. We choose zg = E[X] then
¢(X) = ¢(E[X]) + ko(X — E[X]).
The Jensen’s inequality holds by taking the expectation on both sides. |

If {(Y,,F.)} is a submartingale, we can write Y;, = (Y, — E[Y,|F._1]) + E[Y,|F._1]. Note
that {(Y,, — E[Y,|Fn_1], Fn)} is a martingale and that E[Y,|F,,_1] is measurable in F,_;. Thus
any submartingale can be written as the summation of a martingale and a random variable
predictable in F,,_;. We now state the limit theorems for the martingales.

Theorem 3.18 (Martingale Convergence Theorem) Let {(X,,, F,,)} be submartingale. If
K = sup, E[|X,|] < oo, then X,, —,, X where X is a random variable satisfying E[|X|] < K.

f

The proof needs the maximal inequality for a submartingale and the up-crossing inequality.

Proof We first prove the following maximal inequality: for a > 0,

—_

P(m<aXXZ- > ) < —E[|X,]].

(07
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To see that, we note that

P(max X; > «)

i<n

= ZP(XI <o, X1 <o, X;> Oé)
=1

IN

n X
Y EIX) <o, X <o, X; > o)~
=1

«

1
= — E E[I(Xl < Oé,...,Xi,1 < Oé,Xi > CY)XZ]
(0%
=1

Since E[X,| X1, ..., X 1] > X,1, E[X,| X1, ..., Xn o] > E[X, 1|X1, ..., X,y 2] and so on. We
obtain F[X,|X1,..., X;] > E[X;11| X1, ..., Xi] > X; for i =1,...,n — 1. Thus,

1™
P(maXXZ- > Oé) < — E E[I(Xl < «, -qui—l < Oé,XZ‘ > Oé)E[Xn|X1, ,Xz]]
0
=1

i<n

1 - 1 1
gamméjmx<aw,&4<m&zangaEmggammm.

i=1
For any interval [« 8] (o < f3), we define a sequence of numbers 71, 79, ... as follows:

71 is the smallest j such that 1 < j <n and X; <« and is n if there is not such j;

Ty, is the smallest j such that 75,1 < 7 <mn and X; > 8, and is n if there is not such j;

Tor4+1 1S the smallest j such 7, < 7 <n and X; < a, and is n if there is not such j.

A random variable U, called upcrossings of [a, f] by Xi,..., X, is the largest i such that

Xr, S a< B <X, We then show that

E[|Xn[] + |of
BU) < =57

Let Yr = max{0, X} —a} and 0 =  — a. It is easy to see Y7, ..., Y, is a submartingale. The 7
are unchanged if the definitions X; < « is replaced by Y; = 0 and X; > 8 by Y; > 0, and so U
is also the number of upcrossings of [0, 0] by Yi,..,Y,. We also obtain

E[}/Tzk-u - Y;'Qk} = Z E[(Y}Cz - Y1€1)1(72k+1 = ko, Tk, = kl)]
1<k1<ka<n
n—1 n
= Z Z B (1o = k1, k1 < K < 7o) (Yie — Y1)
k1=1k'=2
n—1 n
= Z Z E[[(Tgk =k, k1 < k'/)(l — [(7—2k+1 < k/))(Yk/ — Yklfl)].
k1=1k'=2

By the definition, if {71 = i} is measurable in F; for ¢ = 1,...,n, where F; is the o-field
generated by Yi,...,Y;, then

{ror = j} = U {mr1=4,Yi1 <0,..,Y; 1 <0,Y; >0}
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belongs to the o-field F; and {mor, = n} = {7, <n — 1} lies in F,,. Similarly, if {moy = i} € F;
for any i = 1,...,n, so is {11 = i} € F; for any i = 1,...,n. Thus, by the deduction, we
obtain that for any i = 1,...,n, {7 =i} is in F;. Then,

E[I(TQk = ]{31, k?l < k’)(l — I(Tgk_H < k/))(ifk/ — Yk’—l)]

= E[I(Tgk = kl, kl < k’)(l — [<7-2k+1 < k/))(E[Yk/"/—"klfl] — Yk/fl)] > 0.
We conclude that E[Y,,, , — Y., ] > 0.

T2k+1 T2k
Since 7 is strictly increasing and 7,, = n,

n

Yn = YTn > Y:Fn - YTl = Z(Y:Fk - Y’qu) = Z (YTk - YTkA) + Z (YTk - YTkA)'

k=2 2<k<n,k even 2<k<n,k odd

When k is even, Y, — Y, ;1 > 0 and the total number of such %k is U. The expectation of the
second half is non-negative. We obtain

EIY,] > 0E[U]
Thus,
BlU) < i) < L

With the maximal inequality, we can start to prove the martingale convergence theorem.
Let U,, be the number of upcrossings of [«, ] by X7, ..., X,,. Then

K + |of

Let X* = limsup, X,, and X, = liminf, X,,. If X, <a < 8 < X*, then U, must go to infinity.
Since U, is bounded with probability 1, P(X, < a < f < X*) =0. Now

{X* < X*} = Ua<,8,a,6 are rational numbers{X* <a< B < X*}

We obtain P(X, = X*) = 1. That is, X,, converges to their common values X. By the Fatou’s
lemma, F[|X|] < liminf, E[|X,|] < K. X is integrable and finite with probability 1. { .

As a corollary of the martingale convergence theorem, we obtain

Corollary 3.1 If F, is increasing o-field and denote F, as the o-field generated by U | F,,,
then for any random variable Z with E[|Z]] < oo, it holds

E|Z|F,] —as E|Z]|Fx).

Proof Denote Y,, = E[Z,|F,]. Clearly, Y,, is a martingale adapted to F,,. Moreover, E[|Y, | <
E[|Z]]. By the martingale convergence theorem, Y,, converges to some random variable Y almost
surely. Clearly, Y is measurable in F,. We then show Y, is uniformly integrable. Since
Y, < E||Z,||F.], we may assume Z is non-negative. For any e > 0, there exists a J such
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that F[Z14] < e whenever P(A) < § (since the measure E[Z1,] is absolutely continuous with
respect to the measure P). Note that for a large «, consider the set A = {P(E|[Z|F,] > «a)}.
Since .
P(A) = E[I(E|Z|Fa] 2 )] < ~E[Z],

we can choose « large enough (independent of n) such that P(A) < 6. Thus, E[ZI(E[Z|F,] >
a)] < e for any n. We conclude E[Z|F,] is uniformly integrable. With the uniform integrability,
we have that for any A € Fy, lim,, [, Y,dP = [, YdP. Note that [, Y,dP = [, ZdP for n > k.
Thus, [,YdP = [, ZdP = [, E[Z|F.]|dP. This is true for any A € U2, F,, so it is also true
for any A € F. Since Y is measurable in F, Y = E[Z|F],a.s. t

Finally, a similar theorem to the Lindeberg-Feller central limit theorem also exists for the
martingales.

Theorem 3.19 (Martingale Central Limit Theorem) Let (Y1, Fn1), (Ya2, Fn2), ... be a
martingale. Define X, = Y, — Y, -1 with Y0 = 0 thus Y, = X1 + ... + X,k. Suppose that

Z E[X2k|~’rn,k—1] —p o
k

where o is a positive constant and that

Y BT (1 Xuk] 2 )| F ] =5 0
k

for each € > 0. Then
ZXnk —d N(O, 0'2).
k

The proof is based on the approximation of the characteristic function and we skip the
details here.

3.5 Some Notation

In a probability space (€2, .4, P), let {X,,} be random variables (random vectors). We introduce
the following notation: X,, = 0,(1) denotes that X,, converges in probability to zero, X,, = O,(1)
denotes that X, is bounded in probability; i.e.,

lim limsup P(|X,| > M) = 0.
M—o0 n

It is easy to see X,, = O,(1) is equivalent to saying X, is uniformly tight. Furthermore, for
a sequence of random variable {r,}, X, = 0,(r,) means that |X,|/r, —, 0 and X,, = Op(r,)
means that | X,|/r, is bounded in probability.

There are many rules of calculus with o and O symbols. For instance, some commonly used
formulae are (R, is a deterministic sequence)

0p(1) +0,(1) = 0,(1), Op(1) + Op(1) = Oy(1), Op(1)op(1) = 0,(1),
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(1+ Op<1))_1 =1+0,(1), 0p(Ry) = Ryuop(1), Op(Ry) = R,0p(1),

0p(O0p(1)) = 0p(1).
Furthermore, if a real function R(-) satisfies that R(h) = o(|h|?) as h — 0, then R(X,) =

0p(|Xn|P); if R(h) = O(|h|?) as h — 0, then R(X,) = O,(|X,|?). Readers should be able to
prove these results without difficulty.

READING MATERIALS: You should read Lehmann and Casella, Section 1.8, Ferguson, Part
1, Part 2, Part 3 12-15

PROBLEMS

1. (a) If Xy, X5, ... are iid N(0,1), then X(,)/v/2logn —, 1 where X, is the maximum
of X1, ..., X,. Hint: use the following inequality: for any ¢ > 0,

00 —y2(1-5)/2
0 ey, < / L
v 2m

V2m N
(b) If X1, X5, ... are i.i.d Uniform(0,1), derive the limit distribution of n(1 — X,).

2. Suppose that U ~ Uniform(0,1),a > 0, and
X = (n%/log(n + 1)) 1o (U).

(a) Show that X, —, 0 and E[X,] — 0.
(b) Can you find a random variable Y with |X,,| <Y for all n with E[Y] < co?

(c¢) For what values of o does the uniform integrability condition

lim sup E[|X,|I|x,>m] =0, as M — oo

n—o0

hold?

3. (a) Show by example that distribution functions having densities can converge in distri-
bution even if the densities do not converge. Hint: Consider f,(z) = 1 + cos2mnz
in [0, 1].
(b) Show by example that distributions with densities can converge in distribution to a
limit that has no density.

(¢) Show by example that discrete distributions can converge in distribution to a limit
that has a density.

4. Stirling’s formula. Let S, = X1+ ...+ X,,, where the X, ..., X, are independent and each
has the Poisson distribution with parameters 1. Calculate or prove successively:
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(a) Calculate the expectation of {(S,, —n)/v/n} , the negative part of (S, — n)/\/n.
(b) Show {(S, —n)/y/n}  —4 Z~, where Z has a standard normal distribution.

(c) Show )
v

(d) Use the above results to derive the Stirling’s formula:

n! ~ V2rn"t1/2em,

E

— E[Z7].

5. This problem gives an alternative way of proving the Slutsky theorem. Let X, —4; X
and Y, —, y for some constant y. Assume X, and Y,, are both measurable functions
on the same probability measure space (2, A, P). Then (X,,Y,)" can be considered as a
bivariate random variable into R2.

(a) Show (X,,Y,) —4 (X,y)’. Hint: show the characteristic function of (X,,Y,)" con-
verges using the dominated convergence theorem.

(b) Use the continuous mapping theorem to prove the Slutsky theorem. Hint: first show
Zn X, —a 2X using the function g(z,z) = zz; then show 7, X, +Y, —4 2X +y
using the function g(z,y) == +y.

6. Suppose that {X,} is a sequence of random variables in a probability measure space.
Show that, if E[g(X,)] — E[g(X)] for all continuous g with bounded support (that is,
g(x) is zero when x is outside a bounded interval), then X,, —4 X. Hint: verify (c) of the
Portmanteau Theorem. Follow the proof for (c¢) by considering g(z) = 1—¢/[e+ d(x, G°U
(—M, M)°)] for any M.

7. Suppose that X7, ..., X, are i.i.d with distribution function G(x). Let M,, = max{ X}, .., X,,}.
(a) If G(z) = (1 —exp{—azx})I(x > 0), what is the limit distribution of M, —a~!logn?
(b) If
0 ifx <1,
G@%:{l—xﬂ if 2 > 1,

where o > 0, what is the limit distribution of n=Y*M,?

(c) If
0 if 2 <0,
Gx)=¢ 1-(1—2)* if0<z<1,
1 i >1,

where a > 0, what is the limit distribution of n'/(M, — 1)?

8. (a) Suppose that X;, X, ... are i.i.d in R? with distribution giving probability 6; to (1,0),
probability 6, to (0, 1), 65 to (0,0) and 64 to (—1,—1) where 6; > 0 for j =1,2,3,4
and 0; + ... + 64 = 1. Find the limiting distribution of v/n(X,, — F[X;]) and describe
the resulting approximation to the distribution of X,,.
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9.

10.

11.

12.

13.

(b) Suppose that X7, ..., X,, is a sample from the Poisson distribution with parameter
A> 0 P(Xy = k) = exp{-MN/kl k= 0,1,... Let Z, = [Zf (X = 1)]/n.
What is the joint asymptotic distribution of \/n((X,, Z,) — (A, Ae™))? Let pl(A)
P(X; = 1). What is the asymptotic distribution of p; = p;(X,,)? What is the joint
asymptotic distribution of (Z,, p1) (after centering and rescaling)?

(c) If X,, possesses a t-distribution with n degrees of freedom, then X, —4 N(0,1) as

n — 00. Show this.

Suppose that X, converges in distribution to X. Let ¢, (t) and ¢(t) be the characteristic
functions of X,, and X respectively. We know that ¢,,(t) — ¢(¢) for each t. The following
procedure shows that if sup,, E[|X,|] < Cy for some constant Cj, the convergence point-
wise of the characteristic functions can be strengthened to the convergence uniformly in
any bounded interval,

sup [on(t) — ¢(t)| — 0

[t|<M
for any constant M. Verify each of the following steps.
(a) Show that E[|X,|] = [;° P(|X,| > t)dt and E[|X|] = [° P(|X| > t)dt. Hint: write
P(|X,| >t) = E[I(|X,| > t)] then apply the Fubini-Tonelli theorem.

(b) Show that P(|X,| > t) — P(|X| > t) almost everywhere (with respect to the
Lebsgue measure). Then apply the Fatou’s lemma to show that E[|X|] < Cj.

(c) Show that both ¢, (t) and ¢(t) satisfy: for any ¢y, s,
’¢n(t1) - ¢n(t2>’ < CO’tl - t2|7
|0(t1) — ¢(t2)| < Coltr — La].

That is, ¢, and ¢ are uniformly continuous.

(d) Show that supe(_zar |9n(t) — @(t)| — 0. Hint: first partition [—M, M] into equally
spaced —M =ty < t; < ... < t,, = M; then for ¢t in one of these intervals, say
[tk, ter1], use the inequality

|6n(t) = ()] < |¢n(t) = dn(te)| + [dn(te) — S(te)] + [D(tk) — S(1)]-

Suppose that X7, ..., X, are i.i.d from the uniform distribution in [0, 1]. Derive the asymp-
totic distribution of Gini’s mean difference, which is defined as (g)_l Do 1 X — Xl

Suppose that (Xi,Y7),...,(X,,Y,) are i.i.d from a bivariate distribution with bounded

fourth moments. Derive the limit distribution of U = (g)_l 22 (Y =YXy — Xa).
Write the expression in terms of the moments of (X, Y7).

Let Y1,Y5, ... be mdependent random variables with mean 0 and variance o2, Let X, =
(>"p_, Yi)? — no? and show that {X,} is a martingale.

Suppose that X7, ..., X,, are independent N (0, 1) random variables, and let Y; = X? for
i=1,...,n Thus > | Y? ~ x2.

(a) Show that /n(Y, — 1) —4 N(0,0?) and find 2.
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(b) Show that for each r > 0, \/n(Y," — 1) —4 N(0,V(r)?) and find V (r)? as a function

of r.

(¢) Show that

VR —(1—2/(9
2/9
Does this agree with your result in (b).
(d) Make normal probability plots to compare the approximations in (a) and (c) (the

transformation in (c) is called the “Wilson-Hilferty” transformation of a x?-random
variable.

14. Suppose that X1, Xo, ... are i.i.d positive random variables, and define X,, = >_"" | X;/n,
H,=1/{n"'3" (1/X))}, and G,, = {I[, )_(i}l/n to be the arithmetic, harmonic and
geometric means respectively. We know that X,, —,, E[X;] = p if and only if E[|X;]] is
finite.

(a) Use the strong law of large numbers together with appropriate additional hypotheses
to show that H, —, 1/{E[1/X1]} = h and G,, —.s. exp{E[log X;i]} = g.

(b) Find the joint limiting distribution of /n(X, — u, H, — h, G, — g). You will need
to impose or assume additional moment conditions to be able to prove this. Specify
these additional assumptions carefully.

(c) Suppose that X; ~ Gamma(r, A) with r > 0. Find what values of r are the hypothe-
ses you impose in (c) satisfied? Compute the covariance of the limiting distribution
in (c) as explicitly as you can in this case.

(d) Show that /n(G,/X, — g/u) —a N(0,V?). Compute V explicitly when X; ~
Gamma(r, \) with r satisfying the conditions you found in (d).

15. Suppose that (Niq, Ni2, Noj, Nog) has multinomial distribution with (n,p) where p =
(p11, P12, P21, P22) and Z?Zl Z?leij = 1. Thus, N’s can be treated as counts in a 2x
table. The log-odds ratio is defined by

P12P21
DP11P22

Y = log

(a) Suggest an estimator of ¥, say t,.

(b) Show that the estimator you proposed in (a) is asymptotically normal and compute
the asymptotic variance of your estimator. Hint: The vectors of N’s is the sum of n
independent Multinomial(1, p) random vectors {Y;,i = 1,...,n}.

16. Suppose that X; ~ Bernoulli(p;), i = 1,..,n are independent. Show that if
i=1

then

\/H(Xn - ﬁn)
NGy IR
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Give one example {p;} for which the above convergence in distribution holds and another
example for which it fails.

2

17. Suppose that X1, ..., X, are independent with common mean p but with variances o3, ..., o2

respectively.
(a) Show that X,, —, uif .1 02 = o(n?).
(b) Now suppose that X; = p + o;¢; where €, ..., €, are i.i.d with distribution function
F with Ele;] =0 and var(e;) = 1. Show that if

1<n

n
max o7/ E ol =0
i=1

R N S
then with o, =n="'>"" , 07,

M —q4 N(0,1).

On
Hence show that if furthermore 62 — o2, then \/n(X,, — ) —4 N(0,02).

(c) If 02 = Ai" for some constant A, show that max;<, 07/ > 02 — 0 but 52 has not
limit. In this case, n*="/2(X,, — u) = O,(1).
18. Suppose that X7, ..., X,, are independent with common mean p but with variances 0%, ..., 02
respectively, the same as the previous question. Consider the estimator of u: 7T, =
S wniX;, where w = (wp1, ..., wny)) 1S a vector of weights with Y 7 | w,; = 1.

(a) Show that all the estimators 7, have the mean p and the choice of weights minimizing
var(T,) is
1/0?

t .
ow = ! i=1,..,n.

(b) Compute var(T,) when w = w" and show T,, —, p if >°1" (1/0?) — oc.

w

(c) Suppose X; = u + o0;¢; where €1, ..., €, are i.i.d with distribution function F with
Ele;] = 0 and var(e;) = 1. Show that

n

S (10T, — 1) 44 N(0,1)

i=1

if max;<,(1/07)/>°7_1(1/0%) — 0, where w chosen as w".

(d) Compute var(T,)/var(X,) when w = w" in the case 0? = Ar' for r = 0.25,0.5,0.75
and n = 5,10, 20, 50, 100, oco.

19. Ferguson, page 6 and page 7, problems 1-7
20. Ferguson, page 11 and page 12, problems 1-8

21. Ferguson, page 18, problems 1-5
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22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

Ferguson, page 23, page 24 and page 25, problems 1-8

Ferguson, page 34 and page 35, problems 1-10

Ferguson, page 42 and page 43, problems 1-6

Ferguson, page 49 and page 50, problems 1-6

Ferguson, page 54 and page 55, problems 1-4

Ferguson, page 60, problems 1-4

Ferguson, page 65 and page 66, problems 1-3

Read Ferguson, pages 87-92 and do problems 3-6

Ferguson, page 100, problems 1-2

Lehmann and Casella, page 75, problems 8.2, 8.3

Lehmann and Casella, page 76, problems 8.8, 8.10, 8.11, 8.12, 8.14, 8.15, 8.16, 8.17 8.18
Lehmann and Casella, page 77, problems 8.19, 8.20, 8.21, 8.22, 8.23, 8.24, 8.25, 8.26
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CHAPTER 4 POINT ESTIMATION AND EFFICIENCY

The objective of science is to make general conclusions based on observed empirical data or
phenomenon. The differences among different scientific areas are scientific tools implemented
and scientific approaches to derive the decisions. However, they follow a similar procedure as
follows:

(A) a class of mathematical models is proposed to model scientific phenomena or processes;
(B) an estimated model is derived using the empirical data;

(C) the obtained model is validated using more and new observations; if wrong, go back to (A).
Usually, in (A), the class of mathematical models is proposed based on either past experience
or some physical laws. (B) is the step where all different scientific tools can play by using math-
ematical methods to determine the model. (C) is the step of model validation. Undoubtedly
eac step is important.

In statistical science, (A) corresponds to proposing a class of distribution functions, denoted
by P, to describe the probabilistic mechanisms of data generation. (B) consists of all kinds of
statistical methods to decide which distribution in the class of (A) fits the data best. (C) is
how one can validate or test the goodness of the distribution obtained in (B). Our goal of this
course is mainly on (B), which is called statistical inference step.

One good estimation approach should be able to estimate model parameters with reasonable
accuracy. Such accuracy is characterized by either unbiasedness in finite sample performance or
consistency in large sample performance. Furthermore, by accounting for randomness in data
generation, we also want the estimation to be somewhat robust to intrinsic random mechanism.
This robustness is characterized by the variance of the estimates. Thus, an ideally best estimator
should have no bias and have the smallest variance in any finite sample. Unfortunately, although
such estimators may exist for some models, most of models do not. One compromise is to seek
an estimator which has no bias and has the smallest variance in large sample, i.e., an estimate
which is asymptotically unbiased and efficient. Fortunately, such an estimator exists for most
of models.

In this chapter, we review some commonly-used estimation approaches, with particular
attention to the estimation providing the unbiased and smallest variance estimators if they exist.
The smallest variance for finite sample is characterized by the Cramér-Rao bound (efficiency
bound in finite sample). Such a bound also turns out to be the efficiency bound in large sample,
where we show that the asymptotic variance of any regular estimators in regular models can
not be smaller than this bound.

4.1 Introductory Examples

A model P is a collection of probability distributions for the data we observe. Parameters of
interest are simply some functionals on P, denoted by v(P) for P € P.

Example 4.1 Suppose X is a non-negative random variable.

Case A. Suppose that X ~ Exponential(6),0 > 0; thus py(z) = 0e=%*I(x > 0). P consists of
distribution function which are indexed by a finite-dimensional parameter 6. P is a parametric
model. v(pg) = 0 is parameter of interest.

Case B. Suppose P consists of the distribution functions with density py ¢ = fooo Aexp{—Az}dG(N),
where A € R and G is any distribution function. Then P consists of the distribution functions
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which are indexed by both real parameter A and functional parameter G. P is a semiparametric
model. v(py ) = A or G or both can be parameters of interest.

Case C. P consists of all distribution functions in [0,00). P is a nonparametric model.
v(P) = [ xzdP(z), the mean of the distribution function, can be parameter of interest.

Example 4.2 Suppose that X = (Y, 7) is a random vector on R* x R4

Case A. Suppose X ~ Py with Y|Z = z ~ exponential(\e?#) for y > 0. This is a parametric
model with parameter space © = Rt x R9,

Case B. Suppose X ~ Py with Y|Z = z ~ A(y)e? % exp{—A(y)e’?} where A(y) = IS Ay)dy.
This is a semiparametric model, the Cox proportional hazards model for survival analysis, with
parameter space (6, A) € R x {A(y) : AMy) >0, [;° My)dy = oo}

Case C. Suppose X ~ P on RT x R? where P is completely arbitrary. This is a nonparametric
model.

Example 4.3 Suppose X = (Y, Z) is a random vector in R x R?.

Case A. Suppose that X = (Y, Z) ~ Py with Y = 0’Z + ¢ where § € R? and ¢ ~ N(0,0?). This
is a parametric model with parameter space (6,0) € R x R*.

Case B. Suppose X = (Y, Z) ~ Py with Y = §’Z + € where § € R? and € ~ G with density ¢ is
independent of Z. This is a semiparametric model with parameters (6, g).

Case C. Suppose X = (Y, Z) ~ P where P is an arbitrary probability distribution on R x R?.
This is a nonparametric model.

For a given data, there are many reasonable models which can be used to describe data. A
good model is usually preferred if it is compatible with underlying mechanism of data genera-
tion, has as few model assumption as possible, can be presented in simple ways, and inference
is feasible. In other words, a good model should make sense, be flexible and parsimonious, and
be easy for inference.

4.2 Methods of Point Estimation: A Review

There have been a number of estimation methods proposed for many statistical models. How-
ever, some methods may work well from some statistical models but may not work well for
others. In the following sections, we list a few of these methods, along with examples.

4.2.1 Least square estimation

The least square estimation is the most classical estimation method. This method estimates
the parameters by minimizing the summed square distance between the observed quantities
and the expected quantities.

Example 4.4 Suppose n i.i.d observations (Y;, Z;), i = 1,...,n, are generated from the distri-
bution in Example 4.3. To estimate €, one method is to minimize the least square function

n

Y (Yi-02)

=1
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This gives the least square estimate for 6 as
-z 4

It can show that F [é] = 0. Note that this estimation does not use any distribution function in
€ so applies to all three cases.

4.2.2 Uniformly minimal variance and unbiased estimation

Sometimes, one seeks an estimate which is unbiased for parameters of interest. Furthermore,
one wants such an estimate to have the least variation. If such an estimator exists, we call it
the uniformly minimal variance and unbiased estimator (UMVUE) (an estimator 7" is unbiased
for the parameter 0 if E[T] = ). It should be noted that such an estimator may not exist.

The UMVUE often exists for distributions in the exponential family, whose probability
density functions are of form

po(x) = h(x)e(0) exp{m (0)T1(x) + ..ns(0) ()},

where 0 € R? and T'(x) = (Ty(z), ..., Ts(z)) is the s-dimensional statistics. The following lemma
describes how one can find a UMVUE for 6 from an unbiased estimator.

Definition 4.1 7T'(X) is called a sufficient statistic for X ~ py with respect to 6 if the conditional
distribution of X given T'(X) is independent of §. T'(X) is a complete statistic with respect to
g if for any measurable function g, Ep[g(T'(X))] = 0 for any 6 implies g = 0, where Ej denotes
the expectation under the density function with parameter 6. 1

It is easy to check that T'(X) is sufficient if and only if py(x) can be factorized into
go(T(x))h(x). Thus, in the exponential family, T(X) = (T1(X), ..., Ts(X)) is sufficient. Ad-
ditionally, if the exponential family is of full-rank (i.e., {(n1(6), ...,778( )) : 8 € O} contains a
cube in s-dimensional space), T'(X) is also a complete statistic. The proof can be referred to
Theorem 6.22 in Lehmann and Casella (1998).

Proposition 4.1 Suppose 0(X) is an unbiased estimator for ¢; i.e., E[0(X)] =06. fT(X)is a
sufficient statistics of X, then E[0(X)|T(X)] is unbiased and moreover,

),

Var(E[0(X)|T(X)]) < Var(0(X)
with the equality if and only if with probability 1, §(X) = E[0(X)|T(X)]. 1

Proof E[f(X)|T] is clearly unbiased and moreover, by the Jensen’s inequality,
Var(BI0(X)|T)) = E[(E[B(X)|T])*] - BO(X)]® < BO(X)’] - ¢ = Var(8(X)).
The equality holds if and only if F[0 ( )T = 9( ) with probability 1. f

Proposition 4.2 If T(X) is complete sufficient and 6(X) is unbiased, then E[f(X)|T(X)] is
the unique UMVUE for 6. 1
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Proof For any unbiased estimator for 6, denoted by T(X ), we obtain from Proposition 4.1 that
E[T(X)|T(X)] is unbiased and

Var(E[T(X)|T(X)]) < Var(T(X)).

Since E[E[T(X)|T(X)] — E[0(X)|T(X)]] = 0 and E[T(X)|T(X)] and E[§(X)|T(X)] are inde-
pendent of #, the completeness of T'(X) gives that

E[T(X)|T(X)] = E[6(X)|T(X)].

That is, Var(E[0(X)|T(X)]) < Var(T(X)). Thus, E[§(X)|T(X)] is the UMVUE. The above
arguments also show that such a UMVUE is unique.

Proposition 4.2 suggests two ways to derive the UMVUE in the presence of a complete
sufficient statistic T(X): one way is to find an unbiased estimator of 6 then calculate the
conditional expectation of this unbiased estimator given 7'(X); another way is to directly find
a function ¢(7T'(X)) such that Elg(T(X))] = 6. The following example describes these two
methods.

Example 4.5 Suppose Xj, ..., X,, are i.i.d according to the uniform distribution U(0, §) and we
wish to obtain a UMVUE of 6/2. From the joint density of Xj, ..., X,, given by
1
Qn

one can easily show X(,) is complete and sufficient for §. Note E[X;] = 0/2. Thus, a UMVUE
for 0/2 is given by

(X(n) < Q)I(X(l) > 0),

n+1 (n)
n 2
The other way is to directly find a function g(X,)) = 0/2 by noting

EIXi| X)) =

Elg(Xw)] = Qin/o g(x)nz"tdr = 6)2.

Thus, we have

0 . gr+1
x)z" dr = :
/0 9(x) o
We differentiate both sides with respect to 6 and obtain g(z) = "T“§ Hence, we again obtain

the UMVUE for /2 is equal to (n + 1)X,)/2n.
Many more examples of the UMVUE can be found in Chapter 2 of Lehmann and Casella
(1998).

4.2.3 Robust estimation

In some regression problems, one may be concerned about outliers. For example, in a simple
linear regression, an extreme outlier may affect the fitted line greatly. One estimation approach
called robust estimation approach is to propose an estimator which is little influenced by extreme
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observations. Often, for n i.i.d observations Xi, ..., X,,, the robust estimation approach is to
minimize an objective function with the form ., ¢(X;;6).

Example 4.6 In linear regression, a model for (Y, X) is given by
Y =0'X +e,

where € has mean zero. One robust estimator is to minimize

S - x|
=1

and the obtained estimator is called the least absolute deviation estimator. A more general
objective function is to minimize

Z ¢(Y; - e,Xi)a
=1

where ¢(z) = |z|*,|z] < C and ¢(z) = C* when |z| > C.

4.2.4 Estimating functions

In recent statistical inference, more and more estimators are based on estimating functions. The
use of estimating functions has been extensively seen in semiparametric model. An estimating
function for 6 is a measurable function f(X;0) with E[f(X;0)] = 0 or approximating zero.
Then an estimator for 6 using n i.i.d observations can be constructed by solving the estimating
equation

Zf(Xi;e) =0.

The estimating function is useful, especially when there are other parameters in the model but
only @ is parameters of interest.

Example 4.7 We still consider the linear regression example. We can see that for any function
W(X), E[XW(X)(Y —¢X)] =0. Thus an estimating equation for f can be constructed as

> XW(X) (Y- 0'X;) =0.
=1

Example 4.8 Still in the regression example but we now assume the median of € is zero. It
is easy to see that E[XW (X)sgn(Y — #'X)] = 0. Then an estimating equation for 6 can be
constructed as

> XiW(X)sgn(Y; — 0X;) = 0.
i=1
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4.2.5 Maximum likelihood estimation

The most commonly used method, at least in parametric models, is the maximum likelihood
estimation method: If n i.i.d observations X7, ..., X, are generated from a distribution function
with densities pp(z), then it is reasonable to believe that the best value for 6 should be the one
maximizing the observed likelihood function, which is defined as

Ln(0) = HPG(Xi)'

The obtained estimator 6 is called the maximum likelihood estimator for 6. Many nice properties
are possessed by the maximum likelihood estimators and we will particularly investigate this
issue in next chapter. Recent development has also seen the implementation of the maximum
likelihood estimation in semiparametric models and nonparametric models.

Example 4.9 Suppose Xi, ..., X,, are i.i.d. observations from exp(#). Then the likelihood
function for # is equal to

L,(0) =0"exp{—0(X; + ... + X,,) }.
The maximum likelihood estimator for 6 is given by 6=X,.

Example 4.10 The setting is Case B of Example 1.2. Suppose (Y1, Z1), ..., (Y, Z,) are i.i.d
with the density function A(y)e?* exp{—A(y)e?*}g(z), where g(2) is the known density function
of Z = z. Then the likelihood function for the parameters (0, \) is given by

n

La(0,0) = TT{A 0" % expl A" 1g(Z) }

i=1

It turns out that the maximum likelihood estimators for (6, \) do not exist. One way is to let A
be a step function with jumps at Y;, ..., Y, and let A(Y;) be the jump size, denoted as p;. Then
the likelihood function becomes

Lo(0.p1, ) = [ [ { pie” Zexp{= > pje”#}9(2:)
i=1 Y;<Y;

The maximum likelihood estimators for (6, py, ..., p,) are given as: 0 solves the equation

n - 0'Z;
Zyjzy,- Zje” 7

> %

i=1

B 07,
Zyjzy,- €

1 =0

and
1

Pi==—gz-
Zi@-zne !
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4.2.6 Bayesian estimation

In this estimation approach, the parameter 6 in the model distributions {py(z)} is treated as
a random variable with some prior distribution (). The estimator for 6 is defined as a value
depending on the data and minimizing the expected loss function or the maximal loss function,
where the loss function is denoted as {(0), é(X )). The usual loss function includes the quadratic

loss (—6(X))2, the absolute loss |§ —(X)| etc. It often turns out that (X) can be determined
from the posterior distribution of P(0|X) = P(X|0)P(0)/P(X).

Example 4.11 Suppose X ~ N(6,1), where ¢ has an improper prior distribution of being
uniform in (—o0,00). It is clear that the estimator #(X ), minimizing the quadratic loss E[(6 —
0(X))?], is the posterior mean E[f|X] = X.

4.2.7 Concluding remarks

We have reviewed a few methods which are seen in many statistical problems. However we have
not exhausted all estimation approaches. Other estimation methods include the conditional
likelihood estimation, the profile likelihood estimation, the partial likelihood estimation, the
empirical Bayesian estimation, the minimax estimation, the rank estimation, L-estimation and
etc.

With a number of estimators, one natural question is to decide which estimator is the best
choice. The first criteria is that the estimator must be unbiased or at least consistent with the
true parameter. Such a property is called the first order efficiency. In order to make a precise
estimation, we may also want the estimator to have as small variance as possible. The issue
then becomes the second order efficiency, which we will discuss in the next section.

4.3 Cramér-Rao Bounds for Parametric Models

4.3.1 Information bound in one-dimensional model

First, we assume the model is one-dimensional parametric model P = {F : § € O} with © C R.
We assume:

A. X ~ Fyon (Q,A) with § € ©.

B. pg = dPy/dp exists where 1 is a o-finite dominating measure.

C. T(X) = T estimates q(0) has Ep[|T(X)]] < oo; set b(0) = Ey[T] — q(0).

D. ¢'(0) = ¢(0) exists.

Theorem 4.1 (Information bound or Cramér-Rao Inequality) Suppose:

(C1) © is an open subset of the real line.

(C2) There exists a set B with p(B) = 0 such that for x € B¢, dpy(x)/00 exists for all 0.
Moreover, A = {x : pp(z) = 0} does not depend on 6.

(C3) 1(8) = Eg[lp(X)?] > 0 where lg(z) = dlogpy(x)/d8. Here, I() is the called the Fisher
information for 6 and ly is called the score function for 6.

(C4) [ po(x)dp(x) and [ T'(z)pe(x)du(z) can both be differentiated with respect to 6 under the

integral sign.
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(C5) [ po(z)dp(z) can be differentiated twice under the integral sign.
If (C1)-(C4) hold, then

{d(6) +b(6)}?
Varg(T(X)) > 7(0) ;

and the lower bound is equal to ¢(6)?/1(0) if T is unbiased. Equality holds for all ¢ if and only
if for some function A(6), we have

lo(x) = AT (z) — Eo[T(X)]}, a.c.p.

If, in addition, (C5) holds, then

2

10) =~ { g o) } = ~Eafio(x).

Proof Note

«wwwzjfmmwwmz/ T(@)ps () du(x).

AenBe

Thus from (C2) can (C4),

WHM@=/ T ()l () po () dp(r) = By[T(X)ip(X)].

AenBe

On the other hand, since [,. . po(z)du(z) = 1,

OZAWJWWWMM@=&%MH

Then _ '
q(0) + b(0) = Cov(T'(X), lp(X)).

By the Cauchy-Schwartz inequality, we obtain

() + b(60)] < Var(T(X))Var(ls(X)).
The equality holds if and only if

Io(X) = A(0) {T(X) — Eg[T(X)]}, a.s.

Finally, if (C5) holds, we further differentiate

o:/@@»ﬂ@@@)

and obtain

0=/%@M®MM@+/%®WMMW®)

Thus, we obtain the equality I(0) = —Ey[ly(X)]. 1
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Theorem 4.1 implies that the variance of any unbiased estimator has a lower bound ¢(6)?/1(6),
which is intrinsic to the parametric model. Especially, if ¢(6) = 6, then the lower bound for the
variance of unbiased estimator for € is the inverse of the information. The following examples
calculate this bound for some parametric models.

Example 4.12 Suppose Xj, ..., X,, are i.i.d Poisson(f). The density function for (X3,..., X,,)
is given by

po(X1, ..., X)) = —nb +nX, log — Zlog(Xi!).
i=1
Thus,
n -
lg(Xl, 7Xn) - E(Xn — 0)

It is direct to check all the regularity conditions of Theorem 3.1 are satisfied. Then I,,(0) =
n®/0°Var(X,) = n/6. The Carmér-Rao bound for 6 is equal to #/n. On the other hand, we
note X,, is an unbiased estimator of 6. Mﬁoreover, since X,, is the completfz statistic for 6. X,
is indeed the UMVUE of 6. Note Var(X,) = 6/n. We conclude that X,, attains the lower
bound. However, although T,, = X2 — n~1X,, is unbiased for % and it is UMVUE of #%, we
find Var(T,) = 46°/n + 26?/n* > the Cramér-Rao lower bound for #. In other words, some
UMVUE attains the lower bound but some do not.

Example 4.13 Suppose X1, ..., X,, are i.i.d with density ps(z) = g(z — 0) where g is known
density. This family is the one-dimensional location model. Assume ¢’ exists and the regularity
conditions in Theorem 4.1 are satisfied. Then

g (X —6)° /9’(33)2
I,(0) =nEy——= | =n dz.
O=nBli—e 17" ) o
Note the information does not depend on 6.

Example 4.14 Suppose Xi, ..., X, are i.i.d with density py(x) = g(x/0)/0 where g is a known
density function. This model is one-dimensional scale model with the common shape g. It is
direct to calculate

1,(0) = % /(1 + yg/(y))zg(y)dy

9(y)

4.3.2 Information bound in multi-dimensional model

We can extend Theorem 4.1 to the case in which the model is k-dimensional parametric family:
P ={P:0 € © C RF}. Similar to Assumptions A-C, we assume P, has density function
pp with respect to some o-finite dominating measure p; 7(X) is an estimator for ¢(¢) with
Ey[|T(X)|] < oo and b(#) = Ep[T'(X)] — q(0 is the bias of T'(X); () = Vq(0) exists.

Theorem 4.2 (Information inequality) Suppose that
(M1) © an open subset in R*.
(M2) There exists a set B with u(B) = 0 such that for z € B¢, Opy(x)/00; exists for all § and
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i=1,...,k Theset A= {z:py(r) =0} does no depend on 6.
(M3) The k x k matrix 1(0) = (1;;(0)) = Epllo(X)lp(X)'] > 0 is a positive definite where

lo,(z) = —log py().

00;

Here, 1(0) is called the Fisher information matrix for 6 and Iy is called the score for 6.

(M4) [ pp(x)du(x) and [ T(x)pe(x)dpu(z) can both be differentiated with respect to 6 under
the integral sign.

(M5) [ pe(z)du(x) can be differentiated twice with respect to 6 under the integral sign.

If (M1)-(M4) holds, than

Varg(T(X)) = (4(8) +b(6))' I~ (6)(d(6) + b(6))

and this lower bound is equal ¢(6)'1(6)~*¢() if T(X) is unbiased. If, in addition, (M5) holds,

then
2

1(0) = —Eyllgpg(X)] = —<E9 {%%108;]99()()} >

Proof Under (M1)-(M4), we have
q(0) + b(0) = /T(ﬂf)ie(iﬂ)pe(m)d#(iﬂ) = Ey[T (2)lp(X))-
On the other hand, from [ py(x)du(z) = 1, 0 = E[ly(X)]. Thus,

{ao) + i)} 10 {ate) +0)} |
= IBTCOW(0) + 66))16) (X))

= [Coug(T(X), (d(6) + b(0))'1(6) "Is(X))|
) 10)(

< \Varo(TO)A(60) + (60)Y1(60)1((0) + b(0).

We obtain the information inequality. In addition, if (M5) holds, we further differentiate
[ lo(z)pe(x)dp(x) = 0 and obtain the then

2

16) = ~Eulin(X)] =~ (o {afw 1ogp9<x>} )

Example 4.15 The Weibull family P is the parametric model with densities

po() = 2 Eyesp {2y} 1 2 0)

a
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with respect to the Lebesgue measure where 0 = (o, ) € (0,00) x (0,00). We can easily
calculate that

o) = 2 {( &y -1},
o) = 5 = 510 {(C}{()" - 1]

Thus, the Fisher information matrix is

B 52/61/2 —(1 —’Y)/a
110) = (—(1 —)/a {72/6+(1- 7>2}/52> |

where + is the Euler’s constant (y &~ 0.5777...). The computation of () is simplified by noting
that Y = (X/a)? ~ Exponential(z).

4.3.3 Efficient influence function and efficient score function

From the above proof, we also note that the lower bound is attained for an unbiased estimator
T(X) if and only if T(X) = ¢(0)'I~*(0)ls(X), the latter is called the efficient influence function
for estimating ¢(#) and its variance, which is equal to ¢(0)'1(0)1¢(0), is called the information
bound for q(0). If we regard ¢(f) as a function on all the distributions of P and denote v(Fy) =
q(0), then in some literature, the efficient influence function and the information bound for ¢(6)
can be represented as [(X, Py|v, P) and I~ (Py|v, P), both implying that the efficient influence
function and the information matrix are meant for a fixed model P, for a parameter of interest
v(Pp) = q(0), and at a fixed distribution P.

Proposition 4.3 The information bound I~ !'(P|v,P) and the efficient influence function

(-, P|lv,P) are invariant under smooth changes of parameterization. t

Proof Suppose v — 0(7y) is a one-to-one continuously differentiable mapping of an open subset
I of R¥ onto © with nonsingular differential #. The model of distribution can be represented
as { Py : v € I'}. Thus, the score for v is 6(7)lp(X) so the information matrix for ~ is equal
to

0(v)'1(0(7))0(7),

which is the same as the information matrix for 8 = 0(~y). The efficient influence function for
v is equal to

(OGO ()™M = 4(O0()'T(0(1) o

and it is the same as the efficient influence function for 6.

The proposition implies that the information bound and the efficient influence function for
some v in a family of distribution are independent of the parameterization used in the model.
However, with some natural and simple parameterization, the calculation of the information
bound and the efficient influence function can be directly done along the definition. Especially,
we look into a specific parameterization where ¢ = (/, ') and v € N C R™, n € H C RF™.
v can be regarded as a map mapping Py to one of component of 6, v, and it is the parameter
of interest while n is a nuisance parameter. We want to assess the cost of not knowing n by
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comparing the information bounds and the efficient influence functions for v in the model P (n
is unknown parameter) and P, (7 is known and fixed).
In the model P, we can decompose

where Zl is the score for v and ig is the score for n, Zl is the efficient influence function for v and
l5 is the efficient influence function for n. Correspondingly, we can decompose the information

matrix 7(6) into
Iy I
I1(0) = :
(6) (121 ]22)

where Iy = Egliyl), Tio = Eollsy], Jar = Eolloly), and Iop = Eyliah]. Thus,
[71<0) — ‘[1_112 _]1_1}2]12]2_21 _ ]11 Il2
I I Iy ;4 =\ p22)

Lo =11 — [12[{21[217 Iyoq = Iy — [21If11[12-

where

Since the information bound for estimating v is equal to
I7H(Pylv, P) = 4(0)'T1(6)d(9),

where ¢(6) = v, and
q(@) = (Imxm Omx(k—m)) )

we obtain the information bound for v is given by
7Y (Polv, P) = I}y = (111 — Thad3y 1) 7!

The efficient influence function for v is given by

i =4q(0)1" (9)19 = 1111211‘,
where [ = Iy — I515,'l. Tt is easy to check
Lo = Bl (I7)']

Thus, [} is called the efficient score function for v in P.

Now we consider the model P, with n known and fixed. It is clear the information bound
for v is just I;;" and the efficient mﬂuence function for v is equal to I;;};.

Since Iy > 110 = 111 — 1'12[22 I51, we conclude that knowing 7 increases the Fisher infor-
mation for v and decreases the information bound for v. Moreover, knowledge of 1 does not
increase information about v if and only if I;5 = 0. In this case, l1 = In l1 and l] = 5.

Example 4.16 Suppose

P ={Py:ps=o((x —v)/n)/n,v € R, >0},
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Note that

Then the information matrix 7(6) is given by by

1(6) = (’702 27702> .

Then we can estimate the v equally well whether we know the variance or not.
Example 4.17 If we reparameterize the above model as
Py = N(v,n* =%, n* >
The easy calculation shows that I15(0) = vn/(n* — v?)%. Thus lack of knowledge of 7 in this
parameterization does change the information bound for estimation of v.
We provide a nice geometric way of calculating the efficient score function and the efficient

influence function for v. For any 6, the linear space Ly(Pp) = {g(X) : Eglg(X)?] < oo} is a
Hilbert space with the inner product defined as

< g1, 92 >= E[g:1(X)g2(X)].

On this Hilbert space, we can define the concept of the projection. For any closed linear space
S C Ly(Py) and any g € La(Py), the projection of g on S is g € S such that g — g is orthogonal
to any ¢* in S in the sense that

E[(9(X) - g(X))g"(X)] =0, Vg"€S.

The orthocomplement of S is a linear space with all the g € Lo(P) such that g is orthogonal
to any ¢g* € S§. The above concepts agree with the usual definition in the FEuclidean space.
The following theorem describes the calculation of the efficient score function and the efficient
influence function.

Theorem 4.3 A. The efficient score function HE Py|v, P) is the projection of the score function
l; on the orthocomplement of [lo] in Ly(Fp), where [l5] is the linear span of the components of
ls.

B. The efficient influence function I(-, Fy|v, P,) is the projection of the efficient influence function
ll on [ll] n LQ(P@) "'

Proof A. Suppose the projection of I on [[5] is equal to Xi, for some matrix ¥. Since E[(l; —
YIy)l5] = 0, we obtain ¥ = I1,1,," then the projection on the orthocomplement of [5] is equal
to fl - 112[2_21i2, which is the same as l"{.

B. After the algebra, we note

= I (1 — LoIpts) = (IG! + IG Lol I I (I — Tho 055 o) = Il — It ol

Since from A, I, is orthogonal to il, the projection of [, on [ll] is equal Iﬁlil, which is the
efficient influence function I(-, Py|v, P,). t
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The following table describes the relationship among all these terminologies.

| Term | Notation | P (1 unknown) | P, (n known) |
efficient score GG Py, | =1 — Laly'ls I
information I(Plv,") | E[l;(11)] = L1 — L1, 152 I
efficient L(-,Plv,) | Iy = I' 0y + 1121, = I L0 I
influence information =7 ﬁlfl - _[1_11]12[2
information bound | I (Plv,-) | 1" = I,), = ' + I 1o Lo I Iy | I

4.4 Asymptotic Efficiency Bound

4.4.1 Regularity conditions and asymptotic efficiency theorems

The Cramér-Rao bound can be considered as the lower bound for any unbiased estimator in
finite sample. One may ask whether such a bound still holds in large sample. To be specific,
we suppose X7, ..., X,, are i.i.d Py (f € R) and an estimator T, for ¢ satisfies that

V(T = 0) —a N(0,V(0)*).

Then the question is whether V(6)*> > 1/1(). Unfortunately, this may not be true as the
following example due to Hodges gives one counterexample.

Example 4.18 Let X, ..., X, be ii.d N(0,1) so that I(f) = 1. Let |a| < 1 and define

T X, if| X, > /4
T\ aX, if| X, < ntVA

Then
VT, —0) = Va(X, = 0)I(1X.] >0 ) +Vn(aX, - 0)1(|X,] <n™')
=i ZI(|Z +nb| > n'*) +{aZ + V/n(a — 1)0} I(|Z + V/nb| < n*'*)
—as ZI0#0)+aZI(0=0).

Thus, the asymptotic variance of /nT,, is equal 1 for § # 0 and a? for # = 0. The latter is
smaller than the Cramér-Rao bound. In other words, 7T, is a superefficient estimator.

To avoid the Hodge’s superefficient estimator, we need impose some conditions to 7T, in
addition to the weak convergence of v/n(T,, — 6). One such condition is called locally regular
condition in the following sense.

Definition 4.2 {T,,} is a locally reqular estimator of 6 at 6 = 6, if, for every sequence {0,} C ©
with v/n(0, —0) — t € R* under P,

(local regularity) +/n(T, —0,) =4 Z, as n — oo

where the distribution of Z depend on 6 but not on ¢. Thus the limit distribution of \/n(7T,,—6,)
does not depend on the direction of approach ¢ of 8, to 6. {T,} is a locally Gaussian regular
if Z has normal distribution. f}
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In the above definition, /n(T,, — 6,) —4 Z under Py, is equivalent to saying that for any
bounded and continuous function g, Fy, [g(v/n(T, —0,))] — E[g(Z)]. One can consider a locally
regular estimator as the one whose limit distribution is locally stable: if data are generated under
a model not far from a given model, the limit distribution of centralized estimator remains the
same.

Furthermore, the locally regular condition, combining with the following two additional
conditions, gives the results that the Cramér-Rao bound is also the asymptotic lower bound:

(C1) (Hellinger differentiability) A model P = {Py : § € R*} is a parametric model dominated
by a o-finite measure p. It is called a Hellinger-differentiable parametric model if

1 .
lv/Posr — /Do — §h,l9\/p0||L2(M) = o(|hl),
where pg = dPp/dp.

(C2) (Local Asymptotic Normality (LAN)) In a model P = {FP; : § € R*} dominated by a
o-finite measure i, suppose py = dPy/du. Let l(x;0) = log p(z,0) and let

a(0) = ) 1(X550)
i=1
be the log-likelihood function of X7, ..., X,,. The local asymptotic normality condition at 6 is

1
(o 4+ 17 V2t) — 1,(60) —4 N(—§t’l(00)t, t'1(0o)t)

under Fy,.

Both conditions (C1) and (C2) are the smooth conditions imposed on the parametric models.
In other words, we do not allow a model whose parameterization is irregular. An irregular model
is seldom encountered in practical use.

The following theorem gives the main results.

Theorem 4.4 (Hdjek’s convolution theorem) Under conditions (C1)-(C2) with I(6p) non-
singular. For any locally regular estimator of 6, {7}, the limit distribution of v/n(T,, — 6y)

under Py, satisfies
Z ="*Zy+ A,

where Zy ~ N(0,171(6)) is independent of A. 1

As a corollary, if V(6y)? is the asymptotic variance of \/n(T,, — ), then V(6p)* > I-(6,).
Thus, the Cramér-Rao bound is a lower bound for the asymptotic variances of any locally
regular estimators. Furthermore, we obtain the following corollary from Theorem 4.4.

Corollary 4.1 Suppose that {T},} is a locally regular estimator of 8 at §, and that U : R¥ — RT
is bowl-shaped loss function; i.e., U(zx) = U(—z) and {z : U(x) < ¢} is convex for any ¢ > 0.
Then

li%inf Ea[U(Vn(T,, — 60))] > E[U(Z)],

where Zy ~ N(0,1(6p)7%). 1
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Corollary 4.2 (Hdjek-Le Cam asymptotic minmax theorem) Suppose that (C2) holds,
that 7T, is any estimator of 6, and U is bowl-shaped. Than

limliminf  sup  Fp[U(v/n(T, —0))] > E[U(Z)],
620 g ml9—0o|<5

where Zy ~ N(0,1(6p)7%). 1

In summary, the two corollaries conclude that the asymptotic loss of any regular estimators
is at least the loss given by the distribution Z,. Thus, from this point of view, Z; is also the
distribution of most efficiency. The proofs of the two corollaries are beyond this book so are
skipped.

4.4.2 Le Cam’s lemmas

Before proving Theorem 4.4, we introduce the contiguity definition and the Le Cam’s lemmas.
Consider a sequence of measure spaces (€2,,.A,, 1i,) and on each measure space, we have two
probability measure P, and @, with P, << p, and @, << p,. Let p, = dP,/du, and
Gn = dQ,/du, be the corresponding densities of P, and @,. We define the likelihood ratios

Gn/Pn if pp >0
n if g, > 0 = pa.

Definition 4.3 (Contiguity) The sequence {Q,} is contiguous to {P,} if for every sequence
B, € A, for which P,(B,) — 0 it follows that Q,(B,) — 0. T

Thus contiguity of {@Q,} to {P,} means that @, is “asymptotically absolutely continuous”
with respect to P,. We denote {Q,} <{P,}. Two sequences are contiguous to each other if

{Qn} <{P,} and {P,} <{Q,} and we write {P,} <>{Q,}.

Definition 4.4 (Asymptotic orthogonality) The sequence {Q,} is asymptotically orthogonal to
{P,} if there exists a sequence B,, € A, such that Q,(B,) — 1 and P,(B,) — 0. {

Proposition 4.4 (Le Cam’s first lemma) Suppose under P,, L,, —4 L with F[L] = 1. Then
{@n} <{P.}. On the contrary, if {Q,} <{P,} and under P,, L, —4 L, then F[L] =1. }

Proof We fist prove the first half of the lemma. Let B, € A, with P,(B,) — 0. Then
Iq, B, converges to 1 in probability under P,. Since L,, is asymptotically tight, (L, o, -5, ) is
asymptotically tight under P,. Thus, by the Helly’s lemma, for every subsequence of {n}, there
exists a further subsequence such that (L,, o, _p,) —a4 (L,1). By the Protmanteau Lemma,
since (v, t) + vt is continuous and nonnegative,

dQy

liminf @,(Q, — B,) > liminf/IQn_BndePn > E[L] = 1.

We obtain Q,,(B,) — 0. Thus {Q,} <{P.}.
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We then prove the second half of the lemma. The probability measure R, = (P, + Q.,)/2
dominate both P, and @,. Note that {dF,/dQ,}, {L,} and W,, = dP,/dR,, are tight with
respect to {Q,}, {P.} and {R,}. By the Prohov’s theorem, for any subsequence, there exists
a further subsequence such that

dPp,
0, —q U, under Q,,
@y,
L, = d]an —q L, under P,,
dP,
W, = d_RZ —q W, under R,

for certain random variables U, V', and W. Since Eg [W,] = 1 and 0 < W,, < 2, we obtain
E[W] = 1. For a given bounded, continuous function f, define g(w) = f(w/(2 —w))(2 — w) for
0 <w < 2and g(2) =0. Then g is continuous. Thus,

dQ., dQ, dR,”

Since Eq, [f(dP,/dQ,)] — E[f(U)], we have

Eq, [f(Z57)] = Er,[/( Er, [g(Wa)] = E[f( )(2 =W

2-W

)2 = W)

Choose f,, in the above expression such that f,, < 1 and f,, decreases to Ijpy. From the
dominated convergence theorem, we have

PU=0) = E[I{O}(2 i/VW)(Q - W) =2P(W =0)
However, since
Pn({jg: <en}N{gn >0}) < /d R ;lg; dQn < €, =0
and {Q,} <{PF.},
PU=0) = liTan PU<e,) < limninf Qn(% <e,) = limninf Qn({% <€} N{g, >0})=0.

That is, P(W = 0) = 0. Similar to the above deduction, we obtain that
2-W

W]

Choose f,, in the expression such that f,,(z) increase to x. By the monotone convergence
theorem, we have

E[L] = E[(2 = W)I(W > 0)] =2P(W > 0) — 1 = 1.
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As a corollary, we have
Corollary 4.3 If log L, —4 N(—0%/2,0%) under P,, then {Q,} <{P,}. 1

Proof Under P,, L, —4 exp{—0?/2+cZ} where the limit has mean 1. The result thus follows
from Proposition 4.4.

Proposition 4.5 (Le Cam’s third lemma) Let P, and @, be sequence of probability mea-
sures on measurable spaces (€2,,4,), and let X,, : Q, — R* be a sequence of random vectors.
Suppose that @), < P, and under P,,

(Xn, L) —a (X, L).
Then G(B) = E[Ip(X)L] defines a probability measure, and under @,,, X,, =4 G. T

Proof Because V' > 0, for countable disjoint sets B, Bs, ..., by the monotone convergence
theorem,

G(UB;) = Elim(Ip, + ...+ Ip,)L] =lim Y _E[Iz L] =Y G(By).
i=1 =1

From Proposition 4.4, E[L] = 1. Then G(2) = 1. G is a probability measure. Moreover, for
any measurable simple function f, it is easy to see

[ a6 = Els0LL

Thus, this equality holds for any measurable function f. In particular, for continuous and
nonnegative function f, (z,v) — f(z)v is continuous and nonnegative. Thus,

aQ,
TELdP, 2 Bl/(X)L)

liminf Eg, [f(X,)] > lim inf/f(Xn)

Thus, under Q,,, X, —4 G.

Remark 4.1 In fact, the name Le Cam’s third lemma is often reserved for the following result.

If under P,,
X T
(Xn710g Ln) —d Nk+1< (_0-/;/2) ) (7_ 0_2) )7

then under @Q,,, X,, —4 Ni(p+ 7,%). This result follows from Proposition 4.5 by noticing that
the characteristic function of the limit distribution G is equal to E[e"*eY], where (X,Y) has

the joint distribution
7 > T )
Nk+1< (_0.2/2> ) (7_ 0.2) .

Such a characteristic function is equal exp{it'(u + 7) — ¢'Xt/2}, which is the characteristic
function for Ny(u + 7,%).
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4.4.3 Proof of the convolution theorem

Equipped with the Le Cam’s two lemmas, we start to prove the convolution result in Theorem
4.4.

Proof of Theorem 4.4 We divide the proof into the following steps.

Step 1. We first prove that the Hellinger differentiability condition (C1) implies that Py, [ieo] =0,
the Fisher information 1(6y) = FEjy, [igol’eo] exists, and moreover, for every convergent sequence
h, — h, as n — o0,

Po +hn/f
log H 0 " Z Wig, (X h’Igoh + T
=1

where r, —, 0. To see that , we abbreviate p,, p, g as pgy1n/m, P> h’igo. Since \/n(/pn — /D)
converges in Lo(u) to g\/p/2, \/Pn converges to \/p in Ly(p). Then

Blg) = [ SovF2vBdn =l [ iz~ VBB + VE)du = 0.

Thus, Eg,[ls,] = 0. Let Wy = 2(v/pn(X;) /p(X;) — 1). We have

VCLTZWM—\/_Zg ) < E[(VnW,i — g(X:))?] = 0,

EIY Wil = 20 [ VEnv/Bdu = 1) = =n [ 1VFn = VBPdu— ~1Elg?]

Here, E[g®] = h'I(6)h. By the Chebyshev’s inequality, we obtain

ZWM:\/—ZQ ——E [9%] + an,

where a,, —, 0.
Next, by the Taylor expansion,

logﬁ%(Xi) = Qilog(l + %Wm> = in — iiWii+%iW2R w,
i=1 i=1 i=1 i=1

=1

where R(z) — 0 as * — 0. Since E[(v/nW,; — g(X;))?] — 0, nW?2 = g(X;)? + A,; where
E[|Al] = 0. Then Y0 | W2 —, E[g*]. Moreover,

P(|Woi| > ev2) < nP(g(X,)? > ne®)+nP(|Au| > ne®) < e *Elg*1(g* > ne®)|+¢ > B[ Awl] = 0.

The left-hand side is the upper bound for P(max;<;<, |Wyi| > €). Thus, max;<;<, |Wp| con-
verges to zero in probability; so is maxj <<, |R(Wp;)|. Therefore,

I Pn . 1
=1 =1
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where b, —, 0. Combining all the results, we obtain

1
log H p@o'ﬁ‘hn/\f z \/_ Z hllGO 5hlleoh + 7,

i=1 Poo
where r,, =, 0.

Step II. Let @, be the probability measure with density [];, pgy+n/ m(7:) and P, be the
probability measure with [}, pg,(x;). Define

Sp = (T, = 60), A, Zleo

By the assumptions, S,, weakly converges to some distribution and so is A, under P,; thus,
(Sn, Ay) is tight under P,. By the Prohorov’s theorem, for any subsequence, there exists a
further subsequence such that (S,,A,) —4 (S,A) under P,. From Step I, we immediately
obtain that under P,, 40

dpP, ap,)
Since under P,, dQ,/dP, weakly converges to N(—h'I(6y)h/2,h'I(6y)h), Corollary 4.3 gives
that {Q,}<{P,}. Then from the Le Cam’s third lemma, under Q,,, S,, = v/n(T,,—6y) converges
in distribution to a distribution Gj,. Clearly, GG}, is the same as distribution with Z + h.

(S log 29y (S, WA — %h’[(&o)h).

Step II1. We show Z = Zy + Ag where Zy ~ N (0, 1(0y)~1) is independent of Ag. From Step II,
we have

By mlexp{it’S,}] — exp{it'h} Elexp{it' Z}].
On the other hand,

dQn
dp,

1
By mlexp{it’S,}| = Eg,[exp{it'S, + log H4+o(1) = Eg,lexp{it’'Z + h'A — éh’](ﬁo)h}].

We have )
Eg,lexp{it'Z + W' A — §h’](90)h}] = exp{it'h} Ey, [exp{it' Z}]

and it should hold for any complex number ¢ and h. We let h = —i(t' — s')1(6y) " and obtain

1 / -1 1 ! -1
5t 1(60) "t} exp{—551(00) s}

This implies that Ay = (Z — I(6p)~! A) is independent of Zy = I(fy)'A and Z, has the
characteristics function exp{—s'I(6y)~'s/2}, meaning Zy ~ N(0,1(6y)7'). Then Z = Zy + A,.
f

The convolution theorem indicates that if {T},} is locally regular and the model P is the
Hellinger differentiable and LAN, then the Cramér-Rao bound is also the asymptotic lower
bound. We have shown that the result holds for estimating #. In fact, the same procedure
applies to estimating ¢(6) where ¢ is differentiable at 6. Then the local regularity condition is
that under Py 4/ /m,

Eg,[exp{it'(Z — I(6p) ' A) +is'I(0) ' A}] = Ep,[exp{it' Z +

V(T —q(0o + h/\/n)) —a Z
where Z is independent of A. The result in Theorem 4.4 then becomes that Z = Zy + Ag where
Zo ~ N(0,¢(0)'I(6p)"*q(6p)) is independent of A,.
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4.4 Sufficient conditions for Hellinger-differentiability and local reg-
ularity

Checking the conditions of the local regularity and the Hellinger-differentiability and may be
easy in practice. The following propositions give some sufficient conditions for the Hellinger
differentiability and the local regularity.

Proposition 4.6. For every  in an open subset of R* let py be a p-probability density. Assume
that the map 0 — sy(x) = /pg(x) is continuously differentiable for every z. If the elements
of the matrix 1(0) = E[(po/pe)(Pe/pe)'] are well defined and continuous at §. Then the map
0 — /Py is Hellinger differentiable with ly given by pg/py. T

Proof The map 6 — py = s is differentiable. We have py = 2s4$¢ so conclude $4 is zero
whenever py = 0. We can write 59 = (pg/ps)+/De/2.
On the other hand,

s —59)°2 1 2
/{ 9+thtt 9} dﬂz/{/ (ht)lse—i—uthtdu} d,u
0
1 1 1
< / / ((ht)’s'emht)Zduclu:5 / RI(0 + uth,)hydu.
0 0

As hy — h, the right side converges to [(h'sg)*du by the continuity of Iy. Since

SO+th, — S6

— B
/ %
converges to zero almost surely, following the same proof as Theorem 3.1 (E) of Chapter 3, we
obtain )
/ {—S”th; —% hﬂég} dpi — 0.
1

Proposition 4.7 If {T,,} is an estimator sequence of ¢(#) such that
1 . ot
V(T —q(9)) — Tn ; God (0) 1o (Xi) = 0,
where ¢ is differentiable at 0, then T), is the efficient and regular estimator for ¢(#). t

Proof “ =" Let A, g =n"123"" | lg(X;). Then A,y converges in distribution to a vector Ay ~
N(0,1(0)). From Step I in proving Theorem 4.4, log d@,,/d P, is equivalent to h'A,, g—h'1(0)h/2
asymptotically. Thus, the Slutsky’s theorem gives that under F

<\/E(Tn — q(6)),log dQ“> —a (oI (0) Ay, B Dy — HI(0)1)2)

dpP,
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~ N ((—h’f?e)hﬂ) ’ (%122;% h’? %ZVL) ) |

Then from the Le Cam’s third lemma, under Py, /m, /(T — q(0)) converges in distribution
to a normal distribution with mean ggh and covariance matrix ¢;1(6)~'¢s. Thus, under Py, v
V(T —q(6+h/y/n)) converges in distribution to N(0, ¢oI(6)'qy). We obtain that 7, is regular.
1

Definition 4.5 If a sequence of estimator {7,,} has the expansion
V(T = q(0)) =02y T(X0) + 7,
i=1
where r, converges to zero in probability, then 7T, is called an asymptotically linear estimator
for q(0) with influence function I'. Note that ' depends on 6. f

For asymptotically linear estimator, the following result holds.

Proposition 4.8 Suppose ), is an asymptotically linear estimator of v = ¢(#) with influence
function I'. Then

A. T, is Gaussian regular at 6 if and only if ¢(@) is differentiable at 6, with derivative ¢y and,
with 1, = (-, Py,|q(#), P) being the efficient influence function for (), Ey,[(T' —1,)i] = 0 for
any score [ of P.

B. Suppose ¢(0) is differentiable and T, is regular. Then I' € [I] if and only if I’ = [,.. 1

Proof A. By asymptotic linearity of T},, it follows that

( Vil(T, — q(60)) ) N { ( 0 ) (E T By, [rz"]t) } |
L.(00 + tn/\/n) — L,(6p) —t'I(0)t ) " \ By, [IT']t  t'I(0p)t
From the Le Cam’s third lemma, we obtain that under Py ¢,/ /m,
V(T = q(60)) —a N(Eg,[I1]t, Eg,[TT")).
If T, is regular, we have that under Py ¢/ m,
V(T = (8o + /) —a N(0, Egy [TT)).
Comparing with the above convergence, we obtain
Vi(a(Bo + ta/v/n) — albo)) — Eo,[I"I]t.

This implies ¢ is differentiable with gy = Ey[I"I]. Since Eg,[Ii] = ¢p, the direction “ =" holds.
To prove the other direction, since ¢(¢) is differentiable and under Py 14,/ /m,

V(T — q(0o)) —a N(Eg, [I'(t, E[LT])
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from the Le Cam’s third lemma, we obtain under Fy ., / /n,

Thus, T, is Gaussian regular. . ‘
B. If T,, is regular, from A, we obtain I' — [, is orthogonal to any score in P. Thus, I' € [I]
implies that I' = [,. The converse is obvious.

Remark 4.2 We have discussed the efficiency bound for real parameters. In fact, these results
can be generalized (though non-trivial) to the situation where 6 contains infinite dimensional
parameter in semiparametric model. This generalization includes semiparametric efficiency
bound, efficient score function, efficient influence function, locally regular estimator, Hellinger
differentiability, LAN and the Hdjek convolution result.

READING MATERIALS: You should read Lehmann and Casella, Sections 1.6, 2.1, 2.2, 2.3,
2.5, 2.6, 6.1, 6.2, Ferguson, Chapter 19 and Chapter 20

PROBLEMS

1. Let X,..., X, beii.d according to Poisson()). Find the UMVU estimator of A\¥ for any
positive integer k.

2. Let X;,i =1,...,n, be independently distributed as N(a + (t;, 0?) where «, 3 and o2 are
unknown, and the t’s are known constants that are not all equal. Find the least square
estimators of a and [ and show that they are also the UMVU estimators of o and £5.

3. If X has the distribution Poisson (), show that 1/6 does not have an unbiased estimator.

4. Suppose that we want to model the survival of twins with a common genetic defect, but
with one of the two twins receiving some treatment. Let X represent the survival time
of the untreated twin and let Y represent the survival time of the treated twin. One
(overly simple) preliminary model might be to assume that X and Y are independent
with Exponential(n) and Exponential(fn) distributions, respectively:

fon(x,y) =ne™nhe™ "I (x > 0,y > 0).

(a) On crude approach to estimation in this problem is to reduce the data to W = X/Y.
Find the distribution of W and compute the Cramér-Rao lower bound for unbiased
estimators of # based on W.

(b) Find the information bound for estimating 6 based on observation of (X,Y’) pairs
when 7 is known and unknown.

(c) Compare the bounds you computed in (a) and (b) and discuss the pros and cons of
reducing to estimation based on the W.
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5. This is a continuation of the preceding problem. A more realistic model involves assuming
that the common parameter 7 for the two wins varies across sets of twins. There are several
different ways of modeling this: one approach involves supposing that each pair of twins
observed (X;,Y;) has its own fixed parameters 7;,7 = 1,..,n. In this model we observe
(X;,Y;) with density fy,, fori=1,..,n;ie.,

foum (x,y) = mie "5 n,0e”" 0 (2 > 0,5, > 0).

This is sometimes called a functional model (or model with incidental nuisance parame-
ters).

Another approach is to assume that 7 = Z has a distribution, and that our obser-
vations are from the mixture distribution. Assuming (for simplicity) that Z = n ~
Gamma(a,1/b) (a and b are known) with density

a,a—1

Gap(n) = an) exp{—bn}I(n > 0),

it follows that the (marginal) distribution of (X,Y") is

Poas(y) = / For (2, 9) g (2) .
0

This is sometimes called a “structural model” (or mixture model).

(a) Find the information bound for # in the functional model based on (X;, Y;),i =

1,...,n.
(b) Find the information bound for # in the structural model based on (X;,Y;),i =
1,...,n.

(¢) Compare the information bounds you computed in (a) and (b). When is the informa-
tion for # in the functional model larger than the information for 6 in the structural
model?

6. Suppose that X ~ Gamma(a,1/8); i.e., X has density py given by

po(z) = %xal exp{—pBx}I(x > 0), 6= (a,p) € (0,00) x (0, 00).

Consider estimation of ¢(#) = Ep[X].

(a) Compute the Fisher information matrix 1(6).

(b) Derive the efficient score function, the efficient influence function and the efficient
information bound for a.

(c) Compute ¢(#) and find the efficient influence functions for estimation of ¢(6). Com-
pare the efficient influence functions you find in (c) with the influence function of
the natural estimator X,,.

7. Compute the score for location, —(f'/f)(x), and the Fisher information when:
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(a) f(z) = ¢(z) = (2n)" /2 exp{—2?/2}, (normal or Gaussian);
(

) f(z)
b) f(z) =exp{—z}/(1 + exp{—=x})?, (logistic);
(¢) f(z) = exp{—|z|}/2, (double exponential);
) f(x)
) f(x)

T

Xz

(d
(e

8. Suppose that P = {P : § € ©},0 C R* is a parametric model satisfying the hypotheses
of the multiparameter Craméer-Rao inequality. Partition 6 as 6 = (v, 1), where v € R™
andn € RF"™and 1 <m < k. Let [ =1y = (ll, l2) be the corresponding partition of the
scores and with [ = I~ (9)[ the efficient influence function for 6, let [ = (I, lg) be the
corresponding partition of [. In both cases, ll, l1 are m-vectors of functions and lg, lg are
k — m vectors. Partition I(#) and I~*(6) correspondingly as

Iy Ly
1(0) = :
(6) (121 ]22)
where I1 is m x m, I1g is m X (k—m), Iy is (k —m) x m, Iy is (k —m) x (k—m). also
write

tx, the t-distribution with k degrees of freedom:;

z) = exp{—z}exp{—exp(—z)}, (Gumbel or extreme value).

I740) =[] j=1,2.
Verify that

(a) ]11 = [ﬂIQ where [11.2 = ]11 — 112[2}1[21, ]22 = 12311 where 122.1 = 122 — 121];11[12,
I = I N0 12 = —122 - 17 o I

(b) Verlfy that [1 = Illil + ]12Z2 = ]1_112<l1 — 112]2_211.2), and ZQ = ]21Z1 + 122i2 = ]2311([2 —
InI ).

9. Let T}, be the Hodges superefficient estimator of 6.

(a) Show that T, is not a regular estimator of 6 at # = 0, but that it is regular at every
0 #0. If 6, = t/y/n, find the limiting distribution of v/n(T,, — 6,,) under Py, .

(b) For 6,, = t/y/n show that

Ro(0,) = nEy [(Th — 0,)2] — a® +2(1 — ).

This is larger than 1 if > > (1 +a)/(1 — a), and hence supper efficiency also entails
worse risks in a local neighborhood of the points where the asymptotic variance is
smaller.

10. Suppose that (Y]Z) ~ Weibull(A\™' exp{—7Z}, 3) and Z ~ G,, on R with density g, with
respect to some dominating measure p. Thus the conditional cumulative hazards function
A(t|z) is given by

Ay p(t]2) = (Ae7*t)P = NePr2tP

and hence
/\'y,)\,ﬁ(t’z) = Aﬂeﬁwzﬁtﬁil.
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11.
12.
13.
14.
15.
16.

(Recall that A\(t) = f(t)/(1 — F(t)) and A(t) = —log(1 — F(t)) if F is continuous). Thus
it makes sense to reparameterize by defining #; = S~ (this the parameter of interest since
it reflects the effect of the covariate Z), 6, = A\° and 0, = 3. This yields

Ao(t]z) = 0203 exp{@lz}t03_1.

You may assume that a(z) = (9/9z)logg,(z) exists and Efa(Z)?] < oo. Thus Z is
a “covariate” or “predictor variable”, 6, is a “regression parameter” which affects the
intensity the (conditionally) Exponential variable Y, and 6 = (04, 6, 05,0,) where 0, = .
(a) Derive the joint density py(y, z) of (Y, Z) for the reparameterized model.

(b) Find the information matrix for . What does the structure of this matrix say about
the effect of n = 64 being known or unknown about the estimation of 6, 65, 637

(c¢) Find the information and information bound for 6; if the parameter f; and 05 are
known.

(d) What is the information for 6, if just 05 is known to be equal to 17

(e) Find the efficient score function and the efficient influence function for estimation of
f, when 65 is known.

(f) Find the information Iy1.(2,3) and information bound for 6, if the parameters 6, and
05 are unknown.

(g) Find the efficient score function and the efficient influence function for estimation of
61 when 05 and 05 are unknown.

(h) Specialize the calculation in (d)-(g) to the case when Z ~ Bernoulli(f4) and compare
the information bounds.

Lehmann and Casella, page 72, problems 6.33, 6.34, 6.35
Lehmann and Casella, pages 129-137, problems 1.1-3.30
Lehamann and Casella, pages 138-143, problems 5.1-6.12
Lehmann and Casella, pages 496-501, problems 1.1-2.14
Ferguson, pages 131-132, problems 2-5

Ferguson, page 139, problems 1-4
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CHAPTER 5 EFFICIENT ESTIMATION: MAXIMUM
LIKELITHOOD APPROACH

In the previous chapter, we have discussed the asymptotic lower bound (efficiency bound) for

all the regular estimators. Then a natural question is what estimator can achieve this bound;

equivalently, what estimator can be asymptotically efficient. In this chapter, we will focus on

the most commonly-used estimator, maximum likelihood estimator. We will show that under

some regularity conditions, the maximum likelihood estimator is asymptotically efficient.
Suppose X1, ..., X,, are i.i.d from Py, in the model P = {F, : § € ©}. We assume

(A0)
(A1)
(A2)

. 0 # 0 implies Py # Py (identifiability).
. Py has a density function py with respect to a dominating o-finite measure pu.
. The set {x : pp(z) > 0} does not depend on 6.

Furthermore, we denote

L, (0) = Hp9<Xi)a I(0) = Zlogpa(Xi)-

L, (0) and [,,(9) are called the likelihood function and the log-likelihood function of 0, respectively.
An estimator 6, of 8 is the maximum likelihood estimator (MLE) of 6, if it maximizes the
likelihood function L, (0), equivalently, ,,(6).

Some cautions should be taken in the maximization: first, the maximum likelihood estimator
may not exist; second, even if the maximum likelihood estimator exists, it may not be unique;
third, the definition of the maximum likelihood estimator depends on the parameterization of
pe so different parameterization may lead to the different estimators.

5.1 Ad Hoc Arguments of MLE Efficiency

In the following, we explain the intuition why the maximum likelihood estimator is the efficient
estimator; while we leave rigorous conditions and arguments to the subsequent sections. First,
to see the consistency of the maximum likelihood estimator, we introduce the definition of the
Kullback-Leibler information as follows.

Definition 5.1 Let P be a probability measure and let ) be another measure on (£2,.4) with
densities p and ¢ with respect to a o-finite measure y (u = P + @ always works). P(Q) =1
and Q(Q2) < 1. Then the Kullback-Leibler information K(P, Q) is

K(P.Q) = Bpllog 20

Immediately, we obtain the following result.

Proposition 5.1 K (P, Q) is well-defined, and K (P, Q) > 0. K(P,Q) =0 if and only if P = Q.
f
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Proof By the Jensen’s inequality,

K(P,Q)= Ep[-1o gpgg] > —1ong[Zg;] =—1ogQ(Q2) >0

The equality holds if and only if p(x) = Mq(z) almost surely with respect P and Q(Q2) = 1.
Thus, M =1and P=Q. t

Now that 6, maximizes ,(6),

LS (X0 2 g (X
=1 =1

Suppose 6,, — 0*. Then we would expect to the both sides converge to

E90 [pG* (X)] > E90 [p90 (X)]v

which implies K (Fp,, Pp«) < 0. From Proposition 5.1, Py, = Pp. From (A0), 8* = 6, (the model
identifiability condition is used here). That is, 0, converges to #y. Note in this argument, three
conditions are essential: (i) 6, — 6* (compactness of 6,); (i) the convergence of n=1l,(6,)
(locally uniform convergence); (iii) Py, = Py implies 6y = 6* (identifiability).

Next, we give an ad hoc discussion on the efficiency of the maximum likelihood estimator.
Suppose 6, — 0y. If 6, is in the interior of O, 6, solves the following likelihood (or score)

equations
l(0n) = I (X
i=1

Suppose lg(X ) is twice-differentiable with respect to #. We apply the Taylor expansion to

ién(Xi) at 0p and obtain
= g (X)) Zle* )6 — 6p),
i=1

where 6* is between 6, and 6. This gives that

V(0 —6,) = —% {n_l Zl‘e*(xi)} {Zz’go(xi)} .

By the law of large number, we can see \/ﬁ(én — 6p) is asymptotically equivalent to

% ZI(@O)_liQO(Xi).

Then 6, is an asymptotically linear estimator of ¢ with the influence function I(6)~ g, =
(., Py,|0,P). This shows that 0, is the efficient estimator of f and the asymptotic variance of
Vn (9 — fy) attains the efficiency bound, which was defined in the previous chapter. Again,
the above arguments require a few conditions to go through.

As mentioned before, in the following sections we will rigorously prove the consistency and
the asymptotic efficiency of the maximum likelihood estimator. Moreover, we will discuss the
computation of the maximum likelihood estimators and some alternative efficient estimation
approaches.
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5.2 Consistency of Maximum Likelihood Estimator

We provide some sufficient conditions for obtaining the consistency of maximum likelihood
estimator.

Theorem 5.1 Suppose that

(a) © is compact.

(b) log pe(z) is continuous in 6 for all x.

(c) There exists a function F(x) such that Fy,[F(X)] < oo and |logpe(z)| < F(z) for all x and
6.

Then 6, —>, 0. T

Proof For any sample w € (2, 0, is compact. Thus, be choosing a subsequence, we assume
0,, — 0*. Suppose we can show that

% i lén (Xz) — E@o [ZG* (X)]

Then since
1 n 1 n
— l; (X;) > — lo, (X;),
PRACOEFPIACS

we have

Epy[lo+ (X)] > Egy [loy (X)]-

Thus Proposition 5.1 plus the identifiability gives §* = 6. That is, any subsequence of 6.,
converges to 6y. We conclude that 6,, —,.. 6.
It remains to show

Since

B[l (X)] = Egy[lo-(X)]

by the dominated convergence theorem, it suffices to show
Pyl (X)) = Eg, [15, (X)]] = 0.
We can even prove the following uniform convergence result

sup [Pullo(X)] = Eg, [lo(X)]] — 0.

To see this, we define
U(z,0,p) = sup (lo(x) — Ep,[ly (X)]).

|0’—0|<p

Since ly is continuous, 1 (z,d, p) is measurable and by the dominance convergence theorem,
Ey,[¥(X, 0, p)] decreases to Ey,[lo(z) — Eg,[lo(X)]] = 0. Thus, for € > 0, for any 6§ € O, there
exists a py such that

EHoW(X,Q,po)] < €.
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The union of {0’ : |¢' — 0| < py} covers ©. By the compactness of ©, there exists a finite number
of 64, ...,0,, such that

© C UL {0 [0 — 0i] < po.}-
Therefore,
sup {P,[lo(X)] — Eg,[lo(X)]} < sup Py[Y(X,6; pp,)]-
EE) 1<i<m
We obtain

fimsupsup (P (X)) ~ B (X1} < sup Pofb(X, 01 pn)] <
n €0 <i<m
Thus, lim sup,, supgee {Pn[lo(X)] — Eg,[lo(X)]} < 0. We apply the similar arguments to {—{(X, 6)}
and obtain lim sup,, supycg { —Pnllo(X)] + Ep, [lo(X)]} < 0. Thus,

lim Sup P [lo(X)] — Egy [lo(X)]| — 0.

As a note, condition (c) in Theorem 5.1 is necessary. Ferguson (2002) page 116 gives an
interesting counterexample showing that if (c) is invalid, the maximum likelihood estimator
converges to a fixed constant whatever true parameter is.

Another type of consistency result is the classical Wald’s consistency result.

Theorem 5.2 (Wald’s Consistency) O is compact. Suppose 0 — ly(x) = log pg(x) is upper-
semicontinuous for all x, in the sense

lim sup ly (x) < lp(z).
0'—0
Suppose for every sufficient small ball U C O,

Ep,[sup ly(X)] < 0.
0'eU

Then én —p 00. T

Proof Since Ey,[lg,(X)] > Ey,[lor(X)] for any ' # 6y, there exists a ball Uy containing 6’ such
that
E90 [l90 (X)] > E@O[ sup lg (X)]
6 €U,
Otherwise, there exists a sequence 6, — 6" but Ey[lg,(X)] < Eg,llgs (X)]. Since lp: (x) <
supy Lo (X) where U’ is the ball satisfying the condition, we obtain

lim sup Eg,[lg;, (X)] < Ep, [limsup lo; (X)] < Eg, [ly (X)].

m

We then obtain Fy,[lg,(X)] < Eg,[le'(X)] and this is a contradiction.
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For any e, the balls Uy Uy covers the compact set © N {|0" — Oy| > €} so there exists a finite
covering balls, Uy, ..., U,,. Then

P(l6,— 65 > ) < P _sup Po[lo(X)] 2 Pylly, (X)]) < P(max P,[sup lp(X)] > Pyllg, (X)])

|67 60| >e lsism grey;
< 3 P(Pafoup (X)) 2 Pulla (X))
P 0'cU;
Since
P, [sup lo(X)] —vas. Ego[sup o (X)] < Egy[lo, (X)),
0'cU; 0'cU;

the right-hand side converges to zero. Thus, 0, —p 0o, T

5.3. Asymptotic Efficiency of Maximum Likelihood Esti-
mator

The following theorem gives some regular conditions so that the maximum likelihood estimator
attains asymptotic efficiency bound.

Theorem 5.3 Suppose that the model P = {F, : § € O} is Hellinger differentiable at an inner
point 6y of © C R*. Furthermore, suppose that there exists a measurable function F(X) with
Ey,[F(X)?] < oo such that for every #; and 6, in a neighborhood of 6y,

|log pe, () — log pe, (x)| < F(x)|01 — 0.

If the Fisher information matrix I(f,) is nonsingular and 6, is consistent, then
V0, —6y) = \/_ZI (60) Mgy (Xi) + 0p(1).

In particular, \/ﬁ(én — 6p) is asymptotically normal with mean zero and covariance matrix

I(6o) "1
Proof For any h,, — h, by the Hellinger differentiability,

Wo_o < Pootha/i/n 1) S Wig,, in La(Py,).
Poo

We obtain .
Vn(10g Doy h, /i — 108 pay) = 2v/nlog(1 + W, /2) =, W'l

Using the Lipschitz continuity of log py and the dominate convergence theorem, we can show

E90 \/E(Pn - P)[\/ﬁ(logp%—i-hn/\/ﬁ - 10gp90) - h,ZOO] — 0
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and

Varg, [Vi(Py = P)Vi(10g pyyn, g — 108 0,) = Bl ]| = 0.

Thus,
V(P = P)[v/n(10g g1,/ — 10g pe,) — g, = 0,
where /n(P,, — P)[g(X)] is defined as

2 [Z {9(Xi) = Epo (X)]}] :

From Step I in proving Theorem 4.4, we know

1 |
log H 28 Poothn/yn _ \/_ Z Wiy (X0) — SHT(80)h + 0,(1)

i=1 log Poq

We obtain
nEg, 108 P+, /v — 10g pa,] — —h'1(60)h/2.

Hence the map 6 — Ey,[log py| is twice-differentiable with second derivative matrix —I(6p).
Furthermore, we obtain

1 / / /
nP[log pgyih,/m — 108 pe,] = —éhn-’(@o)hn + h/n(P, — P)[lg,] + 0,(1).
We choose hy, = /n(0, — 0y) and h, = I(6) " /n(P,, — P)[lg,]. It gives that
n, , - - ‘
nP,[logp; — logpe,] = —§(Qn —00)' I(0)(0 — 6o) + V1 (6, — 0o)v/n(P,, — P)[lg,] + 0,(1),

P {108 Dy, 1 1(80)-1 (P~ Pfigg) /v — 108 Pac]

= S (VAP — P)ia Y 1(00) VAP, — P)lia]} + 0,(1).

Since the left-hand side of the fist equation is larger than the left-hand side of the second
equation, after simple algebra, we obtain

s AV~ 00) — 1(00) V(P — Plia,) Y 1600) { V6, — o) — T(60) V(P — P}
+0,(1) > 0.
Thus, ) '
Vit(f, —00) = 1(00) VP, — P)lig,] + 0,(1).
i

A classical condition for the asymptotic normality for \/ﬁ(én — 6p) is the following theorem.

Theorem 5.4 For each ¢ in an open subset of Euclidean space. Let 0 lg(x) = log pe(2)
be twice continuously differentiable for every x. Suppose Ej, [lg,ly ] < 0o and Eflg,] exists and
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is nonsingular. Assume that the second partial derivative of Iy(x) is dominated by a fixed
integrable function F'(x) for every # in a neighborhood of 6y. Suppose 6,, —, 6y. Then

\/ﬁ(én - 90) (E90 190 Z lao + OP )

Proof 6, solves the equation
0="> I;x
i=1

After the Taylor expansion, we obtain
0= Z Loy (X, Zleo ) (6 — 6o) + (én — o)’ {z”: léi)(Xi)} (0 — 6o),
where én is between én and 6. Thus,
y{%gzg(xi)} (6, — 60) + Zzao D] < — Z|F )0 — 6o]*.
We obtain (6, — 6y) = 0,(1/y/n). Then it holds

Vvn(0, —90{ Zzeo ) 4 0,(1 }:—%gz%(){)

The result holds. t .

5.4 Computation of Maximum Likelihood Estimate

A variety of methods can be used to compute the maximum likelihood estimate. Since the
maximum likelihood estimate, 6,,, solves the likelihood equation

S i
i=1
one numerical method for the calculation is via the Newton-Raphson iteration: at kth iteration,
gl = glk) l =y (Xy) ¢
Z 9(k) n ; 9<k>( )

Sometimes, calculating ly may be complicated. Note the

1 <A .
= b (X)) = 1(0%).
i=1
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Then a Fisher scoring algorithm is via the following iteration

g+ — g(k) + [ { Zle<k> }

An alternative method to find the maximum likelihood estimate is by optimum search algo-
rithm. Note that the objective function is L, (6). Then a simple search method is grid search
by evaluating the L, (#) along a number of #’s in the parameter space. Clearly, such a method
is only feasible with very low-dimensional 8. Other efficient methods include quasi-Newton
search (gradient-decent search) where at each 6, we search along the direction of L, (6). Re-
cent development has seen many Bayesian computation methods, including MCMC, simulation
annealing etc.

In this section, we particularly focus on the calculation of the maximum likelihood estimate
when part of data are missing or some mis-measured data are observed. In such calculation,
a useful algorithm is called the ezpectation-mazimization (EM) algorithm. We will describe
this algorithm in detail and explain why the EM algorithm may give the maximum likelihood
estimate. A few examples are given for illustration.

5.4.1 EM framework

Suppose Y denotes the vector of statistics from n subjects. In many practical problems, Y
can not be fully observed due to data missingness; instead, partial data or a function of Y is
observed. For simplicity, suppose Y = (Y5, Yobs), where Y4 is the part of Y which is observed
and Y,,; is the part of Y which is not observed. Furthermore, we introduce R as a vector of 0/1
indicating which subjects are missing/not missing. Then the observed data include (Y5, R).

Assume Y has a density function f(Y’;6) where § € ©. Then the density function for the
observed data (Y, R)

/ F(V10)P(RIY)dY,e.
Yinis

where P(R|Y") denotes the conditional probability of R given Y. One additional assumption
is that P(R|Y) = P(R|Yws) and P(R|Y) does not depend on 6; i.e., the missing probability
only depends on the observed data and it is non-informative about 6. Such an assumption is
called the missing at random (MAR) and is often assumed for missing data problem. Under
the MAR, the density function for the observed data is equal

/ F(Y:0)dYms P(RIY).

Hence, if we wish to calculate the maximum likelihood estimator for 6, we can ignore the part
of P(R|Y') but simply maximize the part of fy 5 f(Y;0)dY,s. Note the latter is exactly the
marginal density of Yy, denoted by f(Yops; 6).

The way of the EM algorithm is as follows: we start from any initial value of 8) and use
the following iterations. The kth iteration consists both E-step and M-step:

E-step. We evaluate the conditional expectation

E [log f(Y;6)[Yops, 6] .
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Here, E[-|Y,,, 0%] is the conditional expectation given the observed data and the current value

of . That is,

Sy, Nog f(Y;0)] f(Y;0%)dY,;s
fymis f(Ya e(k))dymzs

E [log f(Y;0)[Yops, 0] =

Such an expectation can often be evaluated using simple numerical calculation, as will be seen
in the later examples.

M-step. We obtain %+ by maximizing
E [log f(Y;0)|Yops, 0*)] .

We then iterate till the convergence of 6; i.e., the difference between %+ and 6 is less than
a given criteria.

The reason why the EM algorithm may give the maximum likelihood estimator is the fol-
lowing result.

Theorem 5.5 At each iteration of the EM algorithm, log f(Yyss; 0%FD) > log f(Yops; %)) and
the equality holds if and only if 1) = g(*) ¢

Proof From the EM algorithm, we see
E [log f(Y; 0% |Yops, 0*)] > E [log f(Y50%)[Y,ps, 0%] .

Sine
log f(Y, 6) IOg f( obs ) + lOg f(Ymis|Y;JbS7 0)7

we obtain
[log f( mlS‘Y:)b& 6(k+1 )’mb37 } + lOg f( obs k+1))

> E [10g f (Yomis|Yobss 0") [Yons, 0] + log f(Yops; 0.
On the other hand, since

E [log f(YmisD/obsa 0(k+1)) |Y;)b57 g(k)] < E [log f(Ymis|Y;Jbsa e(k)> |}/;bsa e(k)}

by the non- negatwlty of the Kullback-Leibler information, we conclude that log f(Y,p; 1) >
log f (Yops, 8%)). The equality holds if and only if

log f(Yinis|Yobs, 9(k+1)> log f(Yinis| Yobs, Q(k))a
equivalently, log f(Y; 0%+D) = log f(Y;0%)) thus g%+ = g*)

From Theorem 5.5, we conclude that each iteration of the EM algorithm increases the
observed likelihood function. Thus, it is expected that 8% will eventually converge to the
maximum likelihood estimate. If the initial value of the EM algorithm is chosen close to the
maximum likelihood estimate (though we never know) and the objective function is concave in
the neighborhood of the maximum likelihood estimate, then the maximization in the M-step
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can be replaced by the Newton-Raphson iteration. Correspondingly, an alternative way to the
EM algorithm is given by:

E-step. We evaluate the conditional expectation

0
B | gy 108 S (Y)Y, 6

and

B | e 08 £V 50) Y 0%

M-step. We obtain %+ by solving
0 (k)
0=F %0 log f(Y';0)|Yops, 0

using one-step Newton-Raphson iteration:

82

o) =W — (B
00

~1
log (Y3 6) Yous, 0 >}} E[a@; log (Y 0)[Yope, 6 }

9=0(k)

We note that in the second form of the EM algorithm, only one-step Newton-Raphson iteration
is used in the M-step since it still ensures that the iteration will increase the likelihood function.

5.4.2 Examples of using EM algorithm

Example 5.1 Suppose a random vector Y has a multinomial distribution with n = 197 and

1—-6 1—9%
4 7 4 747

Then the probability for Y = (yi, y2, y3, y4) is given by

n! T e, 1-6., 1—-6_ 0
- (= _\u Y2 Y3 (Y4
yilyalyslys! "2 * 4) ( 4 )™ 4 ) (4> '

If we use the Newton-Raphson iteration to calculate the maximum likelihood estimator for
0, then after calculating the first and the second derivative of the log-likelihood function, we
iterate using

ot = g™ 4 Ly, 1/16 + (Yo + Y3) Lyt h
- YA/240W /a2 TR I gz T ()2

1/4 1 1
8 {Y11/2+0<k>/4 — (2 V)T +Y4W} '

Suppose we observe Y = (125,18, 20,34). If we start with () = 0.5, after the convergence, we
obtain §%) = 0.6268215. We can use the EM algorithm to calculate the maximum likelihood
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estimator. Suppose the full data is X which has a multivariate normal distribution with n and
the p = (1/2,0/4,(1 — 0)/4,(1 — 0)/4,0/4). Then Y can be treated as an incomplete data of
X by Y = (X1 + X5, X3, Xy, X5). The score equation for the complete data X is simple

_X2+X5 _X3+X4

0 0 1-46

Thus we note the M-step of the EM algorithm needs to solve the equation

0— F Xo+ X5 Xzg+ Xy

0 1-46

Y, 0®1

while the E-step evaluates the above expectation. By simple calculation,

1/2 0k /4
E[X]|Y, %] = (Y, Y, Yy, Vs, Ya).
[ | ’ ] ( 11/2+9(k)/4’ 11/2+9(k)/4’ 2,13, 4)
Then we obtain
0(k) /4
plkt1) _ E[Xs + X5]Y,6W)] _ Yiirremys T Ya
BlXe + Xs 4 X+ XalV.00) v, ot + Yo 4 Y3 4 Y

We start form ) = 0.5. The following table gives the results from iterations:

k| plk+D) gk+1) _ (k) 9§:ﬁg0n
0 | .500000000 | .126821498 | .1465 ’
1 ].608247423 | .018574075 | .1346

2 | .624321051 | .002500447 | .1330

3 | 626488879 | .000332619 | .1328

4 1.626777323 | .000044176 | .1328

5 | .626815632 | .000005866 | .1328

6 | .626820719 | .000000779

7 | .626821395 | .000000104

8 | .626821484 | .000000014

From the table, we find the EM converges and the result agrees with what is obtained form the

Newton-Raphson iteration. We also note the the convergence is linear as (0% — 6,,) /(6% —9,,)
becomes a constant when convergence; comparatively, the convergence in the Newton-Raphson
iteration is quadratic in the sense (§*+1) —4,)/(8% — 6,)2 becomes a constant when conver-
gence. Thus, the Newton-Raphon iteration converges much faster than the EM algorithm;
however, we have already seen the calculation of the EM is much less complex than the Newton-
Raphson iteration and this is the advantage of using the EM algorithm.

Example 5.2 We consider the example of exponential mixture model. Suppose Y ~ P, where
Py has density
poy) = {pPAe™ + (1 — pJue™} I(y > 0)

and 0 = (p,A\,u) € (0,1) x (0,00) x (0,00). Consider estimation of 6 based on Yi,.... Y,
i.i.d pg(y). Solving the likelihood equation using the Newton-Raphson is much computation
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involved. We take an approach based on the EM algorithm. We introduce the complete data
= (Y, A) ~ pg(z) where

po(x) = po(y, 6) = (pye ™)’ ((1 — p)ue ™)' .

This is natural from the following mechanism: A is a bernoulli variable with P(A = 1) = p
and we generate Y from Exp()) if A =1 and from Exp(p) if A = 0. Thus, A is missing. The
score equation for € based on X is equal to

. (A 1A
O:M&WJM:E:{—— }

D I—p

. 1
0= l)x(Xlu "'7Xn) - ZAZ(_ - }/1)7

0=1,(X1,...,. X E: ——m

Thus, the M-step of the EM algorithm is to solve the following equations

“ A, 1= A AY
0= E [{—Z— z}m,... Yo, o, } ZE H } m,p“f),A(’“’,u(’f’],
i=1 p 1=p N

p

- 1 - 1
0= F {Ai(x — YY1, Yo, p®, A(’“),u(k)} =2 E {Az(; = V)Y, p®, A", u““)} :
i=1 i=1

0= 38 1= A0, = Vi Vs A9 ) = ZE 1= A0 = Y)Y, ).
=1
This immediately gives
P = LS BN )
Doy BIAY:, p® AW, ]
> i YiE[A]Y;, p®) XK (9]

(k+1) _ Zizl Bl(1 - z’)!YE,p(k), )\(k), M(k)]
Yo YiB[(1 = Ay)[Y;, p®), A®), p®)]”

)\(k+1

i

The conditional expectation

p)\e—/\Y

E[A]Y, 0] = .
AIY6) pAe= + (1 = p)ue’

As seen above, the EM algorithm facilitates the computation.
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5.4.3 Information calculation in EM algorithm

We now consider the information of ¢ in the missing data. Denote [, as the score function
for 6 in the full data and denote [,,s05s as the score for 6 in the conditional distribution of

Ynis given Yo and fobs as the the score for 8 in the distribution of Y,;,,. Then it is clear that
le = lnisjobs + lobs- Using the formula

Var(U) = Var(E[U|V]) + E[Var(U|V)],

we obtain ' ‘ ‘
Var(l) = Var(E[le|Yos]) + E[Var(le[Yos)]-
Since . ' . '
E[lc’nbs] = lobs + E{lmisbbs’nbs] = lobs
and . .
VCL?"(ZCD/;[;S) - Var(lmis|obs|yobs)>
we obtain

Var(ic) = Var(iobs) + E[Var(imis|obs\1/;bs)].
Note that Var(l,) is the information for # based the complete data Y, denote by I.(6),
Var(lobs).is the information for 6 based on the observed data Y, denote by I,(#), and
the Var(lnisjobs|Yobs) is the conditional information for ¢ based on Y, given Yo, denoted by

Lnisiobs(0; Yobs). We obtain the following Louis formula
[c(e) = obs(e) + E[Imis|obs(‘9a Yvobs)]'

Thus, the complete information is the summation of the observed information and the missing
information. One can even show when the EM converges, the convergence linear rate, denote

A~

as (0% —4,) /(6% — 0,,) approximates the 1 — Io,s(,)/1.(6,).

The EM algorithms can be applied to not only missing data but also data with measurement
error. Recently, the algorithms have been extended to the estimation in missing data in many
semiparametric models.

5.5 Nonparametric Maximum Likelihood Estimation

In the previous section, we have studied the maximum likelihood estimation for parametric
models. The maximum likelihood estimation can also be applied to many semiparametric or
nonparametric models and this approach has been received more and more attention in recent
years. We illustrate through some examples how such an estimation approach is used in the
semiparametric or nonparametric model. Since obtaining the consistency and the asymptotic
properties of the maximum likelihood estimators require both advanced probability theory in
metric space and semiparametric efficiency theory, we would rather not get into details of these
theories.

Example 5.3 Let X, ..., X,, be i.i.d random variables with common distribution F', where F'
is any unknown distribution function. One may be interested in estimating F'. This model is
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a nonparametric model. We consider maximizing the likelihood function to estimate F'. The
likelihood function for F'is given by

where f(X;) is the density function of F' with respect to some dominating measure. However,
the maximum of L, (F') does not exists since one can always choose a continuous f such that
f(X1) — oo. To avoid this problem, instead, we maximize an alternative function

£n<F> = HF{X1}7

where F'{X;} denotes the value F'(X;)—F(X;—). It is clear that L,(F) < 1and if F, maximizes
L,(F), F, must be a distribution function with point masses only at Xi,..., X,,. We denote
¢; = F{X;} and ¢; = ¢; if X; = X,. Then maximizing L,,(F') is equivalent to maximizing

ﬁqi subject to Z g = 1.
i=1 distinct ¢;

The maximization with the Lagrange-Multiplier gives that

1 n
j=1

Then .
Pla) = %Z[(Xn < 2) = Fy(x).

In other words, the maximum likelihood estimator for F' is the empirical distribution function
F,. Tt can be shown that F, converges to F' almost surely uniformly in x and /n(F, — F)
converges in distribution to a Brownian bridge process. Fj, is called the nonparametric maximum
likelihood estimator of F.

Example 5.4 Suppose X1, ..., X, are i.i.d F' and Y7, ..., Y, are i.i.d G. We observe i.i.d pairs
(Z1, A1), ..., (Zn, A,), where Z; = min(X;,Y;) and A; = I(X; <Y;). We consider X; as survival
time and Y; as censoring time. Then it is easy to calculate the joint distributions for (Z;, A;),
1=1,...,n, is equal to

Lu(F.G) = [[{F(Z)(1 = GZ)Y> {(1 - F(Z))g(Z:)}' ™.
i=1
Similarly, L, (F,G) does not have the maximum so we consider an alternative function
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L,(F,G) < 1 and maximizing L, (F,G) is equivalent to maximizing
[[{p:(1—Q)}> {a:(1 — P},
i=1

subject to the constraint ), p;, = Zj ¢; = 1, where p; = F{Z;},q¢; = G{Z;}, and P, =
ZY]_ <y, Pjs Qi = Zyj <y, ¢;- However, this maximization may not be easy. Instead, we will take

a different approach by considering a new parameterization. Define the hazard functions Ay ()
and Ay (1) as
Ax(t) = f(t)/(1 = F(t=)), Av(t)=g)/(1-G(t-))

and the cumulative hazard functions Ax(t) and Ay (t) as

t t
Ax(t) = / Ax(S)dS, Ay(t) = / )\y(S)dS.
0 0
The derivation of F' and G from Ax and Ay is based on the following product-limit form:

1-F(t) =] -drx) = lim 11 {1 = (Ax(t:) — Ax(ti-1))},

max™ . |[t;—t;_1|—0
s<t iz lti—tizal O=to<t1<..<tm=t

1-G(t) =[]0 —dAy) = lim 11 {1 — (Ay(t;) = Ay (tii1)}.

IIlaX'”;1 |ti—ti_1|—>0
s<t K O=to<t1<...<tm=t
Under the new parameterization, the likelihood function for (Z;, A;),i = 1,...,n, is given by
[Mx(Zi)% exp{=Ax (Z)} v (Z:)' =% exp{—Av(Z))}]

1

()

Again, we maximize a modified function

n

[T [Ax{Z}% exp{—Ax(Z)}Av{Z}' 2 exp{—Ay(Z)}] ,

i=1
where Ax{Z;} and Ay{Z;} are the jump sizes of Ax and Ay at Z;. The maximization becomes
maximizing

[0 exp{—Ai}b; = exp{—Bi}],
1

n
1=

where A; =37, _, a; and B; =}, _, b;. Simple calculation gives that

A, (1—-A))
a; = ——, bi:—, Rl: Zl
R; R; et

Thus, the NPMLE’s for Ax and Ay are given by

Ax(t) = Z%, Av(t)=>" 1- 4
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As a result of the product-limit formula, we obtain the NPMLE’s for F' and G are

Fnzl—H{l—%}, anl—H{l—lz%Ai}.

Yi<t Yi<t

Both 1 — ﬁn and 1 — én are called the Kaplan-Meier estimates of the survival functions for
the survival time and the censoring time respectively. The results based on counting process

theory show that F, and G, are uniformly consistent and both \/n(F, — F) and /n(G,, — G)
are asymptotically Gaussian.

Example 5.5 Suppose T is survival time and Z is covariate. Assume that the conditional
distribution of T given Z has a conditional hazard function

At|Z) = At)e?.

Then the likelihood function from n ii.d (T}, Z;),i = 1,...,n is given by

La(0,8) = [T {N@) expf=MT)e" %) £(2Z0)}

=1

Note f(Z;) is not informative about § and A so we can discard it from the likelihood function.
Again, we replace M{T;} by A{T;} and obtain a modified function

n

Lo(6,8) = [T { M} exp{-A(T)e" %1}

=1

Let p; = A{T;} we maximize

[1§mespl=(3 p)e")

or its logarithm as

n

Z Q,ZZ — GXP{Q/ZZ‘} Z pj + 1ngj

i=1 Y;<Yi

We obtain .

B > vy, exp{6'Z;}

by differentiating with respect to p;. After substituting it back into the log En(ﬁ, A), we find 0,

maximizes the function
- exp{¢'Z;}
log :
{E ZszYi exp{0'Z;}

The function inside the logarithm is called the Cox’s partial likelihood for 6. The consistency
and the asymptotic efficiency for 6,, have been well studied since the Cox (1972) proposed this
estimation, with help from the martingale process theory.

~

Di
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Example 5.6 We consider X1, ..., X, are i.i.d F and Y7,....,Y,, are i.i.d G. We only observe
(Y, A;) where A; = I(X; <Y;) for i = 1,...,n. This data is one type of interval censored data
(or current status data). The likelihood for the observations is

n

[T {FO)™ 0= Fvi)) -2}

i=1
To derive the NPMLE for F' and G, we instead maximize

n

[[{r* - Pr)y—>aq},

i=1

subject to the constraint that > ¢ = 1 and 0 < P; < 1 increases with Y;. Clearly, §; = 1/n
(suppose Y; are all different). This constrained maximization turns out to be solved by the
following steps:

(i) Plot the points (i, Zngyi A;),i=1,...,n. This is called the cumulative sum diagram.

(ii) Form the H*(t), the greatest the convex minorant of the cumulative sum diagram.

(iii) Let P; be the left derivative of H* at i.

Then (Py, ..., P,) maximizes the object function. Groeneboom and Wellner (1992) shows that
if f(t),9(t) >0,

. 1/3
n1/3(Fn(t) _ F(t)) 5y (F(t)( F<t)>f(t)) (22)’

1

29(t)
where Z is the location the maximum of the process {B(t) —t* : t € R} where B(t) is standard
Brownian motion starting from 0.

In summary, the NPMLE is a generalization of the maximum likelihood estimation to the
semiparametric or nonparametric models. We have seen that in such a generalization, we often
replace the functional parameter by an empirical function with jumps only at observed data
and maximize a modified likelihood function. However, both computation of the NPMLE and
the asymptotic property of the NPMLE can be difficult and vary for different specific problems.

5.6 Alternative Efficient Estimation

Although the maximum likelihood estimation is the most popular way of obtaining an asymp-
totically efficient estimator, there are alternative ways of deriving efficient estimation. Among
them, one-step efficient estimation is the simplest.

In one-step efficient estimation, we assume that a strongly consistent estimator for parameter
0, denoted by 6, is given. Moreover |0, — 6| = O,(n~Y2). One-step procedure is essentially a
one-step Newton-Raphson iteration in solving the likelihood score equation; that is, we define

by =0, {00} 0.

where [,,(6) is the sore function of the observed log-likelihood function and 1,(0) is the derivative
of [,,(0). The next theorem shows that 6, is an asymptotically efficient estimator.
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Theorem 5.6 Let [5(X) be the log-likelihood function of 6. Assume that there exists a neigh-
borhood of By such that in this neighborhood, |I”(X)| < F(X) with E[F(X)] < co. Then

V0, — 00) =4 N(0,1(60)7),

where I(6y) is the Fisher information. t

Proof Since 0,, —, 0y, we perform the Taylor expansion on the right-hand side of the one-step
equation and obtain

0 = 0, = {10(00) } {10(00) + 1, (67)(6, — 00)}

where 6* is between 6, and 6. Therefore,

R . o~ y-l. . :
b, — 6y = {1 - {zn(en)} zn(e*)] (G, — 60) — {zn( n)} I (6o).
On the other hand, by the condition that |l§3) (X)| < F(X) with E[F(X)] < o0, we know

Li(0") S Bling (X)), Li(0,) =, Eliny ().

Thus, L
0 — 0 = 0, (10— 0ol) = { Elian (X)) +0,(1) ]~ (00)

SO

Ll'n(Qo) —a N(0,1(6)7h).

V(0 — ) = 0,(1) — {EV&O(X)] + Op(l)}l NG

We have proved that 0, is asymptotically efficient.

Remark 5.1 Many different conditions from Theorem 5.6 can be used to ensure the asymp-
totic efficiency of 0,, and here we have presented a simple one. Additionally, in the one-step
estimation, since I,,(6,) approximates —I(f) and the latter can be estimated by —I(6,), we
sometimes use a slightly different one-step update:

0, = 0, + 1(6,)1(6,).

One can recognize that this estimation is in fact one-step iteration in the Fisher scoring algo-
rithm. Another efficient estimation arises from the Bayesian estimation method, where it can
be shown that under regular condition of prior distribution, the posterior mode is equivalent
to the maximum likelihood estimator. We will not pursue this method here.

In summary, efficient estimation is one of the most important goals in statistical inference.
The maximum likelihood approach provides a natural and simple way of deriving an efficient
estimator. However, when the maximum likelihood approach is not feasible, for example, the
maximum likelihood estimator does not exist or the computation is difficult, other estimation
approaches may be considered such as one-step estimation, Bayesian estimation etc. So far,
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we only focus on parametric models. When model is given semiparametrically or nonpara-
metrically, the maximum likelihood estimator or the Bayesian estimator usually does not exist
because of the presence of some infinite dimensional parameters. In this case, some approxi-
mated likelihood approaches have been developed, one of which is the nonparametric maximum
likelihood approach (sometimes called empirical likelihood approach) as given in Section 5.5.
Other approaches include partial likelihood approach, sieve likelihood approach, and penalized
likelihood approach etc. These topics need another full text to describe and will be deferred to
some future course.

READING MATERIALS: You should read Ferguson, Sections 16-20, Lehmann and Casella,
Sections 6.2-6.7

PROBLEMS
We need the following definitions to answer the given problems.

Definition 5.2. {7} and {7} are two sequences of estimators for 6. Suppose
V(T, —0) =4 N(0,62), /n(T, —60) —4 N(0,52).

The asymptotic relative efficiency (ARE) of {T,,} with respect to {T},} is defined as r = 2 /5>
Intuitively, » can be understood as: to achieve the same accuracy in estimating #, using the
estimator T,, needs approximately 1/r times as many observations as using the estimator T,.
Thus, if 7 > 1, T,, is more efficient than T,; vice versa.

Definition 5.3. If §y and §; are statistics, then the random interval (g, d7) is called a (1 — «)-
confidence interval for g(0) if

Pg(g(e) € ((50,51)) >1—oq.

Intuitively, the above inequality says: however data are generated, there is at least (1 — «)
probability that the interval contains the true value g(). Also, a random set S constructed
from data is called a (1 — «)-confidence region for g(0) if

Pg(Q(@) c 8) >1-—a.

If (09,61) and S change with sample size n and the above inequalities hold at the limit, then
(0, 91) and S are approximately (1 — a)-confidence interval and confidence region respectively.

1. Suppose that (X1,Y7),...,(X,,Y,) are i.i.d. with bivariate normal distribution N(u, )

where 1 = (u1, o) € R* and
o oTp
X = <U7'p 72

where 02 > 0, 72 > 0, and p € (—1,1).
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(a) If we assume that gy = pp = 0 and X is known, what is the maximum likelihood
estimator of 67

(b) If we assume that p is known and o2 = 72 = 0, what is the maximum likelihood
estimator of (6, p)?

(c) What is the asymptotic distribution of the estimator you found in (b)?

2. Let Xq,..., X, beii.d. with common density

f9(17) = W](l‘ > 0), 6 > 0.

(a) Find the maximum likelihood estimator of 6, denoted as 6,. Give the limit distribu-

tion of /n(f, — 0).
(b) Find a function g such that, regardless the value of 8, \/n(g(6,) — g(0)) =4 N(0,1).

(c) Construct an approximately 1 — a confidence interval based on (b).

3. Suppose X has a standard exponential distribution with density f(x) = e *I(z > 0).
Given X =z, Y has a Poisson distribution with mean Ax.

(a) Determine the marginal mass function of Y. Find E[Y] and Var(Y) without using
the mass function of Y.

(b) Give a lower bound for the variance of an unbiased estimator of A based on X and

Y.

(c¢) Suppose (X1,Y1), ..., (X,,Y,) are i.i.d., with each pair having the same joint distri-
bution as X and Y. Let 5\n be the maximum likelihood estimator based on these
data, and let A, be the maximum likelihood estimator based on Y3, ..., Y,. Determine
the asymptotic relative efficiency of \, with respect to An.

4. Suppose that Xi,..., X,, are i.i.d. with density function py(z), § € © C R*. Denote
lo(z) = log pe(x). Assume ly(x) is three times differentiable with respect to 6 and its third
derivatives are bounded by M (x), where sup, Ey[M(X)] < co. Let 6, be the maximum
likelihood estimator of # and assume /n(6, — 0) —4 N(0,1, ), where I, denotes the
Fisher information at 6 and is assumed to be non-singular.

(a) To estimate the asymptotic variance of /n(f, — 6), one proposes an estimator 1!,
where

. 1 ..
I, = —EZZ(;"()Q).
=1

Prove that f; Lis a consistent estimator of I,".

(b) Show o
VI (0, — 0) =4 N(0, Irxi),

where ]A}L/ % is the square root matrix of fn and [« is k-by-k identity matrix. From
this approximation, construct an approximate (1 — «)-confidence region for 6.
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(c) Let 1,,(0) = > lp(X;). Perform Taylor expansion on —2(1,(0) — I 2(0,)) (called
likelihood ratio statistic) at 0, and show

—2(1n(0) — ln(én)) —d X%-
From this result, construct an approximate 1 — o confidence region for 6.

5. Human beings can be classified into one of four blood groups (phenotypes) O,A,B,AB. The
inheritance of blood groups is controlled by three genes, O, A, B, of which O is recessive
to A and B. If 7, p, ¢ are the gene probabilities in the population of O,A B respectively
(r+p+ q=1), the probabilities of the six possible combinations (genotypes) in random
mating (where two individuals draw at random from the population contribute one gene
each) are shown in the following tables:

Phenotype | Genotype | probability
O 00 r?
A AA p?
A AO 2rp
B BB q°
B BO 2rq
AB AB 2pq

We observe among N individuals that the phenotype frequencies No, N4, Ng, Nag and
wish to estimate the gene probabilities from such data. A simple approach is to regard the
observations as incomplete, the complete data set being the genotype frequencies Npo,
Naa, Nao, Ngp, Npo, Nag.

(a) Derive the EM algorithm for estimation of (p, ¢,).

(b) Suppose that we observe Np = 176, Ny = 182, Ny = 60, Nap = 17. Use the EM
algorithm to calculate the maximum likelihood estimator of (p, ¢, r), with starting
value p = ¢ = r = 1/3 and stopping iteration once the maximal difference between
the new estimates and the previous one is less than 1074

6. Suppose that X has a density function f(z) and given X = z, Y ~ N(Bx,0?%). Let
(X1,Y1), ..., (X, Y,) beii.d. observations with the same distribution as (X, Y’). However,
in many applications, not all X’s are observable and we assume that X,,.1,..., X, are
missing for some 1 < m < n and that the missingness satisfies MAR assumption. Then

the observed likelihood function is

ﬁ{f(xn (- 1;[+ [0 o= 5 as

Suppose that the observed values for X’s are distinct. We want to calculate the NPMLE
for 8 and o2. To do that, we “assume” that X only has point mass p; > 0 at the observed
data X; =z; fori=1,...,m

(a) Rewrite the likelihood function using 3,02 and py, ..., ppm.
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(b) Write out the score equations for all the parameters.

(c) A simple approach to calculate the NPMLE is to use the EM algorithm, where
X1, -y X, are missing data. Derive the EM algorithm. Hint: X;,t =m+1,...,n,
can only have values x4, ..., z,,, with probabilities py, ..., pm.-

7. Ferguson, pages 117-118, problems 1-3
8. Ferguson, pages 124-125, problems 1-7
9. Ferguson, page 131, problem 1

10. Ferguson, page 139, problems 1-4

11. Lehmann and Casella, pages 501-514, problems 3.1-7.34
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CHAPTER 6 BEYOND PARAMETRIC MODELS AND
BEYOND ESTIMATION

In the previous chapters, estimation and inference focus on parametric models, in which a
finite number of parameters are sufficient to characterize the underlying distribution for data
generation. Although parametric models enjoy the simplicity and convenience of interpretation,
they are prone to model misspecification, leading to incorrect inference. For example, in a linear
model, when the error distribution is no longer a normal distribution, default testing based on
student t-test or F-est is questionable. To be less susceptible to model misspecification, better
modelling approaches are so-called semiparametric models which impose minimal structures on
data distribution. The most extreme approach is called nonparametric models which assume
the full distribution of data to be completely unknown. In this chapter, we will provide a brief
introduction to nonparametric/semiparametric models.

6.1 Nonparametric Estimation

Nonparametric estimation is usually discussed for two contexts: nonparametric density estima-
tion and nonparametric regression. Nonparametric density estimation refers to using empirical
observations to estimate the underlying density of the data, without any parametric density
assumptions; while nonparametric regression focuses on estimating the conditional mean of one
random variable given another set of variables, similar to usual parametric regression models,
but assumes no structural form for this conditional mean.

6.1.1 Nonparametric density estimation

We consider the univariate density estimation. Assume X1, ..., X,, to be i.i.d from an underlying
distribution with a bounded and continuous density function f(z). The goal of the density
estimation is to estimate f(z) using the observed data.
6.1.1.1 Local Approaches

Local approaches refer to pooling observations locally around z in order to estimate f(x).
Since f(x) reflects the proportion of the data locally around x, one general estimator for f(x) is
to assign weights to each observation and more weights are given to X; near x than X, further

from z: .
r)=n"" Z Wi ()
i=1

where wy;(z) = a, ' K(a'(X; — x)) for some non-increasing and nonnegative function of K(-)
and a,, is a pre-specified constant depending on n. The function, K (-), is called kernel function
determining the scale of weights and also satisfies [ K(y)dy = 1. The constant, a,, is called
the bandwidth which decides the closeness of X; to x.

To see why this estimator is a good estimator for f(z), we evaluate its expectation as

Elf(2)] = Ela="K (a=\(X; — 2) /K (2 + any)dy — /K(y)dyf(x) .

when a,, is chosen to satisfy a,, — 0 and f(x) is continuous. Therefore, ]?(x) is an asymptotically
unbiased estimator for f(x). There are many choices of the kernel functions satisfying this
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property, for example, let K(y) be any density function in R. We give two examples below.
In the first example, K (y) is chosen as K(y) = I(—1 < y < 1)/2 then the estimator becomes

~

fx) =

Zl(x—an < X; <z+ay,),
2na,, —

which is the local proportion of the observations in the interval (z — a,,, x + a, ) with respect to
the length interval 2a,. In fact, we can also rewrite f(x) as

]/”\(x): F(w+an)—F(x—an)’

2a,,

where F (x) is the empirical distribution function based on n observations.

The previous example results in a non-smooth density estimator due to the choice of a
discontinuous kernel function. Alternatively, we can choose K (y) to be a more smooth func-
tion, including commonly used Gaussian kernel (K (y) = (27)~'/? exp{—y?/2}) and Epanech-
nikov kernel (K(y) = 0.75(1 — y?)I(=1 < y < 1)). The advantage of using a smooth and
symmetric kernel is to yield less biased estimator, assuming that the true density function is
twice-continuously differentiable, since by Taylor expansion,

- / K@)/ (@ + any)dy = f(z) + af"(x) / K(y)yPdy/2 + ola).

~

Furthermore, we can obtain the pointwise asymptotic distribution of f(z) as follows. First,
we notice

o~

Var(f(z)) = (nay)” Var(K(a, (X; — 2)))

/K (x + ayy)dy — ay, (/ K(y)f(x+ any)dy) 2]

= (na,)” /K V2dy + o((na,) ™)

= (na,)”

so it has an order of (na,)~!. Thus, we consider the normalized estimator

fl) - E[f ()] _

\ var(f(z))

_1/2 n
{r@) [ Kpar} 00023 [ 06 - 0) = BUK 006~ )] (014 o)

i=1

Since

(nan)—3/2iE {’ [K(a,"(X; — 2)) — E[K(a;, " (X; — ))]] ’3} < 20(na®) 12,
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where C'is the the upper bound for the kernel function, if we choose (na2) — 0, then we apply
Liaponov central limit theorem to conclude

f(a) - E[f(2)] L N1,

\var(f(z))

Equivalently,
() { o) = 1)+ @) [ K22 + o) | a VO 50) [ K
Furthermore, if we choose na> — 0, then it gives

(nan) 2 {Fle) = 1)} > NO. ) [ Kl)dy)

—-1/2

Clearly, the convergence rate for f ( ) is (na,)” /%, much slower than the parametric rate,

n=1/2. This is because the estimator f(z) essentially uses the local observations (around na,
by considering the first example above) for estimation.

From the above derivations, we observe that the the asymptotic bias of ]?(13) is

22 f"(x) / K (y)y2dy/2 + o(a?)

and its variance is f(z) [ K(y)®dy/(na,). Thus, the optimal bandwidth for minimizing the
asymptotic mean square error should entail

[aif"m / K(y)y%zy/zr — (na) £ () [ K()dy

1/5
aoptzmal f K 2dy n71/5 )
n f// f K 2dy

In practice, since f(z) is unknown, one may use the normal density or an initial estimator for
f(z) when computing this optimal bandwidth.
6.1.1.2 Global Approaches

A global approach in nonparametric density estimation is to view f(x) as one element from
a sufficiently rich class of functions and then identify one function in this class to satisfy certain
criterion. In this section, we briefly review a few such approaches.

The first approach is called nonparametric maximum likelihood estimation which was al-
ready discussed in Chapter 5. Instead of estimating f(x), we estimate the cumulative distribu-
tion function, F(x), by maximizing the following empirical likelihood

resulting in

i log F{X,},
i=1
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where we replace f(X;) is the standard log-likelihood function by the jump sizes of F(x) at
r = X; to allow the discrete distribution function. Since ) ., F{X;} < 1, the nonparametric

maximum likelihood estimator, denoted by F (x), is given by

~

F(z) = n_lzI(Xi < x).

It can be shown that F (x) converges uniformly to F'(z) with probability one and moreover,
Vn(F(z) — F(z)) converges in distribution to a Brown bridge process. We are not going to
pursue this derivation here. Using F (x), we can produce a smooth density estimator by applying
kernel smoothing to F (x) as

which results in the same kernel estimator discussed in the previous section.

The nonparametric maximum likelihood estimator does not directly give a smooth density
estimator. One way to obtain a smooth density estimator is to consider a rich class of smooth
functions for estimation, for example, using polynomial, wavelets and splines as approximation.
In general, we consider a class of functions

S, = {Z ﬂkBm)},

where By, Bs, ..., B, are basis functions, for instance, I(x € 1), ..., I(x € Ik, ) with I, ..., I,
are disjoint bins in the support of X, or 1,z, 22, 22, ... in polynomials, or 1, cosz, sinx, cos2x,
sin2z... in trigonometric functions. We assume log f(x) from this class (the reason of using
log f(z) is to ensure that the resulting estimator to be positive) then maximize the log-likelihood

function

Zlog F(X0)

subject to constraint f f(z)dz = 1. This maximization becomes a nonlinear optimization prob-
lem over f, ..., Bk,. Such an estimation approach is often called sieve estimation (sometimes,
NPMLE is also treated as one of sieve estimation). There are two theoretical questions needed
to be considered: since the true density f(z) may not be in S, there is inevitable bias in this
approximation. Therefore, to ensure the bias vanish, we need to increase the number of basis
functions in §,, when n increases so that the approximation bias decreases. However, when the
number of basis functions increases, the number of parameters in the optimization increases
so result in increasing variability in the estimation. This implies that there is also a trade-off
between bias and variance in the sieve estimation. Finally, it is important to recognize that
although the estimation becomes estimating a finite number of parameters, the standard theory
for parametric models is not applicable due to the fact that the number of the parameters is
not fixed when n increases and that the parameters may not mean the same thing from n to
n—+ 1. It is largely misleading and wrong when some reference books treat the inference in sieve
estimation the same as used in parametric models.
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Another global approach to estimate f(x) is called penalized estimation, which minimizes
some object function while imposing penalty for non-smooth function. Typically, we use the
negative log-likelihood function as the objective function so such a penalization estimation
becomes

min — Zlog f(X5) + A\ P(f), subject to /f(a:)d:v =1,
i=1

where )\, is the penalization parameter to be specified at the beginning and P(f) is a function
quantifying the non-smoothness of f. A common choice of P(f) is

P(f) = / (@)

so a very variable f(z) yields a large curvature, therein, P(f) is large. Using the penalization,
the resulting estimator for f(x) should be smooth but also yields a large likelihood function.
The parameter ), regularizes the degree of penalization. For example, if A\, = 0, i.e., there is
no penalization, then the resulting estimator for f(x) is highly variable with f(X;) = oo; while
if A, = oo, f’(x) = 0 gives that the estimator should be linear. This shows that a large A,
results in less variable of the estimator but the bias (difference from the truth) can be large,
implying another trade-off between bias and variance. We will see the same phenomena in the
following regression context.

6.1.2 Regression Estimation

We consider estimating the conditional mean of Y given X (X is univariate) using n i.i.d
observations (X;,Y;),7 = 1,...,n. Without any parametric assumptions relating Y to X, this
is a nonparametric regression problem. The same approaches as the density estimation can
be applied, including local and global approaches, but with some modification to estimate the
conditional mean.
6.1.2.1 Local Approaches

Intuitively, m(x) = E[Y|X = z] is the average of Y’s value for those X around z. Thus,
a local approach is to pool data whose X’s are close x and calculate the average of Y’s. This
gives an estimator

m(z) = Zwm(xm,

where wy,;(z) is a weight to quantify how close X; to x and satisfies )", wp;(x) = 1. Similar
to the kernel density estimation, we can use a kernel function K (-) to define

K(a; (X, — ))

n

Wi (2) = Yo a K (e (X —x))

j=1"n

The denominator is to ensure that the summation of the weights adds up to 1. When K(y) =
0.5I(—1 <y < 1), m(x) is the local average of Y;’s for observations with X; within a distance of
a, from z. This estimator is called a histogram estimator. When K (y) is chosen to be smoother
such as Gaussian kernel or Epanechnikov kernel, m(z) becomes smoother. To see why m(x) is
asymptotically unbiased, we note

Y Ve, K0, (X = 2)) = Bla, VK (o, (X1 = 2)] + 0(1) = m{x) f(z) + 0p(1)
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and

n Z a, K(a, (X; — 7)) = Ela, K(a, (X1 — 2)] + 0,(1) = f(x) + 0,(1).

Thus, m(x) =, m(x) if f(x) > 0. We can establish the asymptotic normality for \/na,(m(z) —
m(z)) using the same derivation as the density estimation. Again, its convergence rate is
(na,)~'/?, due to the estimation essentially using the data locally around .

The above kernel estimator can also be viewed from maximizing a local likelihood function.
The idea is to construct a likelihood of the data locally around x then maximize it for estimation.
Assuming that Y = m(X) + N(0,0?), we obtain that the log-likelihood function from all
observations, up to some constant, is

=3 = (X)) (20).

Thus, in order to estimate m(z) at a fixed point z, we introduce the following local likelihood
function which weighs each component of the full log-likelihood differently depending on the
closeness of X; to x and replace m(X;) by m(x):

- Z wii(2)(Y; — m(2))?/(207),

where w,,; is the kernel weight define before. The reason that we can replace m(X;) by m(x)
is that we essentially make use of X; close to z for estimation for which m(X;) can be ap-
proximated by m(x). The resulting estimator is the same as m(z) defined before. In the local
likelihood approach, we can consider a more general approximation by approximating m(X;) by
some linear function m(z)+ a(z)(X; — ) or even polynomials m(z) + > 7_, ar(z)(X; — x)?/pl,
resulting in the so-called local linear or local polynomial estimators. These estimators have
better approximation properties especially near the boundary of X’s domain.
6.1.2.2 Global Approaches

Similarly, a global approach is to view m(z) as from a rich class of functions so the esti-
mation is to identify the function optimizing a criterion. Global approaches usually consist of
sieve estimation and penalization estimation. In the sieve estimation, we approximate m(x)
by ZkKjl BrBi(z), where By, ..., Bg, are the basis functions. Then the conditional mean is
estimated by minimizing

DL PN ACH

The choices of By's can be I(z € Ij), yielding the histogram type of estimator, or splines,
yielding regression spline estimators.
The penalization estimation for the regression problem is to minimize the following penalized

function
n

S (¥ — m(X0))? + A P(m),

i=1
where P(m) is a penalty, for example, [ |m”(z)|*dz, and )\, is the penalty parameter. The
choice of A, governs the smoothness of m(z) and also regulates the bias and variance trade-off
as discussed before. The choice of the penalty function [ |m”(z)|*dz gives the usual cubic spline
estimators.
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6.2 Introduction to Semiparametric Estimation

In health science, due to complicate experiment design, a large amount of uncontrolled fac-
tors in experiment subjects, and ethnic issues in dealing with human/animmal subjects, data
are presented with many different types: repeated measurement, measurement error, missing
data, time-dependent covariates, high-dimensional variables, complex link relationship, varied
sampling scheme etc. Parametric models usually do not fit the data very well since they are
too restrictive about model structures: only a few real parameters are used to explain the
complex data structure and variable relationships; thus, parametric models are very likely to
mis-represent the true relationship among the variables under study. Nonparametric estima-
tion, which does not specify any model structure for the data, on the other hand, is too broad
and less useful in health science for the reason that nonparametric estimation does a bad job
in presence of large number of variables; moreover, it is seldom informative in answering the
questions of interest, and it is inconvenient for interpretation and implementation. Recently, a
statistical modeling approach between parametric and nonparametric models has been studied
intensively and received more and more attentions in many problems arising from health sci-
ence. This approach is called “semiparametric model”. In other words, semiparametric models
can be viewed as intermediate models between parametric models and nonparametric models.
Their model parameters consist of both parametric components and nonparametric components
so enjoy both flexibility of interpretability as in parametric models and robustness to model
misspecification as in nonparametric models.

We provide a more rigorous definition of semiparametric model in the following. A statistical
model is a distribution function which describes the probability distribution of the variables
under study, denoted by X. In general, such a probability distribution is unknown to us but
it is known to belong to a family of distribution which indicates by parameter ¢». We denote
this family by F = {Fy,(x) : Fy is a distribution function for X'}. Based on the property
of ¥, we can categorize the statistical models into three categories: F is called parametric
family if ¢ belongs to a finite dimensional real space; F is called nonparametric family if
1 has no finite dimensional component; F is called semiparametric family if 1 consists of
both finite dimensional component and infinite dimensional component. Semiparametric family
is a category between parametric and nonparametric families and it is not as restrictive as
parametric family or as over-broad as nonparametric family.

Why is a semiparametric model useful? There are often the following reasons in addition to
its advantage over parametric and nonparametric models: in many real problems, people are
interested in some specific variable relationships, for example, the effectiveness of treatment on
smoking behavior, the influence of fat intake on the risk of developing breast cancer etc., and
such relationships are preferred to be represented by a finite-dimensional quantity 6 (though,
there are also some cases in which 6 can also contain infinite dimensional component); on the
other hand, only using 6 is not enough to model the probability distribution of the variables
under study so it is necessary to introduce other parameters 7 to describe the probability
distribution; while since 7 is less interesting compared to 6, 7 is unnecessary to be specified
delicately and is usually infinite-dimensional. Therefore, a statistical model is derived from a
family of probability distributions indexed by both 6 and 7 so it is a semiparametric model.
The less interesting parameter 7 is called nuisance parameter.

To specify a semiparametric model, some key questions should be addressed first:

e What are the random variables under study?
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e What is the probability distribution of the random variables?
e What relationship is of interest and how to represent it using quantitative parameters?

e What are the additional components to the aforementioned parameters of interest in order
to fully specify the probability distribution?

We can follow the above steps to obtain a semiparametric model. However, in many statistical
modeling, specifying a semiparametric model is a process of constantly updating; for example,
when one semiparametric model is difficult to be analyzed or its parameters can not be iden-
tified, some simplification or modification should be done to the original models. Moreover,
whenever a new semiparametric model is proposed, it should be kept in mind that the parame-
ters of interest must be reasonable to represent the relationship of interest and the assumptions
on the nuisance parameters should be as few as possible (though, the latter is hard to justify
in reality). The last and the most important, parameter identifiability needs to be guaranteed
in the final model.

In the remaining part of this section, we will look into some concrete examples to see how
to specify a semiparametric model for each problem.

Ezample 1 (Right-censored Data). In survival analysis, interest is on the relationship be-
tween some risk factors and survival time. However, patients may drop out of study occasionally
during the study. Then for whoever drop out, his/her survival time is unknown but it is at least
known that his/her survival time is longer than the time till dropout. Such a data is called
right-censored data in survival analysis.

The variables under study include: X-risk factors, T' ,survival time, C' dropout or censoring
time. An observation is (X, T'A C, I(T' < C)). Interest is on the relationship between X
and T. Such a relationship can be represented via modeling the distribution of T" given X. In
survival analysis context, modeling the distribution of T" given X = x is equivalent to modeling
the hazard rate function of 7" given X = z, which is defined by

> =
hile) = Jim P(T <t+ 5|§ >t X=1)
4

Cox (1972) proposed the proportional hazard regression model as follows:
h(t|z) = A(t)e™”,

where A(t) is call the baseline hazard rate function. [ represents the effect of X on the risk
of death. Furthermore, to capture the full distribution of (X,7,C'), we also need to model
additional distributions for X, denoted by g(z), and the distribution of C' given X = z and
T = s, denoted by f(t|z,s). To make parameters identifiable, it is assumed that 7" and C' are
independent given X, so f(t|x,s) = f(t|x). Therefore, the parameters of interest 6 = (3, \(¢))
and the nuisance parameters include g(z) and f(t|z). The probability distribution for the
observed statistics (X =z, INC =y, (T <C)=r)is

My) e e 0 f(yla) = (1 = F(yle)) g(x).

Ezample 2 (Current-status Data). Mice are often used in cancer study in determining
the effectiveness of some potential treatment. They are monitored in the study and later are
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sacrificed in order to see whether the tumor sizes in the mice have reached a given size. Interest
focuses on the effect of treatment on the time to the tumor reaching the given size. However,
this time to event is not available at all but at the time of the sacrifice, it is observed whether
this time to event is before or after the time at sacrifice. Such a data is named current-status
data, or Type I interval censoring.

The variables under study include: X-risk factors, T—survival time, C—dropout or censoring
time. An observation is (X, C, I(T < C)). We use the same parameters as in Example 1. Le.,
0= (B,\(t)), n=(g(x), f(t|x)). Thus, the probability distribution from the observed statistics
(X =2,C=y,I(T <C)=r) is given by

— e By —(1—r er'8
(1= e Tyrem AW f (y]2)g ().

Example 8 (Smoking Prevention Project (Pepe, Biometrika 1992)). In school-based smoking
prevention projects aiming to study the effectiveness of the smoking prevention programs on
the smoking behavior, current smoking behavior is generally assessed through self-report using
questionnaires. Self-report data are relatively inexpensive but may be subject to error. Chem-
ical analysis of saliva samples from the presence of cotinine yields a more accurate measure of
current smoking behavior but it is expensive. So chemical analysis can be only performed for
a very small subset of subjects in these large scale projects. Therefore, in the collected data,
we have everyone’s self-reported smoking behavior but only a subset of chemically analyzed
smoking behavior.

The variables under study include: X-treatment and other factors, Y-true smoking be-
havior, S—self-reported smoking behavior, R—whether subject is chosen for chemical analysis
(R = 1 indicates that he/she is chosen; otherwise, R = 0). An observation is (X, RY, S, R).
The relationship of interest is between X and Y so it is modelled by a density function hg(y|x)
indexed by the parameter 6. To fully model the probability distribution, we need to model the
distribution of (R, S) given (Y, X) and the distribution for X. For convenience, we assume R is
independent of (Y, X, S); that is, the choice into chemical analysis is random. Then additional
parameters to fully specify the probability distribution include P(R = 1) = p, the distribution
of X, denoted by g(z), and the distribution of S given (Y =y, X = z), denoted by f(s|y,z).
Therefore, the nuisance parameter is n = (p, f(s|y,x)) and the probability distribution from
one single observation is

o) / £(sly> 2)ho(yl)dy) £ (sly, ) oyl

Ezxample 4 (Medical Cost (Lin, 2001)). In SEER (Surveillance, Epidemiology and End
Results)-Medicare database, it contains extensive information on 1,264,345 Medicare enrollees
over 65 years old who were diagnosed with cancer from 1973 to 1989. The data on survival
time and monthly medical expenditures were collected during the period of 1984-1990. Detailed
clinical, demographic and geographic information was also recorded. A major objective was
to determine how the cost of care over time for these subjects were affected by the type of
cancer diagnosed, the clinical stage of the disease, as well as the demographic and geographic
characteristics. There are several complications with database: first, subjects may not survive
beyond the time period of interest, and survival time is related to cost accumulation. Secondly,
both survival time and cost accumulation process are subject to right censoring due to the loss
of follow up.
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The variables under study include: X—covariates, Y,—cumulative medical cost at t-th month
with time interval (tx_1, tx), T—survival time, C—dropout time. We only observe (X, Y7, ..., Yy, tx <
TNC < tgr1, R=I1(T < C)). The relationship of interest is the average effect of X on Y} so
it can be represented in the following equation

EYG|T > 1y, X = 2] = g(2'P)

where ¢ is a known link function. To full specify the probability distribution of the observation,
we need the parameters of the distribution for (7, X) and C given ((Yy, k = 1,2,...),T, X).
However, these nuisance parameters are very complicated and we leave the assumptions and
details of specification to subsequent analysis.

Ezample 5 (Error in Variables). Errors in variables have been the subjects of an enormous
literature. Example 3 is one example of this topic. Another example is from the controversy
relationship between breast cancer and fat intake (Carroll et al 1995), where fat intake is
impossible to be measured accurately.

When error exist in covariates, the variables under study include: X—error prone covariate,
Z—precisely measured covariate, U-measurement error variable, Y-response. The relationship
of interest is the effect of X and Z on Y so it is represented by the parameters in the regression
model for Y given X and Z

Y =XB+Za+ee~N(0,0%).

Assume U is independent of (Z, X, Y') and has a standard normal distribution. So the additional
parameter for fully specifying the distribution of (Y, X, Z, U) is the distribution of (X, Z) and we
denote it by G(x, z). The probability distribution for an observation (X +U = w, Z = 2, Y = y)
is given by

1 e~ (ymwh='a)? 20" ~(w=0)12q (g ),

2o
where (3, @, 0?) is the parameter of interest and G(-,-) is the nuisance parameter.

More examples can be founded in health science, which cover the topics of survival data,
longitudinal data, categorical data, at the same time, complicated by missingness, measurement
error, sampling scheme etc. We can not list each of them. The selection of the above examples
aims to demonstrate most of semiparametric theories.

6.3 Estimation in Semiparametric Models

We start to discuss some approaches to estimate parameter 6 in a semiparametric model which
are indexed by 6 and nuisance parameters 1. We always assume that n i.i.d observations are
available for estimation.

6.3.1 Direction Estimation of Nuisance Parameters

One intuitive idea is to find an estimate of n via data then replace the nuisance parameters
with this estimate in subsequent estimation for #. Most of time, the estimation of the nuisance
parameters 1 depends on the unknown parameter 6 but sometimes we may estimate 7 directly
from the data.
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In Example 3, suppose n i.i.d observations are (X;, R;Y;, S;, R;). The two nuisance param-
eters are g(x), which is the density of X, and p(s|y,x), which is the conditional density of S
given Y and X. Since R is independent of the other random variables, there exist a subset of
subjects in which R; = 1 such that (X;,Y;, S;) are all available. Hence, an intuitive estimate for
p(sly, ) is the nonparametric estimate of the conditional density of S given Y and X, using this
subset of the observations. For convenience, suppose (X, Y, S) are discrete then the simplest
estimate for p(s|y, x) is the probability function and we denote it by

e 27: RzI(Sz = S,Y; = anl = LC)
Yo Ril(Yi =y, X; = )

For other situation where (Y, X) are discrete and S is continuous, we can estimate the con-
ditional density p(s|y,x) using smooth nonparametric estimation. One example is to use the
kernel density estimation:

(nan) ™' I RiK (F=2)1(Y: = y, Xi = )

an

n-! Z?:l RiI(Yz‘ =1y, X; = 15) ’

plsly, ) =

where K (z) is a smooth function. The estimation for the density of X can be done similarly—
we either use the empirical density or the kernel density estimation. However, the latter is
an unnecessary step since it turns out the estimation for the density of X is useless for our
estimation of 6 due to the factorization of the likelihood (this is called the likelihood principle
in likelihood theory).

Therefore, after replacing p(s|y,z) by its estimate p(s|y,x), the likelihood function part
concerning 6 is

[T a0 oyl XS . Xl
=1 Y

Specially, if all the variables are discrete and we use the empirical estimate p(s|y, z), it then
becomes

J' R
Yoo Ril(Yi = y;, Xy = X;) ’

H{he(mXi)Ri [Z he (4] Xi)

where y1, ..., y,, are distinct levels of Y. The above function thus only depends on # so a natural
estimate for # is to maximize the above pseudo-likelihood function.

In summary, the fundamental idea of this approach is to estimate the nuisance parameter
using extra data or alternative way and replace it with the estimate. This direct eliminating the
nuisance parameter only works in some special data structure. For example, in measurement
error problem, when the true covariate’s distribution is unknown and is the nuisance parameter,
its distribution can be directly estimated using the validation data (Carroll and Wand (1991)).
Sometimes, we plug the estimate of the nuisance parameter into the estimating equation instead
of the likelihood function to estimate 6.

6.3.2 Construction of Estimating Equation

Using estimating equation has been and remains popular in semiparametric estimation. The
important reasons are that the solutions to estimating equations are consistent and it is often
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intuitive and convenient to construct an estimating equation for some problems. The basic idea
of estimating equation approach is to find a function, denoted by U(X;6,n) (X denotes the
observed statistics), such that at the true parameters (6, 1),

EU(X;00,m0)] = 0.

So if we further find an estimate for n depending on 6, denoted by 7(#), and 7(6y) is close to
7o in some sense as n becomes large, then we would expect the solution to the equation

Z U(X:;0,7(0)) =0

is consistent with 6y (by the Weak/Strong Law of Large Numbers). Certainly, there are some
assumptions implicated in the above arguments and we will delay the rigorous arguments to
later sections. Therefore, the key to this approach is to find an unbiased function U(X;6,n)
and obtain a consistent estimate of n if U(X;0,n) depends on n. However, the latter may be
unnecessary since U(X;60,7n) sometimes does not depend on 7.

Estimating equation approach is usually adopted in regression problems. One simple exam-
ple of linear regression is as follows: We want to estimate the regression coefficient of Y on X,
i.e., Y = X' +¢€ but € is an unknown random variable expect that it is known that Ele|X] = 0.
Clearly, one estimate for § is the least square estimate which minimizes Y ', (V; — X/8)*-
equivalently, it solves the following estimating equation

Zn:Xi(Yi — X;B) =0.
i=1

The above equation is an estimating equation since at the true parameter Sy, E[X (Y —X'5y)] =
E[X¢] = 0. Furthermore, for any invertible matrix D(X) which may depend on X, the following
equation

im(mlm X8 =0 0

is an estimating equation for #. The equation (1) is one type of the so-called the generalized
estimating equation.

A further example can be seen in repeated measurement of generalized outcomes, where
multiple measurements are taken from the same subject so they are correlated. Suppose for
the subject 7, the observations are (X;1, Yi1), ..., (Xin;, Yin,). We are interested in estimating the
regression coefficients §, which is defined in the equality

where g(z) is a known strictly monotone link function. Without any further assumptions, the
joint distribution of (Y;;,j = 1,...,n;) given (X;;,j = 1, ..., n;) is one of the nuisance parameters.
It is almost impossible to write down the observed likelihood function in a neat way. However,
a generalized estimating equation for § similar to (1) exists

n o n;

DO X Di(Xy) T (Y — 9(X8) = 0.

i=1 j=1
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D;(X) is often called working matrix and whatever choice it has, the solution to the above
equation is consistent. Moreover, using an appropriate choice of D;(X) (D;(X) is the covariance
matrix of (Y1, ..., Y;,,) when Y;; has a distribution from the exponential family), the solution
to the above equation may be efficient (efficiency will be discussed in the later sections).

The above example of repeated measurements shows that even if many nuisance parameters
exist, an estimating equation may be constructed to provide a consistent estimate for the pa-
rameters of interest. However, constructing an estimating equation may sometimes be indirect
and manipulation has to be taken. One such example is estimation in an accelerate time model
without censoring. In this model, T is lifetime and In7T = X'/3 + € where € is assumed to be
independent of X. We observe n i.i.d observations (X;,T;),i = 1,...,n. After some calculation,
Tsiatis (1981) constructed an estimating equation for 3

TRCD 0. (1 B R B
n < Y I(InTy - X6 > InT; - X[B)

) =0,

since at true [y, the expectation of the left hand side approximates

ElX; - E[I(E> €)|e]

| =0,

Another estimating equation was constructed by Buckley and James (1979).

It is of no doubt that many estimating equations can be constructed. The best choice of
an estimating equation, in our opinion, should have the following properties: the estimating
equation is in a simple form; the estimating equation is solvable and the solution is unique
and numerically stable; if possible, the estimator solving the equation should be the most
efficient one among all the estimators solving estimating equations. The last point relates to
the asymptotic efficiency theory.

6.3.3 Inverse Probability Weighted Estimating Equation for Missing Data

We start to discuss another special type of estimating equations which are mostly used in
missing data. Such equations have been used for survival analysis, missing covariates problem,
causal inference etc.

In general, interest focuses on the parameters, denoted by 6, which describes the distribution
of a random vector Z. Suppose that if there were no missing data, we would expect to observed
n i.i.d. observations Z; and 6 could be consistently estimated by solving the following estimating
equation

i=1

However, in reality, some observations or part of some observations may be missing. So we
introduce the following missing data mapping: we denote the support of Z as D and we
introduce another variables C' which can be missing index or censoring variable. Then a map
F is defined from D x R to 2P — (), which consists all the subsets of D except the empty set.
Moreover, there exists a function g(z, ¢) evaluating in a discrete set G (1 € G) such that

.F(Z,C) _ { {Z}7 g(Z,C) =1,

strictly includes z, O.W.
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and for 2’ € F(z,c) then F(2',¢c) = F(z,¢) (i.e., for the same type of missingness, the observed
set are the same for any possible potential observations). Hence, for a general missing data, for
each subject i, we observe (C;, g(Z;, C;), F(Z;, C;)). Clearly, Z; is completely observed only if
g (Zia Cl) =1

The basic idea of using the inverse probability weighted estimating equation is to use all the
completely observed Z; but weight each of them by the chance that such Z; is observed. The
general form for such an estimating equation is

I(g(Z;,C;) =1) |
ZPQ(Z’L’CZ _1‘Z)U(Zi79).

Obviously, the above equation is an estimating equation for §. However, P(g(Z,C) = 1|Z) is
unknown and should be estimated using the available observations. Thus, a key assumption is
assumed:

For any s € G and any ¢’ € F(y,c), P(C =c|Z =y) = P(C =c|Z =Y.

That is, the assumption assumes that the chance of Z is missing only depends the observation
and is independent of whatever the true Z is. Such an assumption is named either missing at
random or coarsening at random. From the assumption, we immediately know that P(g(Z,C) =
s|Z =y) = P(g(y,C) = s|Z € F(y,c)) where g(y,c) = s. So it would be expected to estimate
P(g(Z,C) = 1|Z = y) using the available observations.

We examine some simple examples. The first example is a linear regression Y = V'3 +
¢, Ele|V] = 0. If the observations from n subjects are completely observed including (Y;, V;, X;)
where X; contains any confounders, an estimating equation is given by

0= S VY- Vi)
=1

When some responses are missing, we introduce a missingness index variable R; with R; = 0
denoting the missing. The available observations are (R;Y;, R;, X;, Vi). Then the mapping F is
obtained as

F((y,v,2),1) = {(y, v, 2) }, F((y, v,2),0) = @ x {(v, 2)},

where € is the support of Y. Clearly, g(y,r) = r so the missing at random assumption is that
for any y, v/,

PR=0Y =y, X =2,V=0)=PR=0]Y =y, X =2,V =0);

that is, R is independent of Y given (X, V) (in causal inference, this assumption is also called
no unobserved confounder assumption). Therefore, P(R =0|Y =y, X =2,V =v) = P(R =
0/X = z,V = v) can be estimated from the observations by assuming a logistic regression
model for R given (X, V). If denote the estimate by P(R = 0|X = z,V = v), then the inverse
probability weighted estimating equation for § becomes

n

R
0= ~— Vi(Y: = V/B).
S T AT
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The second example is to estimating the survival function of 7" using right censored observations.
The complete observations from n subjects should be (7}, X;) where X denotes covariates and
C' is the censoring variable. With the complete observations, a simple estimating equation to
estimate the survival function for T, denoted by S(t) = P(T > t), is given by
0=3"0(T > 1) - S(1).
i=1

Due to the right censoring, we only observed (Y; = T; A C;, X;, A; = I(T; < C;). Therefore, we
let g((t,z),c) = I(c > t). The map F is given by

F((t,x),c) ={(t,z)}, if c >,
and
F((t,z),c) =[c,00) x {x}, if ¢ < L.
The missing at random assumption becomes that for any ¢, ¢,
PCL<TIT=t,X=2)=PC<HT =t X =x);

that is, 7" and C' are independent given X. We thus can estimate P(C' > t|X) by assuming
a proportional hazard model and we denote the estimate by P(C > t|X). So the inverse
probability weighted estimating equation becomes

= Z P> t,|X)|t/ (I(K- > 1) — S(t)).

The inverse probability Welghted estimating equation can be similarly applied to medical
cost example. Let Yj; denote the medical cost spent on subject i in k-th time period [t;_1, tx).
We assumed

EY3i|T; > t, Xii] = X308,
where T; is the survival time of subject i and X}; is the covariate of interest. We want to

estimate (3. Clearly, if there were no censoring, an estimating equation similar to a generalized
estimating equation could be easily constructed by

n K
0= Z Z I(T; > t) X D(Xig, B) (Yie — X[1.3),

i=1 k=1
where D(X, 5) is a known scalar function. In reality, patients may drop out or die within
some interval, so the observations are

(Xir, Yie, k= 1,...,m3), Zs = Ty N Ci € [tnistnizr), Ai = I(T; < Cy)i=1,...,n

We assume C; is independent of T; and Y;. given X, and other auxiliary information L;,. Then
as in the previous example, an inverse probability weighted estimating equation is obtained as

I(T, > t, Gy > 1)
0— Xz D XZ 7B 1 l ﬂ
121; P(C; > tg| Xik, Lir) eD (X f) (Vi = Xie)

where ﬁ(CZ > tr| Xk, L) is an estimate via a proportional hazard regression.

The inverse probability weighting technique is reminiscent of the Horvitz-Thompson esti-
mator and was previously used by Koul, Susarla and van Ryzin (1981), Robins and Rotnitzky
(1992), Lin and Ying (1993), and Zhao and Tsiatis (1997) in different context.
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6.3.4 Maximum Likelihood Estimation

In parametric model, it is well known that the maximum likelihood estimators are consistent
and asymptotically efficient under certain conditions. So we will also expect that in semipara-
metric estimation, the approach of maximizing the observed likelihood function would provide
an estimator with similar asymptotic properties. However, this maximization is much more
complicated than in parametric models due to the presence of nonparametric component in the
parameters in a semiparametric model.

Denote the parameter of interest by 6 and the nuisance parameter by 7 in a semiparametric
model. Let f(X;0,n) be the density of a single statistics X indexed by 6 and n (with respect
to certain dominating measure). The maximum likelihood estimates for § and 7 are the values
which maximize the observed likelihood function [[}_, f(X;;6,n). However, to be able to
proceed maximization, we need to consider the following two problems first.

1). On what set of (6, 7n) is the maximization realized?

2). Does such a maximum exist in the given set and is its maxima a unique?

Of these two questions, the answer to the second one more relies on the property of the density
function f(X;60,7n). For example, if f(X;0,n) is strictly concave in the parameters and the
set on which the maximization is performed in a compact set, then the maximum exists and
its maxima is unique (we will see some examples below). The answer to the first question,
on the other hand, requires more thoughts: Our goal is to obtain consistent estimators for
the parameters and the estimators should have good asymptotic properties, as the sample size
tends to infinity; so the set chosen for performing maximization should be large enough to
contain the true parameters but can not be too large so that the estimators obtained have bad
performance. We look at three examples in the following.

(Empirical Likelihood Example). Let X7, ..., X,, be n i.i.d observation from a distribution
F. 1 denotes the mean of X. We would like to estimate p. In this semiparametric setting, u is
the parameter of interest and the nuisance parameter is F'(x). The observed likelihood function
is

where f(z) = L F(z) satisfying
/ zdF(z) = p.

We want to maximize the observed likelihood function to estimate p. Then the question is what
set should be used for F(z). Suppose that the true density function for f(z) is continuous.
Then a natural choice of the set for f(x) consists all the continuous density functions. However,
we show that the maximum does not exist by contradiction: suppose (u*, f*(x)) maximize the
likelihood function and f*(x) is a continuous density function. Then if define

r 1 1 ef(a:fX1)2/26 + 1 67(33+X172u*)2/26).

\ 2Te \2Te

Then [z f(x)dr = p* but f(X;) goes to the infinity as e tends to zero. The example implies that
a different set from the set consisting of all the continuous densities should be used to obtain
the maximum likelihood estimates. One choice is to treat (u, F'(z)) as the parameters and in
the maximization, F'(x) includes all the right continuous monotone function and F(—o0) =



BEYOND PARAMETRIC MODELS 146

0, F(co) = 1. Under this choice, it can be easily shown that the function F(z) maximizing the
observed likelihood function is a monotone function only with jumps at Xi, ..., X,,; i.e., there
exist n numbers py, ..., p,, each denoting the jump of F(z) at X;, such that

F(z) = Z pil(X; < z).

Therefore, maximizing the likelihood function over the parameters (i, F'(z)) over the set
R x {F(z) : F(x) is a right-continous monote function, F'(—oc0) = 0, F'(c0) = 1}

is equivalent to maximizing []}_, p; under the constraint

Zpi = 1,ZX7;pi =p
i—1 i—1

Clearly, the maximum to the above problem exists. The likelihood function is usually called
empirical likelihood function since the distribution function in the likelihood function is an
empirical distribution.

(Cox’s PHM Example). For n right censored observations (Y; = T; A C;, R; = I(T; <
Cy), X;),i =1,...,n, the Cox’s proportional hazard model is assumed as follows:

h(t|z) = \(t)e®?

where A(t) is the baseline hazard rate function. Under this model assumption, the observed
likelihood function concerning 5 and A(t) can be written as

H [)‘(Y;)RieRiX{ﬂe_ Jo! )‘(t)dtexz{ﬁ] ‘

i=1

The parameters of interest are both 5 and A(t), in which the latter is the baseline cumulative
hazard function. A(t) is a monotone function and A(0) = 0. Although the true parameter
A(t) is continuous, in maximizing the likelihood function, we allow A(f) to have jumps at
some discrete t. Similar to the previous example, the function A(¢) maximizing the likelihood
function only have jumps at each Y; and the jump size is denote as p;. Therefore, maximizing
the observed likelihood function is equivalent to maximizing the following function
H[pf%ieRiX{Be—eX,{B S (Y, gyi)pj}.
i=1
The maximization is performed over a finite parameters so is feasible. Easily, we can find the
maximum likelihood estimates as

. R;
NI = )

Substituting it back to the function, we obtain that the maximum likelihood estimate for
maximizes

n oRiX[B
1=

i 1Y = Y;)eXif) R

1
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which is exactly the Cox’s partial likelihood function.

(Current Status Data Example). In the current status data, we observe (X;, C;, R; = I(T; <
Cy)),i = 1,...,n. Again, we assume the Cox’s proportional hazard model for modeling the
hazard risk of T" given X:

h(t|lz) = Nt)e®?.

Then the observed likelihood function concerning the parameters (3, A(t)) is given by

n

H[(l _ e_A(Ci)exl{ﬁ)Rie—(l—Ri)A(Ci)eX{ﬁ]‘
i=1
Then maximizing the above function is equivalent to solve the following maximization problem:

n X!.B Xfi)ﬂ
H[(l _ e—f(i)e (#) )R(i)e_(l_R(i))g(i)e ]

=1

Y

0<&m) < <€y

where {(7)} is the permuted set of {1,...,n} such that C(;y < ... < Cf,). Computationally,
this is a maximization problem subject to linear constraints and can be solved by a number of
constraint optimization softwares.

(Partial Linear Regression Example). A more general model than a linear regression model
is partial linear regression. In such a model, the relationship between one covariate Z and the
response Y is unknown but the other covariates X influences the response Y linearly. We can
express it as

Y=XB8+f(Z)+e

For convenience, we assume € is normally distributed with mean zero and it is independent of
X and Z. We are interested in estimating the parameter 5. The maximum likelihood estimates
for (B, f(z)) are derived from minimizing

n

> (Y- X[B— f(Z))

i=1

based on n i.i.d observations. Clearly, only assuming f has some smoothness does not help
in maximizing. We have to restrict f to some extent so that at least the maximization is
performed on a finite parameter space. One idea is based on the function approximation theory
that any smooth function can be approximated by a series of finite sums; i.e., there exists a
series of bases functions By (z), By(z), ... such that f(z) can be approximated by S0 & B;(z)-
the approximation is under suitable metric distance. Therefore, we can replace f(z) in the
minimization by this finite sum and obtain that the maximum likelihood estimates are derived
by minimizing

n Np,

S - X8-S 6B,(2)

i=1 Jj=1
Yet, we need to decide what bases functions B;(z) should be used and how large N, is selected.
Such an approach by using a series sum of finite bases functions is named sieve likelihood
approach. The B;(z) has many choices, including polynomials, triangular functions, B-splines,
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wavelet functions, etc. In real problem, the choice of B;(z) and N,, depend on the smoothness
of f(z) and the converge rate of the estimators, which will be discussed in detail later.

(Partial Linear Regression (cont.)). Another approach to minimize >, (Y; — X/3— f(Z;))?
is to instead, minimize the following function

n

> (V= X8 = f(Z)) + M /f”

=1

The added term A, | f”(z)*dz is called the penalty term and this approach is called penalized
likelihood approach. The use of penalty term restricts f(z) to be twice differentiable (in some
sense) so in other words, it penalizes the zigzag shape of the function. It can be shown that f(z)
which minimizes the above penalized likelihood function is a linear combination of (z— Z;)% and
it is one of the so-called cubic functions. Therefore, the minimization once again is performed
over a finite number of parameters including §. Certainly, the choice of A, depends on the
asymptotic results of the estimators.

(Partial Linear Regression (cont.)) The third way of estimating the nuisance parameter f(z)
is via local polynomial. Since any smooth function f(z) can be approximated by a polynomial
around a fixed z, we can minimize the following function to obtain the estimated f(z) at a fixed

z
n

D (Y= X[B — (a(2) + b(2)(Zi — 2)))K(

=1

Zi—z

Qp

),

where K(.) is a kernel function and a,, is the bandwidth to be chosen. In other words, around
z, f(z) is approximated by a linear function. Weighted linear regression can be used to derive
f(z) for fixed 5. We then obtain the estimate § by substituting the estimator of f(z) back into
the minimization. Such a way of approximating a nonparametric function locally sometimes is
called local likelihood approach.

6.3.5 Alternative Likelihood-based Estimation

In the previous section, we discussed the ways to maximize the observed likelihood function by
considering the nuisance parameters and other nonparametric components in a finite dimen-
sional space. As a result, we would obtain both the estimators for the parameters of interest and
the estimators for the nuisance parameters. Therefore, in studying the asymptotic properties of
the estimators for the parameters of interest, it would be contingent to obtain the asymptotic
properties of the estimators for the nuisance parameters.

There exist other approaches, which are also based on the observed likelihood function but
are able to estimate the parameters of interest without little effort in estimating the nuisance
parameters. Hence, these approaches are relatively more convenient for use. However, these
approaches only apply to some special structure of the likelihood functions. In the following,
we will discuss them in turn.

The first approach is the profile likelihood approach. Using the previous notations, we
denote f(X;60,n) as the density of a single observed statistics X, indexed by the parameters
f and the nuisance parameter 1. Then the profile likelihood function from n i.i.d observation
X1, ..., X, is defined as

pfalf mafo Xi30,m),

nESn <
i1



BEYOND PARAMETRIC MODELS 149

where &, is a set on which 7 takes value. The final estimator for # is the value of § maximizing
the profile likelihood function pf,,(0). At first glance, the profile likelihood appears to be the
result of one intermediate step in calculating the maximum likelihood estimates: treating 6
as known constant, we maximize the observed likelihood function over n. However, whenever
the profile likelihood function can be explicitly calculated or approximated, the asymptotic
property for the estimator of #, which maximizes the profile likelihood function pf,(6), can be
derived from the performance of pf,,(6). The procedure imitates the situation that pf,, () were
a parametric likelihood function of #. Clearly, in this process we have not studies any large-
sample property of the estimator for 7. Parallel to the definition of the profile likelihood, we
can define the profile log-likelihood function by maximizing the observed log-likelihood function
over the nuisance parameter and we denote it as pl,(6). One example is to study the Cox’s
proportional hazard model using the right censored data. Suppose the observations include

Yi=T,NCy, R =I1(T; <), X;),i=1,..n

and T is independent of C' given X. We want to estimate the parameter § in the following

Cox’s proportional hazard model
h(t|z) = A(t)e™”,

where A(t) is treated as the nuisance parameters (i.e., we are only interested in the effect of X
on 7). The logarithm of the observed likelihood function concerning 6 is

n

Y [Riln A(Y;) + X[8 — eXPA(Y)].

i=1

We profile the above function by treating § as a constant and A is a step function only with
jumps A(Y;) at each Y;. It is easy to calculate that in order to maximize the above function,

the jump A(Y;) = A(Y;) — A(Y;—) is equal to Z;;ll(;jizn)exéﬁ' Hence, the profile log-likelihood

function is obtained as

n n

pla(B) = [RiX[B — R;In(D>_I1(Y; > Yi)e's?)].

i=1 j=1

We then introduce another likelihood-based approach: partial likelihood approach. In this
approach, we only use the part of the observed likelihood function, which does not contain
the information of the nuisance parameters. Therefore, estimation from maximizing this par-
tial likelihood function does not include estimation of the nuisance parameters. Generally, in
order to make the estimator maximizing the partial likelihood function consistent, the partial
likelihood function must have a particular structure. Especially, its definition satisfies the fol-
lowing requirement: the whole vector of the observations can be transformed into the sequence
(71,51, Za, Sa, ooy Zimy S) and the full likelihood function of this sequence is

11 72120-0.50-0 (212970, 80790, [ [ £s1200,50-0 (5512, s971;0), (2)
j=1 j=1

where z0) = (2, ..., 2;), sU) = (sq, ..., s;). The second part only concerns ¢ and is the called the
partial likelihood function based on S. One typical example of the partial likelihood function
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is the Cox’s partial likelihood function for the right censored data. To obtain that, we order
the distinct failure times by Y{1y = tq) < .... < Y(m) = t(m). Define R(t) = {i : ¥; > ¢} and
R(t+) ={i:Y; > t}. Let

Z; = { all the history up to t;— and there is a failure at t(;)}, S; = { Y{;) fails at ¢(;)}.

Then i
eX(j) B

17 qU)y —
F512,5%) = Sohey [(Yi > t))eXi?”
The partial likelihood function for 8 based on S; is the product of the above function over
the failure times and it does not depend on A(t). Indeed, we again see the partial likelihood
function is equivalent to the profile likelihood function given in the previous paragraph. In the
decomposition (2), if fzj|Z(j—1)7s(j—1)(Zj|Z(j71), sU=1: 0. 1) does not depend on 7 or SU=Y | then
clearly, we can also maximize the

H fz;126-v (Zj|z(j71)§ 0)
i=1

to estimate 6. Such a likelihood is called marginal likelihood and is often treated as one type
of the partial likelihood.

Another different type of likelihood approach is called the conditional likelihood approach.
Sometimes, it is treated as one of the partial likelihood since it also uses the part of the likelihood
function. The definition of a conditional likelihood is as follows: suppose the density for X is
indexed by (6, n); furthermore, there exists a function of X, denoted by V(X #), such that the
support of V(X;6) is a strictly sub-manifold of the support of X and V(X;0) is a sufficient
statistics for 7; then the function given by

HfX\V(Xi|V(Xi§ 0); Q)

is called the conditional likelihood function for 6 based on V' (X; #). Such a conditional likelihood
function is independent of 7 due to the sufficiency of V' (X;0); so it can be used for inference of
0. For example, one consistent estimator for # can be derived by solving the following equation

"0
> 5 0 Lxv (Xl Vi 0)lvi=v(xio) = 0.
i=1
One application is the measurement error problem in linear regression problem which was given
before. In that problem, we assume

Y=Xp+Za+eW =X+,

where € ~ N(0,0?), U ~ N(0,1), and U is independent of Y, X. The n i.i.d. observations are
(Y;,W;),i = 1,...,n. The trick thing here is to treat the missing observation Xj, ..., X,, as the
nuisance parameters (functional modeling in measurement error). Then the observed likelihood
function is proportional to

(=X Za)? (w;—x;)2

H[e 207 = .
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Clearly, %Y;ﬂ + W, is the sufficient statistics for X; in this exponential family indexed param-
eterized by (X3, ..., X,,). Therefore, the distribution of Y; given V; = U%Y;/B + W, is independent
of X;. Hence, an estimating equation can be constructed for § and « based on the conditional
density of Y; given V.

Statistician are “good at” inventing new terminologies. There are a few more likelihood-
based approaches in estimation. One is called the quasi-likelihood function in the generalized
estimating equations: when only mean and variance structures are specified for a random
variable, we can imitate a likelihood function to construct a function which has the same mean
and variance structures. Other approaches include random sieve likelihood function, pseudo-
likelihood function, Bayesian likelihood function etc. We tend not to describe their details.

6.3.6 Some Remarks

We have described a number of approaches in estimation for semiparametric models. The
estimators for the parameters of interest either solve an estimating equation or maximize an
object function: we call the first type of estimators Z-estimators while call the second type of
estimators M-estimators. In fact, it is not easy (or maybe unnecessary) to distinguish these two
categories, since most of times, M-estimators can be also obtained by solving some estimating
equation (for example, score equations in the maximum likelihood estimation, conditional score
equation in conditional likelihood estimation, GEE in quasi-likelihood function). Whatever
approach one takes, the estimation approach should require:

e the true parameters of interest solve the estimating equation used or maximize the object
function over the limit space of the parameters;

e the consistency of the estimators holds;
e the statistical inference is feasible.

If we use these conditions to examine all the estimating equation or likelihood approaches listed
before, the first condition usually holds. However, the consistency and the statistical inference
require the delicate work for specific problem and powerful tools are needed for semiparametric
inference. These tools often rely on modern theory of empirical processes.

Which of the estimating approach or the likelihood-based approach should be used in real-
ity? The answer is “it depends”. Our experience is: First, try to see whether an estimating
equation can be constructed to estimate the parameters of interest. This step often works for
semiparametric regression problem. The advantages of this step include: it does not need many
model assumptions; it is able to find a consistent estimator conveniently; the computation is
simple and the inference is easy; it does not need the estimation of the nuisance parameters.
The disadvantages of this step include: estimating equation in many problems are hard to be
constructed or even constructed, it is complicated; it may have too many choices or it may
miss the most efficient estimators; it does not provide the estimation of the nuisance param-
eters. Second, consider the likelihood-based approach, especially the approach of maximizing
the likelihood function. The advantages are: it is an optimization problem and does not need
extra effort to understand something such like efficient score function; it often gives the most
efficient estimators; most of work is mathematically elegant. The disadvantages are: it needs
more functional form assumptions on the distribution of random variables; dealing with the
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nonparametric components in the maximization is difficult; asymptotic results are very techni-
cal and often ask for advanced mathematical tools. In summary, the choice of either estimating
equation or likelihood-based estimation may vary from problem to problem and from person
to person. However, the eventual goal is to find well-performed estimators for semiparametric
model.

There exist many other approaches in semiparametric estimation which have not been cov-
ered, such as least square estimate, least deviation estimate, nonparametric estimate for density
estimation or regression function, semiparametric/nonparametric Bayesian estimate etc. More-
over, many hypothesis testing issues also arise in semiparametric inference and recent work
have induced the test such as likelihood ratio test, score test etc.

6.4 Beyond Estimation: Introduction to Loss-Based Prediction

Most of the methods we have discussed so far are related to data likelihood function. This is
natural as our goal was to identify the best parameters which yield the largest likelihood or
certain likelihood-related objective function as observed data present. However, in many other
applications, the goal is not to identify such parameters, but instead, to find the best model or
decision to minimize user-defined loss function, for example, the loss due to inaccurate predic-
tion for future subjects. For this situation, parameter estimation is no longer that important
but some decision rule (not necessary the unique one) is more relevant. This is what we wish
to discuss in the following section.

In this set of lecture notes, we concentrate on “statistical learning”, which is about deriving
the best prediction rules from empirical data. Sometimes statistical learning is also mixed with
machine learning or data mining; but we more likely use statistical learning when data are
believed to be from some underlying distributions and we wish our decision rules to possess
certain statistical properties and generalizability.

Statistical learning usually consists of “supervised learning” and “unsupervised learning”
(as you guess, there also exists some methods called “semi-supervised learning” but we will
not study them in this book). By saying “supervised learning”, we aim to learn an outcome
measurement (either quantitative or qualitative and sometimes called labels if it is categorical)
based on a set of features. To perform supervised learning, we should have a training set of
data, which contains a set of feature variables and a column of outcome variable. Based on this
training data set, we then develop a learning method /decision rule which enable us to use given
feature variables to predict the outcome. A good learning method is the one that accurately
predicts the outcome for any future observation. On the other hand, by saying “unsupervised
learning”, we only observe the features but not outcomes. In this framework, the goal is to
extract most important structures within observed feature data.

Compared to traditional statistical modelling, supervised learning is most similar to fitting
a regression model, where one is interested in finding the relationship between an outcome
variable and a number of regressors; while unsupervised learning is most close to density es-
timation, where the focus is to find out how data present themselves in distributional sense.
However, the key difference between traditional statistical modelling and statistical learning
lies in their goals. The former aims to find the best model explaining the probabilistic behavior
of data; thus, the maximum likelihood principle is usually adopted for estimation. Moreover,
the former is specially concerned about the inference of model parameters so the efficiency of
estimation method is often an important issue. Comparatively, statistical learning concentrates
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on prediction accuracy so developed learning methods are not necessary to maximize likelihood
function but may minimize prediction errors as defined by certain loss functions. The inference
itself is not of main interest in statistical learning (partially due to its own difficulty). Thus,
because of the important role of loss functions in statistical learning, the theoretical foundation
for statistical learning is based on statistical decision theory and the primary theoretical interest
is often on estimation of prediction inaccuracy (sometimes called risk).

6.5 Statistical Decision Theory

In this section, we formalize supervised learning based on statistical decision theory. Through-
out, we use X to denote the p-dimensional feature variables and use Y to denote the outcome
variable. We assume (X,Y) from a joint distribution in some measure space. In supervised
learning, one aims to find a map f from the feature space to the space of the outcome such
that the expectation of some loss function L(Y, f(X)) is minimized. That is, the target map
f = argminB[L(Y, f(X))].

One important issue is the choice of the loss function, L(y, z). Usually such a choice depends
on data attributes and prediction purposes. For example, when Y is continuous, a natural choice
is the square loss with L(y,z) = (y —z)?% when Y is categorical, the most useful choice is called
the zero-one loss by letting L(y,z) = I(y # x). Of course, other choices of loss functions can
be useful in some specific context, such as the L loss function with L(y,z) = |y — x| or the
preference loss L(y1, y2, x1,22) = I(y1 < y2,71 < x2) when Y is ordinal. The plots of some loss
functions are given in Figure 1.

For some loss functions, the target map f(X) can be explicitly obtained in terms of (Y, X)’s
distribution. For example, in the square loss, f(X) = E[Y|X] and in the L, loss, f(X) =
med(Y|X). For the zero-one loss with categorical Y, since

E[I(Y # F(X))] = / SOP(Y = plX = 2)1(f(x) £ y)dP(x)
k=1

where {41, ...,y } are the distinct nominal values of Y and P(z) is the marginal distribution,
we can obtain that the best f(z) should be the one minimizing the integrand

D P =ylX =) I(f(x) #p) = 1= P(Y = f(2)|X = 2)

k=1

so f(x) = argmax, P(Y = yx|X = x). The best f is called the Bayes classifier and the minimal
error is called the Bayes error. Particularly, if Y is binary with value 0 or 1, then f(z) chooses
the category which has the conditional probability larger than 1/2 and the Bayesian error is
given by

E[20(X) =1 =1=) I(f(z) = H)P(Y = k|X = 2),

k=0

E [min(n(X), 1 —n(X))] =

N | —
N | —

where n(X) = E[Y = 1|X]. We remark that for many loss functions, f(z) does not have an
explicit solution.
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Figure 1: Plot of loss functions: square loss, absolute loss, zero-one loss and Huber loss
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Another important issue is how to estimate the best f(x) using training data (X;,Y;),i =
1,...,n. There are two commonly used methods for obtaining f(x). The first approach is to
directly estimate f(z) if we know its explicit solution. We call this approach “direct learning”.
For example, in the square loss, since f(x) = E[Y|X = x|, we can fit regression models to
estimate this conditional mean; in the zero-one loss with dichotomous outcome, since f(z) =
E[Y = 1|X = z], a logistic regression model can be used to estimate f(x). Most of the
learning methods we will discuss in these lectures take this direct learning approach. The
second approach, which we call “indirect learning”, is based on minimizing an empirical version
of the expected loss given as

Lo(f) = ZL(YZ»,f(Xm.

Some literature call these methods as “empirical risk minimization” or “M-estimation”. Obvi-
ously, the indirect learning is universally applicable to any loss functions and it does not depend
on whether or not the best f(X) has an explicit solution.

In either direct learning or indirect learning, the choices of the candidates for f(z) are
often restricted to some functional spaces. There are two main reasons why this is needed.
First, the dimension of the feature space X is often high in practice. This high dimensionality
makes the observed data a very sparse sample. For example, suppose we have N data points
uniformly distributed in a p-dimensional unit ball centered around the origin. It can be shown
that the median distance from the origin to the closest data point is (1 — 27/N)/P_ Thus,
for N = 5000 and p = 10, such median distance is about 0.52, more than half way to the
boundary. This implies that most data points are closer to the boundary, which makes an
accurate estimation at the origin almost impossible. Such a phenomenon is well known as the
curse of dimensionality. To read more, see page 22-27 of HTF book. Since the data are sparse,
more extrapolation is needed for prediction but that requires that the candidates for f(z) cannot
be fully nonparametric so they must possess some restrictive structures. The second reason for
restricting the choices for f(x) is to avoid overfitting. For example, in indirect learning, if
L(y, z) is the square loss, one best solution is obtained by setting f(X;) = Y; and it gives a
perfect fit in the training data. However, such an f ignores the randomness in generating Y;
and thus will inevitably cause large bias in future prediction. This is called overfitting which
should be avoided in practice.

There are two common ways to determine candidates for f(x) in learning literature. One
way is to restrict f to some candidate function space F,, for instance, linear functions, the
spaces of splines or wavelets, additive functional spaces and etc. Such a function space F,
often increases with n and is called sieve space. Moreover, although the best f(z) may not
lie in F,,, we expect that the limit space of F,, will eventually contain f(x). The other way
is that in estimating f(x) or minimizing the empirical risk, we impose some penalty term to
prevent those candidates from overfitting. The example of penalties include roughness penalty
in smoothing splines, the number of leaves in classification trees and etc. Penalties can also be
constructed for assessing learning methods using different function spaces for f.

6.6 Direct Learning: Parametric Approaches

In this section, we focus on parametric learning methods where f(x) is assumed to be a linear
function of feature variables. The results can be generalized to more flexible cases when f(z) is
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assumed to be a linear combination of given basis functions, i.e., f(z) = Zszl Brhi(z), where
hi(x) is the kth basis function such as mono-polynomials, B-splines, trigonometric functions
and etc.

6.6.1 Linear regression and shrinkage methods

We assume that the outcome variable Y is a continuous quantity and the loss function is
the square loss function. From the previous decision theory, we know that the target map is
f(x) = E[Y|X = z]. Further, we assume f(z) = 273 (we include in z the intercept term).
Then f(x) can be easily estimated by the usual linear regression so obtain

fla) = 2T (XTX) X7y,

where X is the matrix of all feature observations and Y is the column of all outcome ob-
servations. The theoretical properties of such an estimator are well known under Gaussian
assumptions. See Section 3.2 and 3.3 in HTF book.

What we really want to discuss here is a variety of shrinkage methods in such a simple
regression problem. There are two reasons why shrinkage is useful. The first one is that via
shrinking some coefficients to zeros, we sacrifice a bit bias in prediction but gain in reducing
the variability of the predicted values. The second reason is more for high-dimensional feature
space, in which one often believes only a small subset of the features really present strong
effects. Thus, shrinkage methods can help to determine those important features. There exist
many shrinkage methods in the linear regression problem, among which most of them are via
penalty terms in terms of the model complexity. We only list the commonly used ones in the
following sections.
6.6.1.1 Subset selection

This method aims to determine the best subset of given k feature variables which gives
the smallest residual sum of squares (RSS). In other words, one goes through all possible k
feature variables by fitting linear regression models, from which the best subset is selected if
it yields the smallest RSS. An efficient algorithm—the leaps and bounds procedure (Furnival
and Wilson, 1974)-is feasible for carrying out this process when the dimension of the whole
feature space is below 40 but the procedure becomes infeasible if the dimension is much larger
than 40. Once we determine the subsets for all k’s, the best k will be further chosen based
on some model assessment criteria. One particular criterion is based on the prediction error
E[(Y — fr(r0))?| X = x|, where f is the estimated function from the k best feature variables.
Under the assumption that Var(Y — f(X)) = ¢?, this prediction error is equivalent to

o? + (f(w0) — Elfu(wo))? + Var(fr(wo)),

which thus consists of the irreducible noise error, the square of the bias, and the variance of
fr(xg). Plugging fr(zo) into the above expression and taking the average over the feature points
in the training data, we have that prediction error is

7 5 SO = BUARCO) + S Trace(XE(XEX) X0,
i=1
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where X, is the feature matrix for the best subset of size k. On the other hand, we observe
that the in-sample error, which is given by

=3 V= felX)P == VP == (X)),
i3 i3 o
has an expectation equal to
1< ~ 1< ~
2 2 2
7 SO = BRXOP ) = 53 Var(uxi).
Additionally, note that

1 n R n
=3 {0 = BIAGGE = = 32 (£00) — B[RO0
i=1 =1
We thus conclude that the expectation of the prediction error is equal to the expectation of
the in-sample error plus 20%n ! Trace(X? (X7 X, ) 'Xy) = 202k/n. Therefore, the best k can
be chosen as the one minimizing

%im ~ RlX0)) + 25K/,

where k = 1, ..., p and 0?2 is an estimator for o2 using the whole feature space. This turns out to
be the Mallow’s CP criterion function for model selection. There are other methods of finding
the best, such as the AIC, BIC, and we will discuss them in later sections.

Alternatively, instead of searching through all possible combinations, we can search through
a good path using either the forward, backward or stepwise selection strategy, where at each
step, one either adds or deletes one feature variable and tests for its significance via F-statistic.
One remark is that these strategies only control the best selection conditional on existing subsets
so they may not find the best model at the end.
6.6.1.2 Ridge regression

Ridge regression is a method of obtaining the estimator for g while shrinking the regression
coefficients by imposing a penalty on their sizes. Specifically, the estimator for § minimizes the
following penalized summed residual squares:

n

i XIB2+AY 82

i=1 j=1

where A is a positive penalty parameter that controls the shrinkages, and the intercept term,
Bo, is left out from the second term. Clearly, the larger A is, the more shrinkage the estimator
will be. Numerically, such a minimization problem is equivalent to the following optimization
problem:

n p
min Z(Y; — X! 'B)? subject to Zﬁf <s,
i=1 j=1

where there exists a one-to-one map between A and s (in fact, we can set s = Z§:1 Bf\ ;» where
(Br0, ---» Brp) is the optimal solution to the first minimization problem). The ridge regression
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can also be understood as deriving the mean or mode of the posterior distribution for § when
assuming that 3 has a prior distribution N(0,7%) where 72 = ¢%/\. Thus, it is clear when ) is
large, the prior distribution dominates so the posterior mean or mode shrinks to zeros.

The solution to the ridge regression gives

B = (X"X +AI)"'XY,

where I is the p x p identity matrix. Obviously, when we have no penalty (A = 0), this is the
usual least square estimator; when we increase the penalty constant, the coefficients in 5 will
shrink towards zeros. As in the usual least square regression, the trace of the project matrix
XT(XTX + AM)7'X is called the effective degrees of freedom.
6.6.1.3 Least Absolute Shrinkage and Selection Operator (LASSO)

LASSO is another shrinkage method similar to the ridge regression by replacing the square
penalty by the absolute value penalty (sometimes we say replacing Lo-penalty by Lj-penalty).
Particularly, we estimate 8 by minimizing

n

W= X8+ XY 1Bl
j=1

i=1

Or equivalently, we solve the following optimization problem:
n p
min Z(Y; — X;B3)* subject to Z 16| < s,
i=1 j=1

where A\ and s are the penalty constants and there exists one-to-one map relationship between A
and s in these two equivalent problems. From the Bayesian point of view, the above estimation
is equivalent to finding the posterior mode of § after we impose the double exponential prior
distribution for each component of 3. Usually, the quadratic programming or the coordinate
descent algorithm is used to obtain the solution.

To compare LASSO versus the previous shrinkage methods, let us examine one special case
when the columns of X are orthonormal variables. In this case, the least square estimator
for the jth component of 3 is given by B;se = > ", X;;Y:. In the best subset selection of size
k, we only retain those @se when it is among the top k absolute coefficients; in other words,
we shrink those (p — k) small coefficients to zeros. In the ridge regression, it is easy to see
that B\;S = B\ése /(14 A); therefore, we shrink all the coefficients proportionally. For LASSO, if

BJ.LASSO # 0, it solves equation that if 3; # 0,

= 2X;;(Y; = X['B) + Asign(B;) = 0,
i=1

so by the orthogonality of X, it solves
2(Bc — B;) = Asign(B;).

Therefore, if the solution (3, is positive, then §; = B]l-se — A/2; if the solution f3; is negative, then
Bj = lef"’e — N2, If EJ-LASSO = 0, then the left-derivative of the objective function at 3; = 0 is
negative but the right-derivative at 3; = 0 is positive. That is,

2Bl — X <0, —2B +A1>0;
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equivalently, | le.se| < A/2. Combining these result, we obtain

B\]LASSO — Sign(gjl‘se)qgésﬂ _ )\/2>+

This demonstrates the nonlinear shrinkage of the LASSO estimator: that is, for larger coef-
ficients, their least square estimators are shrunk by the same constant \/2 towards zero; for
small coefficients, their least square estimator are shrunk to zeros. One remark we want to make
here is that such selective behavior in the LASSO estimation is only true for the orthonormal
feature variables; when the variables are correlated, this may not be true but the non-uniform
shrinkage still exists.

From this simple example, we can see that both the best subset selection and LASSO
estimation are useful for selecting important feature variables, but the ridge estimation is not.
Since the best subset selection is computationally intensive or even infeasible when the feature
space is large, the LASSO estimation becomes most attractive when one is interested in selecting
important variables.
6.6.1.4 Other shrinkage methods

In addition to the LASSO estimation, there are many other shrinkage methods in literature.
They can be categorized into two groups. The first group includes all the threshold methods, ei-
ther hard threshold or soft threshold, where the former methods set those estimated coefficients
to zeros once they are below some threshold and the latter methods only shrink these coefficient
estimators towards zero. The threshold methods have been widely used in denoising signals via
wavelets. The second group includes all the penalized methods such as the LASSO estimation.
The difference among these methods lies in the choice of the penalty term in the minimization.
One of such methods is to generalize LASSO to the following minimization problem:

n p
min » (Vi = X8+ XY B,
i=1 j=1

where ¢ is some negative number. Particularly, setting ¢ in (1,2) can gain partial advantage
from both the LASSO estimation (selectivity) and the ridge estimation (good prediction perfor-
mance). Choosing g below 1 will make the shrinkage even more but cause more prediction bias;
additionally, the optimization becomes more difficult due to the non-convexity of the objective
function.

Another generalization of the LASSO estimation is to give flexible weights for penalizing
different components of S. That is, the estimator is obtained by solving the following problem

n p
i=1

j=1

where w;,j = 1,...,p are some weights and could depend on data. One particular choice of

the weights is to set w; = | B\;serq for some non-negative number g. This becomes the so-called
adaptive LASSO estimation (aLASSO). Some literature also consider the mixture Ly and L,
penalty in estimation:

n p p
min » (Y = X8+ M Y181+ XD 817
i=1 j=1 j=1
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There has also been some interest on obtaining the oracle property of selection: if the true
B; is known to be zero, the estimator for ; is also zero with probability tending to one. Such
an oracle property can be obtained if one uses some careful choices of the penalty term. One
example is the Shrinkage Clipped Absolute Deviation (SCAD) penalty where the optimization
problem becomes

min Z(Y, - X[ B)*+ Z In(18;1),
i=1 J=1

where

Ji(x) = )\{I(az <A+ (ad _x>+1(:c > )\)},

(a—1)A
where a is a constant larger than 2 (often a = 3.7 is used). The following figure shows how this
penalty differs from the other ones discussed above. Since this optimization is not a convex
problem, the computation is difficult.

Using LASSO and other shrinkage methods is not just restricted to linear regression; they
have been applied to a variety of other regression problems.

Figure 2: Plot of penalty functions with A=2 for (a) the hard threshold; (b) aLASSO with
a=2; (c) SCAD

6.6.2 Logistic regression and discriminant analysis

In this section, we start to review parametric approaches for directly learning f(z) when Y is
categorical. Such a problem is called a classification problem in order to make it different from
the regression problem in the previous section. From the decision theory, the ideal learning rule
is to classify a future subject with feature x into the category with label k, k =1, ..., K, when
P(Y = k|X = x) is the largest. Thus, in direct learning, everything ends up with estimating
P(Y = k|X = z) using empirical observations.



BEYOND PARAMETRIC MODELS 161

A natural way of estimating P(Y = k|X = z) is via a logistic model (if Y is binary) or a
log-odds model (if Y has more than two categories). Particulary, we assume

exp{Bro + X7 B1}
L+ 370 exp{Bo+ XTB}

To estimate 3, an iterative weighted least square algorithm is used to maximize the observe
likelihood function. The resulting decision rule is then

P(Y = k|X) = k=1,.,K—1.

f(z) = argmax;_; {5k0 + UCTﬁk} )
where we set Sgg = 0 and i = 0.

Another commonly used method is called linear discriminant analysis. In this method,
instead of modelling the conditional distribution of Y given X, we model the distribution of
the feature variables X within each category of Y. Particularly, we assume that given Y = k,
k = 1,..., K, the distribution of X is a multivariate normal distribution with mean pu; and

covariance matrix X; that is,

pr(X) = Wexp{—()( — ) S (X — ) /2

One can then maximize the observed likelihood function to estimate all the parameters,

n

ZX I(Y; = k)/ne, S =Y (Xi— i) " (X; = ) I(V; = k) /s,

=1

where ny is the number of subjects in category k. Under such an assumption, it is easy to see

by the Bayesian rule,
TPk (X)

lei1 P (X ) 7
where 7, denotes the prior probability of Y = k, and Zfil m = 1. Therefore, the decision rule

is that we classify one subject with feature value x into category k if py(z)m is the largest.
Under the special case when K = 2, this is equivalent to examine the sign of

P(Y = k|X) =

]. /\ 1 /\

1ogjj—j—§< — )" S @ = ) + (o — )T (@ ),

which is a quadratic function of . Such a rule is called quadratic discriminant analysis. If we
further assume ¥; = Yy = X, then /iy is the same as before but

S = (X — )" (X = i) I(Yi = k) /n.

i=1 k=1

The decision rule can be simplified as checking the sign of

1 1 _
log——équ uz+2u12 i+ 2SN (i — fin).
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This is called linear discriminant analysis as the rule is based on a linear function of z. Some
literature suggest to use aZk +(1- oz)Z to replace Zk in the quadratic discriminant analysis,
which is a compromise between the linear discriminant analysis and the quadratic discriminant
analysis.

Comparing the logistic regression and discriminant analysis, it is not difficult to see that the
former only models the distribution of Y given X so it can handle qualitative feature variables;
the latter models the distribution of X given Y via normality assumption so it requires X'’s
being Gaussian. The former will be less efficient if the true distribution of X in each category is
Gaussian; however, the latter is not robust to gross outliers. Generally, it is felt that the logistic
regression is a safer and more robust procedure than the discriminant analysis, although a lot
of numerical experiences do not really show that one performs better than the other.

6.6.3 Generalized discriminant analysis

There are some generalizations of the discriminant analysis methods we have discussed. One
generalization is to replace feature variables by some basis functions of feature values. In this
way, we will obtain more nonlinear boundary instead of linear or quadratic boundaries.

Another generalization is to assume that the distribution of X given each Y-category is a
mixture normal distribution, i.e.,

P(X|Y =k)=> muN (s, D),

where 7, is the mixing proportion. The estimators for the parameters can be obtained by
maximizing the observed likelihood function, for which the expectation-maximization (FEM)
algorithm is often used.

6.7 Direct Learning: Semi-Nonparametric Approaches

In this section, we describe some semi-nonparametric approaches in direct learning. By saying
semi-nonparametric, we mean that the model for estimating f(X) is assumed to be close to
but not fully nonparametric. A list of such methods include neural networks, slice inverse
regression, generalized additive models and multivariate adaptive regression splines.

6.7.1 Neural networks

Neural networks are prediction models for outcome Y (either quantitative or qualitative) based
on input X. These models are some directed networks with one or multiple hidden layers
(see Figure 11.2 of HTF book). For description, we focus on the neural network with one
single hidden layer (called vanilla neural) as shown in this figure. Suppose 71, ..., Z,, are the
intermediate variable in the hidden layer. The first set of models are to link input X to 71, ..., Z,,
via
Zk = O'k(XTOék), k= 1, N1
The second set of models are to link 71, ..., Z,, to output Y by assuming

EYIX] = g(81 21 + ..+ BnZm + o) = F(X).
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Here, the link functions oy(+), ..., 0., (:) and g(-) are usually from one of the following classes
1/(14+e®),z,I(x > 0). Under the neural network models, the target function f(X) is then
estimated as

9(Br1o1(XTa) + o+ B (X a)),

where B 's and a’s are the estimates for 5’s and «’s respectively. Since each single direct link is
modelled parametrically, the neural networks appear to be parametric models. However, due
to the arbitrary choices of the number of hidden variables Z, such models are very flexible and
one can even show that such networks will approximate any function of E[Y|X].

The neural networks has an advantage of computational simplicity due to simple parametric
model in any direct link. An algorithm called back-propagation is used to estimate all the
parameters (sometimes called weights). Specifically, we aim to minimize the following loss
function

Z{Y 9(B101(XT 1) + oo + B (XT ) ¥

if Y is continuous, or

— Z Yilog g(B1o1 (X 1) + oo + Brnom (X )

=1

if Y is binary. The back-propagation algorithm is a gradient decent algorithm, where at (r+1)st
iteration,

5(T+1 = f)/rzézku

™ =) = Z SikXils

=1

where 7, is the step size in the decent algorithm (called learning rate)
sik = o (X{ o) Bidi,

and
0 = —20Y; — (X)) ' (Br1Za + ... + BmZim + Bo)

for the continuous Y and

6; ==Y,/ f( X)) f'(B1Zin + ... + BnZim + Do)

for the binary Y. Thus, the update for the parameters can be carried in two-pass algorithm.
In the forward pass, we use the current parameters to estimate f(-); in the backward pass, we
compute J; then s;,. Because the computation components are local, that is, each hidden unit
passes and receives information only to and from units that share a connection, this algorithm
can be implemented efficiently on a parallel computing architecture.

Finally, the learning rate , is usually taken to be a constant but can be optimized by a line
search that minimizes the error at each update. See examples in Section 11.6 of HTF book.
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6.7.2 Generalized additive models

Generalized additive models are one class of flexible models for directly estimating f(z) (either
ElY|X =z or P(Y =1|X = z)). For continuous Y, such models take form

p
EY|X1, . X)) =a+ > fill X),
k=1

where f1, .., f, are unknown smooth functions and X denotes the kth component of X. For
dichotomous Y, such models take form

P
logitP(Y = 1|X) =oa+ ka(X(k))
k=1

Clearly, the generalized additive model include the linear model as special cases and allow a fully
nonparametric relationship between each component of X and Y, but not a fully nonparametric
relationship between the whole X and Y. That is why we include this method as one of semi-
nonparametric methods.

We first focus on continuous Y. The estimation of all f’s is based on minimizing a regularized

loss function . ) )
Y Yi—a=) AXgp)P+)> Aj/f]'-'(tj)thm
i=1 j=1 j=1

where Xj(;) denotes the jth component of X;. The second term is a penalty to penalize non-
smoothness of f; and will result in fitting f; via cubic smoothing splines with knots at the
observed Xj(;)’s. Other penalties can be used, as will be seen in next chapter. For identifiability,
we assume » ., fi(Xi;)) = 0 so « is the average of ¥;’s. To minimize this objective function,
there exists a simple algorithm called “backfitting” which can be used to estimate all f;’s. This
algorithm is described below: R

1. Initialization: set @ =n"'> "  Yiand f; =0,5=1,...,p.

2. Iterate from j = 1,...p. At jth iteration, we set

Y,=Y,—a- Zﬁc(Xi(k))'
k#j

We fit smoothing splines by regressing 5//\; on Xj(;) to estimate ]/”; Cycle this iterations till the

convergence of f’s.

For qualitative outcome Y, the same backfitting algorithm can be applied: at jth iteration,
we fix other f’s at the current value but maximize the likelihood function to estimate f;. Such
estimation can be particularly incorporated in the iteratively reweighted least squares algorithm.
For example, in the case when Y is a dichotomous outcome, the backfitting algorithm works as
follows: R
1. Set & = log[Y¥,,/(1 —Y,)] and f; = 0.

2. Define 7; = & + 3., f;(Xiy) and i = 1/(1+ exp{—7i}). Let

Zi =1 + (Vi = i)/ (pi(1 = P3)).-
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and w; = p;(1—p;). Repeat the second step in the previous backfitting algorithm by minimizing
the following weighted least square

Z wi(Z; — Z fj(Xi(j)))2~
i=1 Jj=1

Cyecle till convergence.

_ Generalized additive models provide flexible modelling for obtaining the decision function
f(X). However, it does not account for the interactions among X’s and the computation may
not be feasible when the number of X’s is large.

6.7.3 Projection pursuit regression

In project pursuit regression, we model f(X) using form

m

f@)=> " au(Bix),

k=1

where both g;, and 3} are unknown. For identifiability, we require ||8;]| = 1. When 8 X = X,
this model becomes the generalized additive model. However, the project pursuit regression
allows the interactions among feature variables and in fact, if m is large enough, such an
expression can be used to approximate any continuous function. When m is 1, this becomes
the single index model which is commonly used in econometrics.

Model fitting in project pursuit regression is carried out in a forward step-wise way. We
start m = 1 to first fit model f(X) = ¢;(BLX). To do this, the backfitting procedure can
be applied by iteratively estimating ; and then g;. Particularly, given g;, we approximate
a1 (BTX) by

g ({87 X) + ({87 X) (B — A7) T X

then minimize

n

ST~ {87 X0) + gi({BINTX) (B — BT XY

=1

to obtain 3;. Then fixing 3;, we estimate g; by regressing Y; on 81 X; via smoothing splines
or other smoothing nonparametric regression methods. We iterate till the convergence of the
estimators for 3, and g;. We then move to the model with an additional term go(82 X). This
can be done similarly by replacing Y; with Y; — ¢;(8{ X;). Such a procedure can be carried out
by adding more additive components but stops when the next added term does not appreciably
improve the prediction performance of the model.

The projection pursuit is not restricted to regression model. Its applications also include
density estimation and are reflected in the neural networks discussed before. In different context,
a close and similar area to the projection pursuit is called central subspace, which is defined
as a linear space containing some linear combinations of X explaining the dependence between
Y and X, for instance, {8 X, ..., L X} in the current models. There has been a lot of work
on identifying central subspaces but the earliest one is the so-called slice inverse regression as
introduced by Duan and Li (1991).
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6.8 Direct Learning: Nonparametric Approaches

In this section, we study a variety of nonparametric methods in estimating f(x). These methods
include some prototype methods like the nearest neighborhood method and smooth methods
like kernel methods. Tree methods, which have been shown to be powerful in learning, are also
discussed.

6.8.1 Nearest neighbor methods

One of the most prototype methods for classification is the nearest neighborhood method.
Suppose Y denotes the class label. To predict the class label for a given feature value z, we
simply search within the observations (Xi,Y7), ..., (X,,Y,) and locate a number of ones whose
feature values are closest to x. The majority of the corresponding Y; for these neighbors is set
to be the predicted value for x. The number of neighborhood is often fixed at some positive
integer k; so this method is called the k-nearest neighborhood method.

Although this method is simple, it has been successful in many applications including hand-
written digits, satellite image scenes and EKG patterns, where the decision boundary is very
irregular. When £ decreases, the training error is close to zero but the variance becomes high.
However, a famous result of Cover and Hart (1967) shows that asymptotically the error rate of
the 1-nearest neighborhood is never more than twice the Bayes error rate.

One essential issue in this method is how to define distances between any two points in the
feature space. Normally one will use the Euclidean distance for continuous feature variables
and use Hamming distance for categorical one. Some other metrics can also be used, especially
when feature variables lie on some manifold.

6.8.2 Kernel methods

Kernel methods belong to direct learning methods where one uses smoothing techniques to
estimate target f(z). Particularly, such smoothing is a way of local smoothing; that is, to
estimate the value of f(x) at some point = zg, most likely, the local observations where X is
close to z are used for interpolate f(zg), where the localization is determined by some kernel
weighting function. In some sense, the kernel methods are similar to the nearest neighborhood
method described previously, except that the neighborhood is defined more softly and smoothly
in the kernel methods.

In a regression setting, to estimate f(xo) = E[Y|X = x|, a typical kernel estimator is the
so-called Nadaraya-Watson kernel estimator:

n~' YT Kn(Xi, )Y
n=ty ol Kn(Xi, w)

Flag) =

where Kp,(x) is a kernel function with bandwidth A (it can be a vector (hy, ..., h,)). Sometimes,
we choose Kj(x) = (hiha -+ hy) ' Ki(|z1|/h) X -+ X Ky(|@p|/hy) with Ki(+), ..., K,(+) being
possibly different kernel function (positive and integrable) in one-dimensional space; but usually,
we let Kp,(x) = hy"Ki(||z||/h1) where ||-|| is some norm defined in R? space. In most of practice,
K, ..., K, are chosen to be either the Gaussian kernel (27)~'/2 exp{—22/2} or the Epanechnikov
kernel 0.751 (x| < z)(1—2?). The choice of the bandwidths & can be adaptive to xo. Generally,
large bandwidths result in lower variances but higher bias. When z( is on the boundary of
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X’s domain, the above kernel estimation can be large biased due to the fact that the local
neighborhood contains less points.

There have been a large number of theoretical results developed for the kernel estimation
in the past literature. Here, we focus on the issue of variance and bias trade-off in the kernel
estimation. Consider the case that X is one-dimensional and for simplicity, we only examine

o~

the numerator in the definition of f(x), i.e.,
glwe) =n" Y Ky(|X; — x| /R)Yi.
i=1

Assume Var(Y;|X;) = 0. Note that

E[g(z0)] = E[Kn(| X1 — wo|/h) f(X1)]

and its variance

Var[g(zo)] = n™'Var(Ku(|X1 — ol /h)Y1)
=n" o E[Ky(|X1 — w0l /h)?] + n™ Var (Ku(| X1 — x| /) f(X1))
=n" 0" B[Ku(|X1 — 2ol /h)*] + 0~ E[Kn(|Xy — w0l /h)* f(X1)"]
—nHE[Kn(| X1 — 2ol /h) f(X1)]}.
On the other hand, for any smoothing function g(z),

E[EA(1 X, — zol/h)g(X1)] = / B (2 — o) /h)g (@) pla)de,

x

where p(z) is the smooth density of X;. After transforming x; = 2o + hz and the Taylor
expansion, we obtain

E[Ku(|X1 — ol /R)g(X0)] = / K1 (2)g(hz + zo)plhz + 20)d

= /Kl(Z) {g(z0)p(20) + 1(gp) |o=zo + h*(gD)" |smue/2 + .. } dz.

Since the kernel function is symmetric, we thus have that the above term is equal to g(zo)p(zo)+
O(h?). Similarly, we can show

E[Kn(|X1 — @0l /h)*9(X1)] = B~ {g(zo)p(w0) + O(h*)}.
Following these result, we conclude that
E[g(o)] = f(wo)p(xo) + O(h?)
and
Var(g(xo)) = (nh) " o*(p(x0)+O(h*))+(nh) " (f (o) p(w0) +O(h*)) —n " { f (z0)p(z0)+O(h*)}*

— O((nh)™).
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Actually, for the Nadaraya-Watson estimator, we obtain similar results:

E[f(w)] = f(z0) + O(h?), Var(f(zo)) = O((nh)™).

This confirms that when smaller bandwidth is used, the kernel estimator has smaller bias but
larger variance. Finally, the bias-variance trade-off can be quantified using the mean square
error given as R R

{E[f(20)] = f(z0)}* + Var(f(z0)) = O(h*) + O((nh) ™).
Thus, the optimal bandwidth in terms of minimizing this quantity is in the order n='/%, which
is the optimal bandwidth in one-dimensional kernel estimation. For general feature space in
RP, this optimal bandwidth is given by n~Y/(*+p),

As mentioned before, the above kernel estimator, which relies on the local average, has large
bias when x is close to the boundary. To solve this issue, an alternative estimator is called
the local linear estimator, which fits a weighted linear regression locally. To see this, we first
notice that the previous kernel estimator is essentially minimizing the following weighted least
square problem:

n
2
> En(1Xi = zol) {Yi — a(20)},
i=1
where «a(xzg) is a constant parameter. Essentially, we fit a locally constant line to data. Then
a local linear estimator is to minimizing

Y K(1Xs = wo|) £ = alzo) = Blxo) (X — x0)};

i=1

that is, instead of fitting a constant locally, we fit a linear line locally. The obtained a(zy) is the
local linear estimator for f(zy) and B (zo) is actually a kernel estimator for the first derivative
of f(xg). Because of the approximation using the linear estimator locally, it is easy to see that
the local linear estimator corrects bias up to the first order. A further generalization of the
local linear estimator is the following local polynomial regression, which minimizing

ZKh(’Xi - $0|) {Y; - 50(1'0) - 51($0)(Xi - 91?0) .. 5k(i€o)(Xi - $o)k/k!}2-

Thus, the derived estimator Go(zo) for f(zo) corrects bias up to the kth order. Of course, there
is price paid for such bias reduction and that is increased variance.

There has been a great amount of work on the latter kernel estimators. Most of theory
rely on the delicate and tedious Taylor expansion. Some helpful conclusions for practical use
include: local linear estimators help bias reduction dramatically at the boundaries while local
quadratic fits do little at the boundaries for bias but increase the variance a lot. The local
polynomials of odd degree dominates those of even degrees. Interesting readers can consult the
reference by Fan and Gilbjes (1996).

The above methods can be easily generalized to regression problem in multiple dimension
feature spaces. However, when the dimension becomes high, local regression becomes less useful
due to the curse of dimensionality. Moreover, boundary effects become a much bigger problem
in two or higher dimensional space since the fraction of points on the boundary is large. Finally,
the visualization of f(x) is also difficult in higher dimension.
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So far, we only consider estimating E[Y|X], mainly based on the locally weighted least
square. In some situations, when Y is nominal or ordinal, f(z) is related to conditional density
of Y given X. The least square method may not be efficient. In this case, we can estimate f(x)
via the following local likelihood approach. In this method, the main idea is to maximize the
observed log-likelihood locally. For example, suppose that the density of Y given X is given by
g(Y, f(X)). Then a local log-likelihood function is defined as

Z K (| X — xol) log g(Yi, f(20)).

=1

We can maximize the above function to estimate f(xp). Similarly, we can generalize this
estimation to polynomial approximation by replacing ¢(Y;, f(zo)) in the above expression with

9(Yz, Bo(wo) + Bi(z0)(Xi — o) + .. + Brl(wo)(X; — x0)"/KY).

The local likelihood function has been applied to many non-continuous or non-regular settings,
for example, censored data.

There are other local methods based on kernel approximation, including local median, local
polynomial in least absolute deviations and etc.

6.8.3 Sieve methods

Different from the previous local estimation approaches, sieve estimation is a way of directly
learning f(x) in a global sense. To be explicit, this method estimates f(z) via a linear approx-
imation of basis functions,

> Brhi(x),
k=1

where hq(z), ..., by, (x) are basis functions. That is, we approximate the target function globally
using a series of simple approximations. The choices of basis functions include trigometric
functions, polynomials, splines, and wavelets etc. Particularly, the last two basis functions are
most popular in learning literature, which we will discuss below. Again, we start with as simple
case assuming X from one-dimensional feature space.

Splines are essentially piece-wise polynomials which require some smoothness at joint points.
To be more specific, suppose X € [0,1] and we call joint points as knots and denote as 0 <
t1 <ty < ... <ty < 1. Then a spline function is some polynomial in [0,¢], [t1, ], ... but this
function is assumed to be continuous or even have higher continuous derivatives at ¢, ts, ..., ts.
When the knots are fixed, such splines are sometimes called regression splines. It turns out
that another way to represent these splines can be constructed through z*~! or (z — tl)’fl for
a set of k’'s and [ = 1, ..., s. However, these expressions, although mathematically simple, may
not be useful for practical computation. A more computationally useful spline representation
is called B-spline basis, which is computed using the following iterative equation:

T —t livk — @

Bhk(x) = Bi,k—l + Bi+17k—1($)

Livk—1 — tivk — tita

and B;1(x) = I(t; < x < t;41). Actually, in the B-spline approximation, we can allow the
knots to be duplicated (more duplication results in less smoothness at the knots). In theory,
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the B-splines can be used to approximate any function with sufficient smoothness, such as the
weakly-differentiable functions in Sobolev spaces.

Wavelets smoothing is another sieve approximation, which receives extensive applications in
signal processing and compression. This method relies on constructing a series of wavelet basis
functions, which can capture signals in both time and frequency domain (note that traditional
Fourier analysis only approximates functions in frequency domain). Its mathematical definition
is as follows. Let ¢(x) be a mother wavelet such like the Haar basis I(x € [0,1]) or the
Daubiechius wavelets or symmlet wavelets. Let ¢; () = 2/2¢(2/z — k) and let V; be the space
spanned by {¢; : k= ...,—1,0,1,...}. Due to the choice of ¢, Vj, C Vi C V5 C ... and the limit
space is Lo-space. We can understand that the projection of any function f(x) on V; as the
signal in f(x) up to jth level resolution. Furthermore, if we decompose V;i; into the direct
summation of V; and W;, then

V, =Vo @ wi.. pw;.

Thus, the projection of f(z) on W, can be treated as the details seen at the kth level resolution.
In other words, the wavelet approximation is equivalent to decompose the raw function (signal)
into the details at a series of increasing resolution levels, an analysis called a multiresolution
analysis.

The details at high resolution levels are very likely due to high-frequency noises in the signals
so should be discarded (called denoising process). This is equivalent to shrinking the wavelet
coefficients associated with the projection a high resolution levels towards zeros. A popular
method for such a shrinkage is called SURE shrinkage (Stein Unbiased Risk Estimation) which
adds a Li-penalty to the wavelet coefficients:

min [[Y = WO + 1S 10,

where W is the wavelet transformation matrix. Since W is orthonormal, this leas to

~

0; = sign(Y;")(|Y"| = M),

where Y;* is the jth component of WY. We often choose A to be 01/2log N, where o is
an estimate of the standard deviation of the noise, and N is the number of data points. The
inverse o W can be calculated using a clever pyramidal scheme, which is even faster than the
fast Fourier transform.

6.8.4 Tree-based methods

Tree-based methods can be considered as another type of sieve approximation for estimating
f(z). In these methods, f(x) is approximated by a linear combination of high-order interactions
of dichotomized functions I(x(;) < t;) or I(x(jy > t) where x(;) is the jth component of z and
t;, is the dichotomization point. Such an approximation is performed in a sequential order. For
a regression tree in estimating f(x) = E[Y'|X = z], we provide details in the following.
Starting with all the data, we consider partition along the jth component X ;) and determine
the split point s to minimizing
- 2 - 2
min D Vi) (X < 5) + min D (Y= @) 1(Xig) > s).

i=1 i=1
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Then we perform a greed search for j and s so that the above function attains minimal. In
other words, we look for the optimal component and the optimal dichotomization so that the
total mean square errors are minimized. Now suppose that this optimal partition is obtained.
Next, within each partitioned rectangle {z : I(x(;y < s)} and {x : I(x(;) > s}, we now search
for another component and split point in order to minimize the total mean square errors within
each rectangle. We continue such partitions for m steps.

Obviously, this tree can grow to the largest tree when each branch contains only one obser-
vation. However, such largest tree is not desirable as it causes overfitting the data. Therefore,
there should be some way to determine when the tree growth should stop. An effective strategy
in pruning a tree is based on cost-complexity trade-doff. For a given tree, suppose that it has
m nodes at the end (in other words, each node represents the partitioned rectangle at the end).
We let Vi denote the within rectangle variability and Ny be the number of observations in this
rectangle. Then a cost-complexity can be defined as

i Nka + am.

k=1

In other words, when a tree grows, the first term is decreasing but the second term increases so
as to penalize a complex tree. The constant « balances the trade-off between these quantities.
The same partition idea can be carried out for dichotomous outcome, which results in the so-
called classification tree. The difference is that choosing partition is based on minimizing some
different loss function in the classification tree. Such loss function can be the misclassification
error (the proportion of the observations which are labelled different from the majority class in
the partitioned rectangle), the Gini index, Zszl Pr(1 — pr), where py, is the proportion of the
observations labelled as class k&, and the cross-entropy or deviance, Z?Zl Dr log py.

Recently, another effective classification method has been developed based on classification
tree and it is termed as random forest. Random forest is an ensemble method which uses
recursive partitioning to generate many trees and then aggregate the results, where each tree
is independently generated using a bootstrap sample of the data. Because of such randomness
and aggregation, this method is robust against over-fitting and missing observations and can
handle large numbers of input feature variables. The method is easy to parallelize as the
forest is created using the observations not selected in each bootstrap sample. However, it is
computationally slow and may use lots of memory because a large number of trees are stored.

The algorithm in random forest can be briefly described below. Suppose we want to grow N
trees. We randomly draw /N bootstrap samples from the original data. For each of the bootstrap
samples, grow an unpruned classification or regression tree with the following modification: at
each node of the tree, we randomly sample s(s << p) of the feature variables and choose the
best split from these variables. Finally, we predict new data by aggregating the predictions of
N trees.

Using a random forest, we can also calculate the misclassification error rates in the data not
in the bootstrap sample and this estimate is quite accurate for the true error rate when enough
trees are grown. Additionally, a random forest can also be used to assess variable importance
and proximity measure between any two observations (the fraction of trees in which two elements
are in the same terminal node).
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6.8.5 Multivariate adaptive regression splines

Multivariate adaptive regression splines, abbreviated as MARS, is an adaptive procedure for
regression and is useful for high-dimensional problem. This method uses expansions in piecewise
linear basis functions of form (X(;) —t)4+ and (¢ — X(;))+, where t takes values of the observed
X(jy's for j = 1,...,p. Using these basis functions, we build regression models via a forward
stepwise linear regression:

(X)) =po+ Zﬁkhk(X)a

where hy(X) is in form of (X;(j) —t)+ and (t — X(;j))+ and the coefficients are estimated using
the least square regression. At each stage, we add to the model the best term in a form of
hi(X)(X(j) — t)+ and hy(X)(t — X(j))+ which gives the largest decrease in training error. We
continue till the preset maximal number of terms in the model is reached.

The final model typically overfits data so a backward deletion procedure is applied. In the
backward procedure, a term whose removal causes the smallest increase in residual square errors
is deleted, producing the best model for each model size. The best model size is then selected
via some general cross-validation, which we will introduce later.

The reason of using these piecewise linear basis functions is due to their local approximation
property, similar to wavelets. This is seen in the product of these functions where only a small
part around observed data is non-zero. The second important advantage of using these basis
functions is about computation. This is said in more detail in Hastie et al. (2009).

6.9 Indirect Learning

In this section, we introduce indirect learning methods, which estimate f(z) by minimizing
some sensible loss function instead of estimating f(x) directly. This is often useful when the
true f(z) associated with given loss functions is not explicit in terms of the joint distribution
of (Y, X). In this section, we focus on the classification problem where Y has two categories
(value -1 and 1).

6.9.1 Separate hyperplane

A separate hyperplane is equivalent to finding a linear function (z73 + 3y) with constraint
| 8|l = 1 of feature variables which can separate two classes well in some sense. We will describe
two separate hyperplane methods: Rosenblatt’s perceptron learning algorithm and optimal
separating hyperplane.

The perceptron learning algorithm aims to find a separating hyperplane which minimizes
the distance of misclassfied points to the decision boundary. Suppose that the decision rule is
that we classify subject into 1 if 278+ 8y > 0 and —1 otherwise. Then any misclassified points
are those subject 4 from 1,...,n such that Y;(XI 8+ 8y) < 0. Then the summed distances from
these points to the decision boundary are

DB o) = S (VKT8 + o))
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where = = max(0, —z). A stochastic gradient descent algorithm is used to minimize this
function, where the gradients are give as

82)(/8750) . T aD(6760) & T

— = Y XiI Yi(X, <0, —5—= YiI {Yi(X] <0;.

In this algorithm one updates (3, fy) after visiting each misclassified subjects using (5, 5y) +
p(Y;X;,Y;) where p is a step size (called learning rate). It can be shown that the algorithm
converges to a separating hyperplane in finite steps if such a separating hyperplane does exist.
However, there are a number of problems with this algorithm as well: first, when data are
separable, there are many solutions depending on start values; convergence can be slow; the
algorithm will not converge if data are not separable.

To obtain a unique separating hyperplane, a method has also been developed to find the
optimal separating hyperplane (Vapnik, 1996). This method aims to maximize the signed
distance from the decision boundary to the closet point from either class. If we let C' denotes
such distance, then such an optimization problem is

max C subject to V(X B+ po) > C,i=1,....n.
B,80,118lI=1

Note that setting ||3]] = 1 in this optimization problem is arbitrary so we can constrain this
norm to any positive constant, say 1/C. After reparameterizating 5y and [3y|3]|, the problem
is equivalent to
rg%n 8]l subject to Y;(X] B+ fo) > 1,i=1,...n,
»P0

or equivalently,

1
glén§||ﬁ|]2 subject to V(X! B+ Bo) > 1,i =1,...,n.
3P0

This is a quadratic criterion with linear inequality constraints so is a convex optimization
problem. The corresponding Lagrange function is

1 n
SlIBI% + Zla {Vi(X] B+ Bo) — 1}

subject to constraints o; > 0,7 = 1, ..., n. Setting the derivatives to zeros, we obtain

zn:O{ZY;XZ = B, Zn:O./Y; =0.
i=1 =1

After plugging it back to the Lagrange function, we obtain the so-called Wolfe dual
n 1 n n
mgxz &= Z Z a;a;Y;Y; XX, subject to o > 0.
i=1 i=1 j=1

This is a simple convex optimization problem which standard softwares can solve. Furthermore,
by the Ksrush-Kuhn-Tucker conditions, the solution also satisfies

a {Yi( X/ B+B)—1}=0, i=1,..,n
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(Read reference on Convex Optimization.) Therefore, if a; > 0, then Y;(X] S + ) = 1 so
subject 7 is on the boundary of a slab closest to the separate hyperplane; otherwise, a; = 0 and
Y;(XT B+ ) > 1 so subject i is away from the boundary. Additionally, the previous derivation
shows =Y " 0V X; = Zai>0 Y; X;; thus, g is determined by the points on the boundary of
the slab, which are called the support points. Once the separate hyperplane is obtained, the
classification rule is simply sign{z? 3 + 3y }.

The optimal separating hyperplane is unique if the data are truly separable. Since the
hyperplane only depends on a few support points, it is more robust to model misspecification
or outliers. This is one advantage of this method over discriminant analysis. However, when the
data are not separable, there will be no feasible solution and an alternative method is needed.
Such a method is known as the support vector machine, which allows for overlap and will be
introduced next.

6.9.2 Support vector machine

Support vector machine is one of the most popularly used learning method in practice. The
advantages of this method include allowing nonseparable data, computational simplicity and
good prediction performance. We consider two types of this method: in first type, the input is
just the feature space and the method is called support vector classifier; in the second type, the
input is some basis functions associated with each data point and the method is called support
vector machine.
6.9.2.1 Support vector classifier

Recall that in the method of finding the optimal separating hyperplane, we try to find a
hyperplane separating the data in two classes so that their distances from the hyperplane is at
least some constant C'. In other words, the two classes of data points are well separated and lie
out of a band which centers around the hyperplane and the band width (called margin) is 2C.
We choose the optimal plane so that this margin is the largest. However, when the data points
are not separable, this is impossible and we should allow some points on the wrong side of the
hyperplane. To realize it mathematically, we relax the strict constraint Y;(X! 3 + 8y) > C by
changing it to

V(X B+ Bo) > C(1 - &),

where & > 0,7 =1, ...,n, are called slack variables.

We note that & also represents the proportion amount by which the prediction X} 3 + 3y
is on the wrong side of the margin of the band. Therefore, one possibility is to set a bound
for the total proportion amount, > | &. Under such a bound, we then look for the band with
the large margin. In other words, we search for a hyperplane with largest margin separating
data points so that the proportion amount of prediction on the wrong sides of the margins is
controlled under some bound, that is, the largest separation by allowing some proportion of
misclassification rates.

This becomes the following optimization problem

max C subject to V;(XIB8+8) > C(1—-¢), & >0, ; < constant.
, fmax O subj (X7B+8)2C1-&), &> ;5_
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Using the same transformation as in the previous section, we obtain an equivalent problem

1 n

mln§||ﬁ||2 subject to Y;(X B+ 3) > (1-¢&), & >0, ZSZ < constant.
i=1
Again, this is a convex optimization problem with linear constraints. An equivalent problem is
R . T
min o[BI + Y&, subject to Vi(X[5+5) > (1-&), & >0,
i=1

where v replaces the constant before. The separate case corresponds to v = oc.
The Lagrange function is

—||/6||2+VZ§Z Zal{YXT@wo 1-&)} - Zm,
=1

with constraints a; > 0, p; > 0. Its derivatives with respect to (3, fy) and &; yield
5:Z@in‘Xz‘, OZZO%Y;, Qi =7 — i
i=1 =1

After substituting back to the Lagrange function, we obtain the dual problem

max Z a; — Z Z a0 YV XT X,

=1 Zl_]l

subject to constraints

0<a; <v,i=1,..,n, ZaiYi:O.

This can be solved using standard softwares for convex optimization (Murray et al, 1981).
From the Karush-Kuhn-Tucker conditions, we obtain

0 {YiXTB+Fo) = (1= 8)} =0, & =0, YiXTB+Fo) ~(1-8) 20

We thus conclude that if a; € (0,7), then Y;(XZ-TB—I- Bo) =1- é’\i; but under this case, j1; > 0
so & = 0; therefore, Y;(XI 3+ By) = 1 so such data points lie on the margins of the band; for
those points inside the band, & > 0 and @; = 7. Now, since

B=3avx,

a; >0

we conclude that B\ is determined by the points within or on the boundary of the band (these
points are called support vectors). Furthermore, B\O can also be determined using the first
equation from the Karush-Kuhn-Tucker conditions.

6.9.2.2 Support vector machine
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So far, the support vector machine targets a linear boundary of feature spaces, which may
not be practically useful if the separation is actually nonlinear. However, the above approach
can be easily generalized to obtain nonlinear boundaries if we replace feature space X; by some
basis functions evaluated at X;. The procedure is the same as before. Suppose that we choose
basis functions h(x) = (hy(x), ..., hy(2))T then the classification boundary is given by

(@) = hx)" B+ Po.

Following the previous derivation, the dual problem becomes maximizes

Xn:ai — %Xn:i:al@]}iy} < h(XZ), h(X]) >,
=1

i=1 j=1
subject to constraints

0<a; <7, Zn:oziYiz(),

=1

where < x,y >= xTy. Then the classification boundary is given by
flz) = Zaiyi < h(z), h(z;) > +fo.
i=1

Let K(z,2") =< h(z),h(z") >, which is called a kernel function. The above calculation and
classification rule only depend on the kernel function. Therefore, in this support vector machine
method, one only needs to specify the kernel function for calculation. Some popular choices
of the kernel function in the support vector machine literature include the polynomial kernel,
K(x,2') = (14+ < z,2’ >)% the radial basis, K(z,7") = exp{—||z — z||?/c}, and the neural
network, K (z,z') = tanh(6; < x,2’ > +60s).

The constant « in the support vector machine governs the smoothness of the boundary. A
large value of v gives a wiggly boundary so could overfit training data.

Another extension as observed here is that we can even allow feature space belongs to some
Hilbert space, for example, X; represents subject’s profile over time. The above procedure still
applies if we replace < x,z’ > by the inner product in the Hilbert space. In other words, the
SVM method applies to the case that one uses profile information to classify subjects.
6.9.2.3 Casting SVM into a penalized learning

The way we introduced the SVM method is more based on intuitive thinking that one tries
to separate two classes in some maximal sense. In fact, the SVM can be translated into an
empirical risk minimization problem as discussed in Chapter 2.

Specifically, we define a loss function L(y,z) = (1—yx)*. We aim to minimize the empirical
loss but subject to a constraint ||| bounded by some constant. Equivalently, we minimize

S (L= Vi) + B2

where A is a constant. By setting § = {1 — Y;f(X;)}* and letting v = 1/A, we can easily
show that this minimization is equivalent to maximizing the objective function in the previous
section. In this way, we cast the SVM as a regularized empirical risk minimization.
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Following this framework, we can also obtain the SMV for other problems, including mul-
ticlass problems and regression problems. The former essentially solves many two-class SVM
problems. For the latter, the basic idea is to replace the loss function {1 —y f(z)}* by a different
loss V(y — f(x)), where V(t) = (|t| — €)I(]t| > €) for some small constant € which allows some
small prediction errors. Note that the loss function uses the linear contribution of the absolute
residuals so the fit is less sensitive to outliers (the same advantage in Huber estimation).

6.9.3 Function estimation via regularization

Regularization methods aim to estimate f(z) by simultaneously regularizing the complexity
allowed in estimation through imposing large penalty for those undesired estimators. In a
simple regression problem, to estimate f(x), we consider minimizing the following penalized

residual sum of squares:
n

S (% FX)P 4 A [ @),

i=1

where ) is a fixed smoothing parameter. In this objective function, the first term measures the
fit performance of f(x); while the second term penalizes curvatures in this function. These two
terms are balanced through \; otherwise, when A\ = 0, the estimator is any function such that
f(X;) =Y, resulting in overfitting, when A = oo, the estimator is a linear function which may
produce large bias. It can be shown that there exists a unique minimizer which is actually a
natural cubic spline with knots at the unique values of the observed Xi, ..., X,,. Furthermore,
the estimation is equivalent to a ridge regression with these cubic splines being regressors.
When Y is not continuous, the same regularization can be applied to the likelihood function by
replacing the above least square with the negative log-likelihood function form observed data.

Generally, we can write any regularization methods as

min [; L(Y;, f(X3)) + /\J(f)] :

where H is a functional space (usually a Hilbert space) which f is chosen from, L(y,x) is a
loss function, and J(f) is a penalty functional for f. A general penalty given by Girosi et al.

(1995) takes form )
1) = [k

where f(s) is the Fourier transform of f and G(s) is some positive function that falls off to zero
as ||s|| = oo. In other words, we penalize high-frequency component of f. They show that the
solutions have form

K n
Z apdr(x) + Z 0:.G(z — X;),
=1 i1

where {¢.} spans the null space of J-operator and G is the inverse Fourier transformation of
G.

Another important application of the above regularization method is to set J(f) = || |7,
where Hy is a reproducing kernel Hilbert space (RKHS) defined based on a positive definite
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kernel function K(z,y). Specifically, an RKHS is a Hilbert space in which all the point eval-
uations are bounded linear functionals (unlike Lo-space). If we use <,> to denote the inner
product in this space, then there exists some function 7, in this space, such that for any f in
this pace,
<, f>= f(t).

Then let K (t,z) = n,(z) so it is a positive definite function and is called the reproducing kernel
in the space for the reason that < K(t,-), K(s,-) >= K(s,t). On the other hand, the Moore-
Aronszajn theorem states that for every positive definite function K (¢, s), there exists a unique
RKHS associated with K (¢, s). Such a kernel function possesses an eigen-expansion

K(z,y) = Z i9i(%) i (y)

with v; > 0,37,77 < 0o and ¢y, ¢o, ... are the orthonormal basis functions in Hg. Thus, for
any function f € Hr,

fl@)=>"cpi(x).

o)
i=1

The minimization problem is equivalent to minimizing

D LY D 6i(Xi) + A3 /.

It can also be shown that the solution is finite dimensional and has form
flo) = aiK(z, X)),
i=1

where a’s minimizes

n

S OLYLY AKX, X))+ A ) K(X, Xj)aay.
j=1

i=1 =1 j=1

Such an expression is a linear combination of K (x, X;), known as the representer of evaluation
at X@' in H K-

The choice of the kernel functions includes (< z,y > +1)¢, the Gaussian kernel and etc.
We have already seen using such kernel functions in the support vector machine.

6.10 Aggregated Supervised Learning

Aggregated learning is essentially to combine different learning methods to obtain better pre-
diction rules. A simplest way is to try different learning methods then average their predictions.
For example, in classification problem, we may use logistic discriminant, nearest neighborhood,
SVM, or classification tree. When a new subject enters, the predicted class of this subjects will
be the majority of the predictions from all these methods. This idea is equivalent to model
averaging in Bayesian framework.
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Another way of agg(re%ating different learning methods is called stacking. We consider
—7 7(—1) . . . . .

squared error loss. Let f; 7, ..., fm ~ be the predicted values for subject 7 using learning methods

1, 2, ..., m based on the data excluding subject 7. The stacking method is then to find the

optimal linear combinations of these predictions to minimize

n

) {Yi B Zwkﬁ(ﬁ) (Xz')} :

=1

The final prediction rule is given by
k=1

where (0, is the minimizer. This method aggregates all the learning methods based on their
cross-validation errors, which will be discussed later and which are good assessment of the
prediction performance from each learning method.

A more powerful way to aggregate multiple learning methods is called boosting, which is
an iterative procedure to combine the outputs of weak learning methods to produce a powerful
committee. Here, a weak learning method means that the error rate is only slightly better than
random guessing. We first look at one binary classification problem (Y = —1,1). The final
output from the boosting method is a prediction rule given as

sign (Z Oékfk(@) ;
k=1

where ﬁ, e J?m are the estimators from m learning methods and ay, ..., a,, are their correspond-
ing weights. The sequential procedure in the boosting method is a sequential way of updating
these weights. The detail of this algorithm (called AdaBoost) is below:

1. We assign each subject i equal weight w; = 1/n.

2. From learning method £ =1 to m, N

(a) we apply learning method & to data using weights (wy, ..., w,) to obtain fj,

(b) compute the error rate as

S w (Y # Fo(X5))
D i) Wi

erry =

then
ar = log[(1 — erry)/erry],

(c) recalculate each individual weight as proportional to w; exp{asl(Y; # fr(X;))} and send to
next classifier. R
3. Finally output sign <ZZL:1 akfk($)> :

The idea in the above algorithm is that if for kth classifier, subject ¢ is misclassified, we then
increase this subject’s weight by a factor exp{as} in the (k+ 1)th classifier. In other words, we
use a new classifier to make up for the misclassification in the current classifier. The AdaBoost
procedure sometimes can dramatically increase the performance of even a very week classifier.
Clearly, if we let all the learning methods to be the same (for example, all are classification
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trees), then every iteration in this procedure is to keep training classification tree to correct
misclassified subjects. This may be the reason why we call it boosting. Interestingly, such a
boosting algorithm is equivalent to minimize an exponential loss L(Y, f(X)) = exp{—Y f(X)}
using forward stagewise additive models, i.e., at kth stage, we minimize

Z exp{_Yz‘(J?k—l (Xi) + Bg(Xy))}

over  and g(x) is a function belonging to feasible sets in kth learning method. The equivalence
can be bound in Section 10.4 of Hastie et al. (2009). Moreover, because of this recursive nature
and the forward stagewise learning in the boosting algorithm, this method can be naturally
incorporated into classification tree, which is also a recursive learning procedure. The resulting
method is called boosting tree.

6.11 Model Selection in Supervised Learning

In all the learning methods, there are some parameters controlling the complexity of learning
methods in order to avoid overfitting. These parameters can be model size in parametric
learning and semi-nonparametric learning, the number of observations in nearest neighborhood
method, the bandwidth in kernel learning, the number of basis functions in sieve estimation,
tree size, and penalty parameters in SVM and regularization methods. However, we discussed
very little about the choices of these parameters till now. Specifically, we will discuss a few
commonly used approached to assess learning methods, including Bayesian information criteria,
minimum description length and cross-validation. Obviously, there exists many other methods
out there to assess learning methods but since they are in the same spirit to balance the
prediction accuracy and complexity, we will not review them in this section.

With no doubt, assessing learning methods is extremely important in guiding practical use
of learning methods and quantifying the performance of final models. A good method for
assessing learning performance should result in a parsimonious model with accurate prediction
in any external testing data.

6.11.1 Akaike and Bayesian information criteria

Both AIC and BIC are applicable methods when the learning methods are carried out by
maximizing some log-likelihood function and the complexity of methods is reflected in the
number of parameters used in the methods. Specially, the AIC is defined as

—2 log-likelihood + 2d/n,

and the BIC is
—2 log-likelihood + 2d log n,

where d is the number of the parameters and n is the size of data. The former is derived based
on the following asymptotic relationship:

2d

—2F [log P(Y; g)} R~ —%E + —,

> " log P(V::0)
=1
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where P(y;0) is the working distribution for Y indexed by parameter 6 and d is the dimension of
6. Instead, the BIC is motivated by the Bayesian approach for model selection: when a uniform
prior is assumed for all the candidate models, the model with the largest posterior probability
should have largest conditional probability of the observed data given this model; however, the
latter, by a Laplace approximation at the maximum likelihood estimator, is approximated by
log-likelihood at 6 subtracting dlogn. We note that the BIC tends to penalize complex models
more heavily, giving preference to simpler models in selection. In practice, there is no clear
choice between AIC and BIC, since AIC usually chooses models which are too complex when
n goes to infinity while BIC chooses models which are too simple for finite sample. As a note,
the BIC method is also equivalent to the minimum description length approach, which was
motivated from optimal coding theory.

6.11.2 Model selection based on VC-complexity

As seen before, the AIC and BIC are only applicable when the loss function is equivalent
to the negative log-likelihood function and the complexity of learning models is represented
by the number of parameter in consideration. A more general extension is model selection
approach based on VC-complexity, which essentially applies to any loss function and any classes
of learning model with finite VC-dimensionality. We remark that for parametric models, the
V(C-dimensionality is equal to the number of independent parameters.

To illustrate idea, we introduce some general notations. We use 7, (f) to denote

n”! iL(Yi, f(x
=1

Let M,, be a class of models in consideration for estimating f(X). For any model Q from M,,,
we let ﬁ] be the estimated f(x) based on this model (the estimation procedure can be either
minimizing 7, (f) over the parameters in model 2 or using direct learning method as before).
For example, in parametric learning, {2 can be linear regression model with fixed model size;
in sieve learning, €2 can be a model consisting of smoothing functions with a fixed number of
basis functions.

Suppose fp is the minimizer minimizing E|[7v,(fy)] and we define a natural loss

(fo, f) = E[va(f)] = Elva(fo)]-

For each given model Q2 € M,,, we define f§ as the one minimize [( fy, f) for f over 2 and this is
called an oracle estimator by Donoho and Johnstone. The ideal way of choosing best model {2 is
to minimize {( fo, f¢). However, since the true expectation is not calculable in real data, we may
consider minimizing an empirical version of [( fo, f), which is equivalent to minimizing %(fg).

Unfortunately, the best model minimizing , ( fQ) may not necessarily minimize E[v,( fg)] due
to stochastic errors

va(fa) = Elya(fa)].

To account for such errors, one commonly used method is that instead of minimizing ~,(fq),
we aim to minimize a penalized version

Yu(fa) + penn(Q),
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where pen,,(£2) is a penalty function imposed for model .
Now the question becomes what penalty function, pen,(€2), is appropriate. To see this,
suppose that the (2 is the minimizer for the above function. We note that for any €2,

o Jo) = Ebm(fa)l = Elu(f)]
= —(mfa) = Elw(fa)]) +m(fa) [V (fo)]
Since
Yu(fa) + pena(Q) < Yul(fa) + pena(Q) < a(f) + pena(Q),
we obtain
WforJo) < —(mlfa) = Ela(Fa)]) + 1 fs) — pena(Q) + pena(Q) — Elva(f5)] + 1(fo, f3)
e -~

< |nf8) = Bl — (nlFa) = Elu(FD] — {pena(@) — pena(@)} +1fo, £3).

Therefore, if we can choose a penalty function such that in probability,

(3 (f8) = Ela(£3)]) = (l(fa) — Elva(F)])| < pena (),

then it yields R
U(fos fa) < U(fo, 13) + penn(S2).

Consequently, if we further let pen,(€2) uniformly diminishes as data size increases, it is con-
cluded that the model based on the penalized minimization will result in an estimator whose
asymptotic loss is equivalent to the best oracle estimator.

The key condition for the penalty function is

(3 (f8) = Ela(£3)]) = (l(fa) — Elva(F)])| < pena (),

which is equivalent to saying that the penalty dominates the stochastic fluctuation of ~,(-).
However, since €2 and fq is unknown, we may wish to study the uniform behavior of

QSIj\IA) iug |(v(f3) — Elva(f3)]) — (i (f) = Elva(HD] = penn(Q>'

This is closely related to the stochastic behavior of the empirical process

sup {3u(f) = Elw(f)] : f € @

ref

so concentration inequalities play essential roles. Here, we focus on one special case (in fact,
the most common situation in statistical learning), where the complexity of models in M,, can
be characterized by the so-called Vapnick-Chernovenkis (VC) dimension.

The formal definition of the VC dimension for a model €2, which consists of finite or infinitely
many functions for f(x), is the largest number of points that can be shattered by the subgraphs
of these functions. In some sense, the VC dimension characterizes the compactness of the
functions in . If the functions 2 belong to a linear space with g-dimension, then the VC
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dimension is ¢ + 1. For the VC class, one important result from the empirical process theory is
that in probability,

a(VC dimension) log n
vn ’

where a(-) is a deterministic function independent of n. Therefore, from the previous derivation,
we can choose the penalty function as

Sljlcp [ (f) = Elva(f)]] <

pen, (Q) = n~Y2a(VC dimension of Q) logn.
In other words, the way to select the best model based on the VC complexity is to minimize
Yu(f) +n%a(VC dimension of Q)logn.

We note that in parametric models, the VC dimension is equal to one plus the number of
parameters, so the above way of model selection is closely related to the BIC method described in
the previous section. Using the VC complexity, Vapnik suggested a structural risk minimization
for learning. Essentially, one fits a nested sequence of models of increasing VC dimensions and
then chooses the model with the smallest value of the above objective function.

6.11.3 Cross-validation

Although the model selection based on VC-complexity is applicable to any types of loss func-
tions, one limitation is that one has to theoretically evaluate the VC dimensionality of each
model. Moreover, the penalty function depends on an upper bound controlling the stochastic
error of the empirical process, which may not be a sharp bound so may result in over simple
models for prediction.

Recall that the goal of model selection in assessing learning methods is to produce a model
which has the smallest prediction error when applied to any external data. Because of this goal,
the simplest and most widely used method for estimating prediction error is the method of cross-
validation. The idea of this method is straightforward. We randomly partition the observed
data into two sets of data with one set called training set and the other called testing set. We
apply the candidate method/model to the training set to obtain f then evaluate the prediction
error in the testing set. We repeat this process a number of times and use the average of all the
prediction errors as a criterion to assess the performance of learning methods/models. Such an
average is named the cross-validation error. Therefore, the best learning methods/models are
chosen to be the ones with the smallest cross-validation error.

There are different ways of partitioning observed data. The simplest way is called the leave-
one-out cross validation. In this method, only one subject is in the test set while we use the
rest (n — 1)-subjects in the training est. If let f(~? denote the final estimator for f based the
training set with subject i, then the cross-validation error is given as

LN Ly
w 2 L FO(X),

Other ways of partitioning data include k-fold cross-validation, where 1/k proportion of the
data are randomly selected into the test set. Normally, the larger size in the test set, the larger
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bias in terms of how accurate the cross-validation error is for the true prediction error; but the
lower variance it gives. Usually, five- or ten-fold cross-validation are recommended in practice.

For the leave-one-out cross validation, the cross-validation error can sometimes be approxi-
mated by simple expression when the loss is squared error loss and the predicted values for all
the subjects are written as XY, where ¥ is a n by n matrix. Such an approximation, often
called generalized cross-validation, is given as

n

)
1

1=

n—ﬂ&)]Q
1 — trace(X)/n

The trace of ¥ is called the effective number of the parameters. The advantage of the generalized
cross-validation is its computational convenience, as only one learning procedure is needed to
evaluate the leave-one-out cross validation error.

An alternative way of the cross-validation is to use the bootstrapped sample for learning
then average over all the bootstrapped samples. We will not review this method here but refer
interested readers to Section 7.11 of Hastie et al. (2009).

6.12 Unsupervised Learning
6.12.1 Principal component analysis

Principal component analysis is one of the most important methods in unsupervised learning,
where data contain only feature variables but no outcomes and the goal is to identify the intrinsic
distributional structures in given data. The principal component analysis is to identify the so-
called principal directions so that the data variability along these directions represents most of
the total variability in the data.

Specifically, let X1, ..., X, be the observed feature values in RP from n subjects. We aim to
find a matrix Vjx, = (V4,...,V,) where ¢ is the rank of (X7, ..., XI)T such that V4, ...,V are
orthogonal unit vectors and

D OIIX - X - VVT(X - X))

=1

is minimized. Here, X,, is the sample mean of X, ..., X,,. To understand the above expression,
we note that VT(X; — X,,) is the projection of the centered feature (X; — X,,) on the space
spanned by the columns of V. Therefore, the above minimization is equivalent to finding a
space of dimension ¢ so that the projection of the observed feature (after centralization) absorb
the maximal variability in the original data.

The solution for the optimal V' can be obtained via the singular value decomposition. Par-
ticularly, let X be a n by p matrix with each row being X; — X,,, ..., X,, — X,,. A singular value
decomposition gives

X =UDV7,

where U is n by p orthonormal matrix, V' is a p by p orthonormal matrix, and D is a diagonal
matrix so that its diagonal elements satisfy d; > dy > ... > d, > 0. Then the optimal V is
given as the first ¢ columns of V. The first ¢ columns of UD? are the projection of X on these
g principal directions so are called principal components.
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From the above singular decomposition, it is easy to show that X;V) has the highest variance
among all the linear combination of the feature variables; X;V5 has the highest variance among
all the linear combinations which are orthogonal to V; and so on. Actually, this is the original
intuition for conducting principal component analysis.

The choice of the number of principal components is subjective. One often chooses the
first ¢ principal components if their explained variation is above some threshold ¢ (for example,
¢ = T70%) or even more of the total variability in the data; that is,

di+ ...+ d;
—I >
i+ ..+ dd

When ¢ is much smaller than p, the first ¢ principal components are said to sufficiently rep-
resent the whole feature variables so can be used in downstream analysis. Thus, the principal
component analysis is a useful tool for dimension reduction.

6.12.2 Latent component analysis

Latent component analysis assumes that the data of feature variables are simply multiple indi-
rect measurements of a few latent sources. Therefore, if we can capture the latent sources, we
then characterize the most important structure within the data. Moreover, when the number
of latent sources is small, they can be used to represent the whole data so we achieve another
way of dimension reduction.

Two most important methods in latent component analysis are factor analysis and indepen-
dent component analysis. In factor analysis, the Gaussian distribution plays an essential role;
however, independent component analysis relies on the non-Gaussian nature of the underlying
sources.

In factor analysis, we assume that there exists ¢ (¢ < p) latent variables, Sy, ..., .S,, such
that

X(k) =apu ST+ ... + aquq + €k,

where a1, ..., a5, are constants and ¢ is independent noise not explained by latent sources
S1, ..., 8¢ We further assume S, ..., 9, are from Gaussian distributions and uncorrelated. As
the result, if denote A = (ak;)k=1,..pj=1,..q, then it follows

> = AAT + diag(var(e)y, ..., var(e,)),

where X is the sample covariance of (Xi,...,X,). We remark that there is an unidentifiability
associated with A as AO satisfies the same model for any orthonormal matrix. In other words,
one has to restrict A to obtain a unique solution. Obtaining an estimator for A is often carried
out using the singular value decomposition or the maximum likelihood method.

Comparatively, independent component analysis uses the same latent models structure;
however, it requires that S5i, ..., S; be independent but not necessarily Gaussian. Such a restric-
tion imposes more stringent higher moment conditions than uncorrelated relationship in factor
analysis. Thus, it makes the estimation of A unique and allows the non-Gaussian distribu-
tion of 51, ..., S;. The solution to the independent component analysis is obtained by minimize
some entropy or we can start from factor analysis then look for some rotation that leads to
independent components.
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6.12.3 Multidimensional scaling

Both principal component analysis and latent component analysis map the original data points
to some low-dimensional manifold, where such a low-dimensional manifold can be explicitly
expressed in terms of principal components or latent components. Multidimensional scaling
has a similar goal but the obtained low-dimensional manifold may not be so explicit due to its
different motivation.

The multidimensional scaling method only uses the dissimilarity between any two observa-
tions, which is defined as some distance between these two observations. Let d;; denote the
dissimilarity between data X; and X;. Then the multidimensional scaling seeks the correspond-
ing values 71, ..., Z, for all the subjects in a low dimensional space R? so that the dissimilarity
among subjects is retained as maximally as possible; that is,

1/2
> (di =112 = 7))
i#]
is minimized. This is also known as least squares or Kruskal-Shephard scaling. A gradient

descent algorithm is used to find the minimum.
Some variation of the criterion can be used, including Sammon mapping which minimizes

3 (dij — 1 Zi — Z;]))*
d.: '
i#j "
The latter emphasizes more on preserving smaller pairwise distances. Another way, called
Shephard-Kruskal nonmetric scaling only relies on the ranks of the dissimilarities by minimizing

> (diy - 9(1Z: - Z;)))*,
i#]
where ¢ is an increasing function also in the minimization.

Because multidimensional scaling only gives the projections of the original data on a low-
dimensional manifold so does not give a parameterization of the manifold, it only reveals the
intrinsic structures in the existing data so may not be convenient to be applied to new data. In
this sense, multidimensional scaling is more useful for visualizing data in some low-dimensional
manifolds.

6.12.4 Cluster analysis

Different from the previous unsupervised learning methods, cluster analysis, also called data
segmentation, does not aim for a low-dimensional representation of data; instead, it seeks some
collections of subjects (clusters) such that subjects within clusters are more similar than between
clusters in terms of feature values. Because of this, the central quantity in the cluster analysis
is similar to multidimensional scaling, that is, the degree of similarity (dissimilarity) between
subjects. The real quantity used in the cluster analysis is the so-called proximity matrice, which
is a n by n matrix with (7, j) element being the similarity (or dissimilarity) between subject i
and subject 7.

Since both multidimensional scaling and cluster analysis use dissimilarity, we may discuss a
bit more on how to define such a measure. For quantitative features, it may be simply defined
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as [(]X; — Xj|), where {() is a non-negative loss function, for instance, the Euclidean distance.
For the feature with ordinal values, one way is to assign scores to each ordinal value then treat
the assigned scores as quantitative feature. The most common distance for the categorical
feature is the Hamming distance, which is calculated as the number of mismatched categories
between any two subjects. Therefore, when the feature from each individual consists some or
all these types of values, a weighted summation of the distances from each coordinate can be
used to define the distance between these two observations. The choice of the weights is a
subject matter.

With dissimilarity matrix, the first algorithm for cluster analysis is called combinatorial
algorithm. We suppose that the whole data consist of K clusters and we label them as 1,2, ..., K.
Then the goal of cluster analysis is to identify a map C which maps each subject id to one of
these K labels. Since cluster analysis wants to have subjects within the same cluster more
similar to the subjects between clusters, a natural way is to define the within-cluster loss as

K

%ZZZ[(C@') = C(j) = k)d(X;, X;)

i=1 j=1 k=1

while define the between-cluster loss as

%ZZZ[(C@') = k.C(j) # k)d(X:, X;).

i=1 j=1 k=1

Hence, we want to either minimize the within-cluster loss or maximize the between-cluster loss.
These two optimizations are equivalent since the summation of these two losses is a constant.
Unfortunately, such an optimization is almost infeasible due to larger number of maps to be
calculated.

Some strategies based on iterative greedy decent are feasible, although they may end up
with suboptimal maps. Among them, one of the most popular algorithms is called the K-means
algorithm, which applies to the situation when all the feature values are quantitative and the
distance is the squared Euclidean distance. Under this case, this algorithm follows from the
observation that the within-cluster loss is equal to

n K

S0 = B =

i=1 k=1

where my, is the mean of the kth cluster. Thus, the K-means algorithm can be described as
follows: given C, we find my, ..., mx to minimize the above function; next, given my, ..., mg, for
each subject i, we determine C(i) as

al"gmink:L...,KHXi - mk||2§

we iterate till no change of cluster assignment. Clearly, the K-means algorithm is easy to be
implemented. However, it may go to some local minimum so it is often suggested to start from
many different random choices of my, ..., mg then choose the solution having the smallest value
of the within-cluster loss. As a final note, the K-means algorithm is closely related to the EM
algorithm in estimating a Gaussian mixture model, where in each iteration, the M-step updates
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the means of the latent normal components and the E-step imputes the membership of each
observation.

For general feature values and general proximity matrix, the K-means algorithm is not
applicable. To handle this issue, one develops the K-medoids algorithm. This algorithm is
very similar to the K-means algorithm, except that in the first step, instead of identifying the
mean, we identify cluster medoids as the observation in the cluster which minimizes the total
distances to all other points in the same cluster:

argmingce—1(y) Z d(Xj, Xi);
Ch)=k

the second step is the same but we replace the Euclidean distance by d(Xj, X;).

Both K-means and K-medoids require a pre-specified number of the clusters. There is
another clustering algorithm called hierarchical clustering, which does not specify the number
of the clusters but lets data automatically form clusters. Eventually, users can decide how many
clusters are appropriate. Strategies for hierarchical clustering divide into two basic approaches:
agglomerative (bottom-up) and divisive (top-down). Agglomerative approaches starts at the
bottom, where each subject is treated as a single cluster, and recursively merge a selected
pair of clusters into a single cluster. The pair chosen for merging consist of the two groups
with the smallest intergroup dissimilarity. Eventually, all the clusters will be merged into
one largest cluster containing all the subjects. Instead, divisive approach starts from a single
cluster consisting of all the subjects and recursively split of one the existing clusters into two
clusters, where the split is chosen to produce two new groups with the largest between-group
dissimilarity. Eventually, the last level at the bottom contains n clusters where each cluster
contains one single subject. Thus, in both methods, there are a total (n — 1) levels in the
hierarchy.

Recursive binary splitting/agglomeration can be represented by a rooted binary tree, where
the nodes of the trees at kth level represents the kth level clusters. Along the tree, the dissimi-
larity between merged clusters is monotone increasing. The height of each node is proportional
to the value of the intergroup dissimilarity between its two descendent clusters. This tree graph
is called a dendrogram.

In hierarchy clustering, it is necessary to define the dissimilarity between any two clusters.
There are different ways for this definition. One definition called the single linkage is to define

d(Cl, Cg) = min d(XZ, X])

1€C1,j€C2

A second definition is called complete linkage with

d(Cl,Cg) = max d(XZ,X])

i1€Cy,j€Co
Additionally, a third definition of group average is

! > d(X, X).

nin
12 5cc, jecs

d(Cy,C) =

One general observation is that if the data dissimilarity indicate a strong clustering tendency;,
with each of the clusters being compact and well separated from others, then all these defini-
tions for group dissimilarity produce similar results. However, because of the nature in these
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definitions, the single linkage can produce clusters with very large diameter (the maximal dis-
tance within the cluster) and the complete linkage is oppositive; while the group average is a
compromise between the two extremes.

Finally, another unsupervised learning method is called self-organizing maps. This method
can be viewed as a constrained version of K-means clustering, where the prototypes are encour-
aged to lie in a one- or two-dimensional manifold in the feature space. The resulting manifold
is called a constrained topological map. The detail of the algorithm can be found in Section
14.4 of Hastie et al. (2009).



