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1 Preliminaries

Statistical inference is based on a model given by {Py : § € ©}. We then draw
observations, 21, ..., &, of the random vector X which are (usually) independent
and identically distributed from the distribution Py,, where 6y is the true para-
meter value. 6y can never be known; statistical inference attempts to estimate
it as precisely as possible.

Definition If © ¢ R, for finite k, then the model is called parametric. Oth-
erwise, the model is non-parametric (or semi-parametric).

It is always possible for the underlying set of models to be wrong. For
example, the distribution may be different, or the observations may not be
independent. This is not the problem of statistical inference; this is model
checking.

Definition Suppose we observe z from the model {Fy : § € ©}. The likelihood
function is given by:

lik(0; x) = Py(x)

The likelihood function is a function of €, while the probability density function
is a function of x.

2 Criteria for choosing an estimator

Definition An estimator is a statistic (that is, a mapping from random vari-
ables to other random variables) that attempts to get close to a function of a
parameter. An estimate is the value that the estimator takes for the particular
data observed. To estimate g(6), we have an estimator §(X) and an estimate
(o).

An estimator cannot be correct with probability one except in very unusual
situations (such as if the data partition the space). However, for very large
sample sizes this is approximately possible.



Definition An estimator is (strongly) consistent if

lim Py (§(Xn) = g(0)) =1
n—oo
In finite samples, we hope that the estimator is close to the true value of the
parameter.

Definition An estimator ¢ is unbiased if Eg(g(X)) = g(0) for all § € ©.
Definition The mean square error of an estimator g of g(8) is Eq ((§(X) — g(6))?).

Proposition 2.1 The mean square error of an estimator is the sum of its vari-
ance and its squared bias. That is,

Ep ((9(X) = 9(0))*) = Var(§(X)) + (B(5(X)) — 9(9))

3 Saufficiency

It is not always necessary to know the values and order of each observation
in order to do inference. We wish to reduce the data to a smaller number of
statistics that we may use instead. Statistics that summarize the data without
losing any information about the parameters are called sufficient (and vary with
the model being considered). This creates a partition of the space of outcomes,
in which samples are equivalent if they have the same sufficient statistics.

Definition Let Q be the sample space of X. Let {FPy : 6 € ©} be a family of
models. Let II be a partition of Q. II is a sufficient partition with respect to
0 €©if Py(X | A €1II) does not depend on 6 for all A € II.

Definition Let 7 : Q — R* be a function which is constant on each suffi-
cient partition and takes a different value for different partitions (that is, each
T~(a) corresponds to exactly one (possibly empty) set of the sufficient parti-
tion). Then, T is a sufficient statistic, and Py(X | T(X) = t) does not depend
on 6 for all t € R*.

Notice that any one-to-one function of a sufficient statistic is also a sufficient
statistic, so that sufficient statistics are not unique.

Theorem 3.1 (Factorization Theorem) Given a family of densities, {Pp : 6 €
O}, T(X) is a sufficient statistic if and only if Py(X) = Py(T)h(X), where
h(X) does not depend on 6.

Definition A minimal sufficient partition is the coarsest partition which is still
sufficient. (This is the maximal data reduction possible.) A minimal sufficient
statistic is a statistic that takes a distinct value on each minimal sufficient
partition.



If there is a minimal sufficient partition, then the sets in any other sufficient
partition must be subsets of the minimal partition.

Theorem 3.2 Given {Py : 0 € O}, define a partition made up of the sets
Y = {X : Py(X)/Py(Y) does not depend on 0} for each Y. This partition is
minimal sufficient.

Proof Suppose Il = {{X : Py(X)/Py(Y) does not depend on 6} : Y € Q}. This
is a partition. Furthermore, this partition is sufficient, since Pp(X | X € X) =
Py(X)/ > yex Po(Y) is the reciprocal of the sum of Pp(Y")/Py(X ), none of which
depend on 6, so the probability of a certain sample given the partition does not
depend on 6.
Let T be any sufficient statistic. Suppose T(Y) = T'(X) because they are in
the same partition, and, by the Factorization Theorem:
Po(X) _ Pp(T(X))h(X) _ h(X)

Py(Y) — P(T(Y)h(Y) — h(Y)

This does not depend on 6. Thus, Y and X must be in the same set of II,
and the sets of the partition defined by any sufficient statistic are subsets of the
partition above. |

Theorem 3.3 (Rao-Blackwell Theorem) Suppose §(X) is an unbiased estima-
tor of g(0). Suppose T(X) is a sufficient statistic for the family of distributions.
Then, §(X) = E(g(X) | T(X)) is an unbiased estimator of g(0) with at most
the variance of §(X).

Proof §(X) = E(g(X) | T(X)) is an estimator because E(g(X) | T(X)) does
not depend on 6 since P(g(X) | T(X)) does not depend on . By the law of
iterated expectations,

E(Ep(9(X) | T(X)) = E(3(X))
= 9(0)
For any random variables X and Y,
Var(X) = EVar(X |Y))+Var(E(X |Y)) > Var(E(X |Y))

’ Var(§(X)) > Var(E@(X) | T)) = Var(3(X))
1

In general, conditioning any estimator on a sufficient statistic tends to reduce
the mean square error.



4 Completeness

Definition Let {Py(T) : 6§ € O} be a family of distributions of a sufficient
statistic 7. This family is complete if Eg(f(T)) = 0 for all  implies that
f(t) = 0 almost everywhere. The family is bounded complete if Eo(f(T)) =0
for a bounded f implies that f(¢) = 0 almost everywhere.

Theorem 4.1 If {Py(T) : 6 € O} is complete, then T is a minimal sufficient
statistic for the original family.

Proof (Sketch.) Suppose t; and ty are in a single partition element, A, defined
by a sufficient partition, t. Then the probabilities fy(t1 | A) = p and fp(A —t; |
A) =1—p do not depend on 6. Set h(t;) = —1/p and h(A —t;) = 1/(1 — p).
Then Ey(h|A) = 0. This is a contradiction. |

Note that minimal sufficient does not imply complete. (For example, com-
bining two experiments that measure the same parameter in different ways may
make a family incomplete.)

Theorem 4.2 IfT is a complete sufficient statistic, then any unbiased estima-
tor g(X) of g(0) can be used to find the minimum variance unbiased estimator
by conditioning on T. That is, the minimum variance unbiased estimator is
§g=FE(G|T). The minimum variance estimator is unique (except for a set of
measure 0).

Definition If Py(X) = C(6) exp(z:f:1 Q:(0)T;(X))h(X), for known functions
C, Q;, T;, and h, then P is in the exponential family.

By the factorization theorem, we see that T' = (T1,...,T) is a sufficient
statistic for 6.

Theorem 4.3 Suppose we have an exponential family of distributions, Pp(X) =

C(0) exp(3i_y Qi(O)Ti(X)h(X). Define ¢ = Qi(0), so that Py(t) = d(¢) exp(Si_, ¢it:)
(this is possible in most cases). If the transformed © contains a k-ball in R*,

then T is complete sufficient for ¢.

So, in certain cases we may find the minimum variance unbiased estimator
in this way:

e Find a sufficient statistic, T, using the factorization theorem or equivalence
classes.

e Prove that the family with this sufficient statistic is complete, often by
showing that the statistic belongs to the exponential family and that the
parameter space contains a k-ball.

e Find any unbiased estimator, §(X). (This may depend on only one or two
of the observations.)

e Compute E(g(X) | T). (This will require finding P(X | T').)



5 [Efficiency

Definition I,,(0) = E((WF) is called Fisher’s Information Cri-

terion, or the information contained in X. For a single observation, we have
i(0) = Ee((%g(x))Q% and for independent observations, I,,(0) = n - i(0).

Proposition 5.1 Under certain regularity conditions, E(% In Py(z)) = 0.

Proof

E(%lnPg(x)) = /alnTpg(I)Pg(X)dx

0P, (X) 1
00 Py(x)

- / 2 py(2)da

a0
0
= %/Pg(x)da:
9

- Py(z)dx

= 0

Proposition 5.2 Under regularity conditions, Eg((% In Py(z))?) = —Eg(g—; In Py(x)).

Proof It is sufficient to prove this for a sample size of one, because of indepen-
dence.

02 0 &Py
———InP, = —_— (¥
o (@) A
_ _((%Pf)) Py (%Pe)Q)
Py Py
9? 9
_ ot Jr(%Pe)z
Py Py
Taking expectations of both sides, we have:
9? %Pe .
E(_w In Py(z)) = —EB(TG) +i(6)

The first term on the right hand side is zero (once again writing the expectation
as an integral and interchanging the order of integration and differentiation).

Thus, E(— 2 In Py(x)) = i(6).

Theorem 5.3 Cramer-Rao Lower Bound Under certain regularity conditions,
for any unbiased estimator, 6(z) of 0, Var(6(z)) > 1/1,(0).



Proof Since 6(X) is unbiased, Eg(f(x)) = 6. We take the derivative of this
with respect to 6:

1 = %99
= S E(0()
= % 0(x)Py(z)dx
_ /é(x)%Pg(x)dx

< Var((z))Var (889 In Pg(:ﬁ))

= Var(é(x))[n(e)

Thus, Var(6(x)) > 1/I,,(0), and Fisher’s information is a lower bound on the
variance of an unbiased estimator.

It may not be possible to achieve the Cramer-Rao lower bound, and more
than one estimator may achieve this lower bound.

Theorem 5.4 Suppose §(x) is an unbiased estimator of g(6). Then

(g'(9)?)

Var(a(e) >

Theorem 5.5 Suppose 0(z) is an biased estimator of 0, with E(6(x)) = 6+b(0).

Then
(14 Zb(0))?

Var(0(z)) > 7.(0)

Definition The efficiency of an unbiased estimator, §(x), with a lower bound
of b(#) on the variance is:

b(6)

0@ = v G@

An estimator is fully efficient if its efficiency is 1.



Theorem 5.6 Under the same regularity conditions, an unbiased estimator,
0(x) of 0 is fully efficient if and only if

0 Py(a) = L(0)(0(x)  0)

Proof Let v(x) = % In Py(z). Then,
1= Cou(v(z),0(x)) < Var(d(z))I,(0)

If é(x) is fully efficient, then the inequality above becomes an equality, and
the correlation between the two variables must be one. Thus, there is a linear
relationship:

¢(0)(0(x) — 0) = v(z) — Eg(v(x))
Recall that Eg(v(z)) = 0. Also,

L,(0) = Var(d)
= Var(v(z))/(6(0))*
Thus, ¢(6) = 1.(0). i

This gives a test for whether a fully efficient unbiased estimator exists; look
at the form of 2 In Py(x).

In the multivariate case, we have a parameter § = (61, ...,60x), and an esti-
mator is unbiased if each coordinate is unbiased. The covariance matrix of an
unbiased estimator is given by:

Varg(é) = Ee((é - 9)@ -0)7)

A function B(6) is a lower bound on the variance if Var () — B(6) is positive

semi-definite. The Fisher Information Matrix, I,,(0) is a k x k matrix with the
Oln Py(x) alnPg(z)) (
90, 0,

component in the (7, j) position equal to Eg( this also equals

2
—Eg(aal(‘;%g‘(’;@)). Note that the diagonal elements are the Fisher information
10U
1

for the individual parameters. I,(6)~
unbiased estimator.

is a lower bound on the variance for any

Theorem 5.7 If 0 is an unbiased estimator for 6, then Zle aib;(x) is an

unbiased estimator for Zle a;0;, and a lower bound on the variance of this
estimator is a* I,,(6) 'a.

Definition If an estimator has a variance lower than the Cramer-Rao lower
bound, then it is called super-efficient.

Super-efficient estimators are not regular. Either they do not obey the reg-
ularity conditions assumed in the theorem, or they do not behave the same way
on all of the real line, so that they are superefficient if the true value of 4 is at
one of a countable number of points and just efficient everywhere else.



6 Method of Least Squares

Suppose we have a multivariate model X = AfS + €, where E(¢) = 0, but we
make no assumption about the specific distribution of €. Note that X and € are
n-dimensional vectors, A is an n X k matrix, and 3 is a k-dimensional vector
of parameters to be estimated. (In terms of a single observations, x;, this is
written as x; = a1;01 + ... + aixfr + € for ¢ = 1,....,n.) In this model, the
parameters § are of interest, while other parameters like the distribution of €
are nuisance parameters. For this reason, we want an estimator that makes no
additional assumptions about the distribution of e. We do assume, though, that
E(X) = Ap.

Definition The least squares estimator is an estimator chosen to minimize the
sum of squared estimated errors (residuals) in the model. In the case above, 5
is chosen to minimize (X — AB)T(X — Ap).

If we take the derivative of (X — AB)T (X — AB3) with respect to 3 and set
it equal to 0, we find the normal equation:

AT A = ATX
Our estimator must always satisfy this. For any other 3, we have:

(X —AB)T(X —AB) = (X —AB+AG— ADT(X — AG+ AB — A)
(

> (X —AP)T(X - ApB)
(Notice that (3—8)T AT A(3— ) is always positive, and (X —AB)TA(B—8) =0
by the normal equation.) Thus, any estimate that satisfies the normal equation
minimizes the squared residuals.

JFrom a geometric point of view, we may think of AS as the image of the
linear transformation, A : R*¥ — R". Then, minimizing the squared residuals is
equivalent to finding the point in the image closest to X. This is the projection of
X onto AQ; this projection is unique. Note that the residuals must be orthogonal
to AQB-space. If A is one-to-one, then there is exactly one (3 that maps to
each point in the space; the § that maps to the projection is our estimate, B
Otherwise, there is an entire flat of R* that is mapped to the projection, and
there is not a unique (3, even though there is a unique projection.

If A is of rank k, then we say A is of full rank, we know that (AT A)~! exists,
and the least squares estimate is:

f=(ATA)TATX

In this case, the fitted values (which are the estimates of F(X) and are the
projection onto A(-space), are:

X =A43=AATA)1ATX

V

H = A(AT A)=L AT is the projection matriz onto Im(A). Some of its properties
include:

X — AP (X — AB) + (B— B)TATA(B - B) +2(X — AB)TA(B - B)



e H is idempotent; that is H> = H.
e The null space of H is the space orthogonal to A.
e H is symmetric.

The estimates of the parameters and the fitted values are unbiased:

E(B) = B((ATA)T'ATX)
= (ATA)'ATE(X)
= (ATA)'AT Ap
= p
E(AB) = AE(p)
= Ap
= EB(X)
Under the additional assumption that the errors are uncorrelated and have equal
variance (that is, Var(e) = o21),
Var((ATA)7TATX)
(ATA) ATV ar(X)A(ATA)!
o?(ATA)~!

Var(ﬁ)

If A is not of full rank, then we say 3 is not identifiable, since A is a many-
to-one map. That is, different values of 3 lead to the same distribution of the
X. Suppose rank(A) = r. Without loss of generality, assume that the first r
columns of A span the column space of A. Let B = (Ay,..., A,.). Then there is
some ~ such that AB = B~. Since B is invertible, 7 is identifiable. There are
multiple possible choices for B, but given B, the estimate of v is unique.

Theorem 6.1 Gauss-Markov Theorem Suppose X = Af + ¢ with E(e) = 0
and Var(e) = o?I. Then the least squares estimator is the minimum variance
unbiased linear estimator.

Proof Let ¢ = ¢”'3 where c is a k-dimensional vector. /3 is the minimum vari-
ance linear unbiased estimator if and only if, for any other unbiased estimator,
6=0TX, Var(cTB) < Var(qg). Since 3 is unbiased for 3, ¢T3 is unbiased for
¢. In addition, for any g € R¥,

s = E(9)
= W' E(X)
= blAp

This means that ¢ = bT A.



First, suppose A is of full rank. Then,

Var(cTB) = CTVar(B)c
— QCT(ATA)—l
= 0’0" A(ATA)TTATY
Var(¢) = b'Var(X)b
= o2
Var(¢) — Var(c'B) = b7 (I — A(ATA) AT

The matrix I — A(ATA)~'AT maps any vector to its component that is or-
thogonal to the image of A. Thus, this matrix is symmetric and idempotent,
and

Var(d) — Var(c"B) = o7 (I — A(ATA)" 1 AT)b
I(1 = A(ATA) =1 AT )| ?
> 0

Thus, no other linear unbiased estimator has smaller variance, and when A has
full rank, /3’ is the minimum variance linear unbiased estimator.

Now, suppose rank(A) = r < k. In this case, ¢ = ¢’ 3 is not identifiable for
some c. If ¢© = bT A for some b, then ¢ is estimable, using b7 (A5). We show
that this is the best linear unbiased estimator. Since b € R™, we we may write
b=a+ (b—a), where a € Im(A) and, therefore, b — a is orthogonal to I'm(A).
Then,

EW'X)=a"AB+ (b—a)TAB =a" AB

Since the original estimator is unbiased, a” A8 = ¢T3, and a7 X is also a linear
unbiased estimator. In addition, this estimator has a smaller (or equal) variance:

Var(a?X) = a"Var(X)a
= O'QCLTG,
Var('X) = b"Var(X)b

o(a" + (b—a)T)(a+ (b—a)
= o%aTa+o*(b—a)T(b—a)+0
> Var(a’X)

We show that the estimator found through projection is always the least squares
estimator. We know that the least squares estimator is CTB, where ﬁ satisfies
the normal equation, AT AB = AT X, even though we cannot solve this equation.
Since ¢T = bT A,

B = v'Ap
(" +(b—a)")AB
= aTAp

10



Since a € Im(A), we may write aTAB = aT X, and we see that ¢T3 = a7 X.
Thus, the least squares estimator is the minimum variance unbiased estimator
whenever ¢ is estimable. |

We may rewrite:

de = (X-AP)T(X - Ap)
= (X—AB+AB-8) (X —AB+A(B-B))
= (X—ABDT(X —AB) + (B —B)TATA(B - B)+0

Suppose Var(e) = o?I. The first term is the sum of squared observed residuals,
and can be calculated from the data. Consider an orthonormal change of coor-
dinates (that is, a rotation), so that I'm(A) coincides with the first r = rank(A)
coordinates (remember, this need not be equal to the number of parameters!).
Then, this maps € to n, where 7y, ..., n, represent A(B —0) and 141, ...y Ny TEP-
resent X — AB. Since this is a rotation, lengths and angles are preserved, and
n'n = e'e and Var(n) = o%1. In particular,

E(X = AB)"(X = AB)) = B((r+1, 1) (15 ey 0)
= Var((ﬁr+1,--~777n))

= (n—r)Var(n41) = (n—r)o”

Thus, 62 = (X — AB)T(X — Ap) is an unbiased estimator of 2. Also, n—r
is the number of degrees of freedom in ¢ and r is the degrees of freedom used

up in estimation.

6.1 Generalized Least Squares

Suppose X = AB + € with E(e) = 0 and Var(e) = 02X, with ¥ known. (The
simplest case is where X is a non-identity diagonal matrix, meaning that errors
are uncorrelated, but have different variances. Autocorrelation in the errors also
requires the use of generalized least squares.) Since X is a covariance matrix,
it must be symmetric and positive definite, and we may write ¥ = PPT for
some matrix P. Let 2 = P7'X = P 1434+ P~ 'e¢ and n = P 'e. Then,
Pz=AB+ Pn,and z = P7YAB +n, and Var(n) = P~Var(e)(P~1)T = o21.
In fact,

(z—P'AR)T (2 — P71AB) = (P'X - P AR (PT'X — P71Ap)
(X —AD)TETHX — AP)

So we can minimize the sum of squared residuals in the original model, weighted
by the inverse of the covariance matrix.

11



6.2 The Normal Assumption

Up to now, we have assumed nothing about the distribution of €. For some fur-
ther results, we assume that € ~ Normal(0,02I). If A is also of full rank, then
B~ Normal(3,0?(AT A)~1) and, for any c, T3~ Normal(c Tﬁ, (ATA)_1 ).
Using the rotation from before, we know that (X —AB)T (X —AB) = Zl 1 7
Because the 7; are now independent normal with variance o2, we know that
7 (X = AB)T(X — AB) ~ X5

Since a distribution is specified, we may also write down a likelihood function.
Let 6 = (B4, ..., Bk, 0?). Then,

Py(y | A)

— (2r0?) ”/QGXp< 5y — ApB) (y—Aﬁ)>

lik(0, A, y)

= (2m0?)""/? exp( yTy+287 ATy 5TATAﬂ)>
= C 2 1 - 2 S ﬁj
= CE* Mo | 55D w+) 5t

i=1 j=1

where C (02, ) depends only on 6 and ¢;(y) is the j* component of ATy. Thus,
this model is in the exponential family with complete sufficient statistics > y2
and ATy, corresponding to (/02 ..., Bx/0?,1/20%. Since this parameter space
contains a k + 1-dimensional ball, any unbiased estimator that is a function
of these statistics is the minimum variance unbiased estimator. £ is clearly a
function of these sufficient statistics, and 62 is a function of 3 and Y y2. (It is
also the maximum likelihood estimator.)

6.3 Estimation with Restrictions on (3

Suppose y = AfB + € with the linear restriction H'3 = 0, with E(e) = 0,
Var(e) = %I, and H an k x g-matrix. Notice that we may assume that H
is of full rank; otherwise, some of the restrictions are redundant, and we may
delete them with no loss of information. Also, if the restrictions are of the form
H [ = c for some constant, then we may reparameterize  to absorb c. However,
this method does not apply to any nonlinear restrictions, where 3 is restricted
to a subset of RF that is not a subspace.

In this case, the space of possible (3-values has dimension k — q. Now, we
must minimize the sum of squares subject to the constraint; using the Lagrange
multiplier, this gives us the following system of linear equations:

ATAB— ATy + HN =
H'p

(o) (3) - ()

12



ATA H

If A is of full rank, then ¥ = ( T o

T

) has an inverse of the form X1 =

P = (ATA)' - (ATAT'HHT(ATATTH)'HT (AT A)7!
QT _ (HT(ATA)—IH)—lHT(ATA)—l
R = —(H'(ATA)'H)™!

Then, 3 = PATy and A= QATy. By definition of P, Q, and R:

PATA+QH = 1
PHT = 0
QATA+RHT = 0
QTH = 1

We may use these identities (along with H3 = 0) to show that [ is still unbiased
and E(\) = E(QATy) = QAT AB = 0. Furthermore, Var(3) = o2P, Var(\) =
—02R, and the two are uncorrelated.

If A does not have full rank, then some (or all) of the restrictions may be used
to identify 8 while the rest actually restrict it. Suppose H = (Hy, Hy)T, where
H, are conditions that exactly identify 3 (along with A). Then AT A + HI H,
is invertible. If we replace AT A above by AT A+ HT Hy, then everything goes
through as before.

7 Maximum Likelihood

Let # € © C R* be a parameter of interest. Suppose X = (21, ..., 2,) are inde-
pendent and identically distributed from f(z;6p), where j is the true parameter
value. Then, we have the likelihood function for 6:

Lik(0 | X) = f(

n

| 6)

X
[z | 6)
=1

K2

This is a function of 8. In maximum likelihood estimation, we choose 6 to max-
imize the likelihood function for the observed data. To do this, we generally
maximize the log likelihood, 1(9), because the natural logarithm is a monotoni-
cally increasing function (and the log likelihood is usually easier to work with).
To maximize this, we check both points where the derivative is zero and the
boundaries of ©.

Definition 6,, — 6 in probability if for all € > 0, Py, (|0, — 0] > €) — 0 as
n — oo. This is also called weak convergence.

13



Definition 6,, — 6, almost surely if Py, (w | lim 6, (w) = 6y) — 1 as n — oc.
This is also called strong convergence.

Definition If én(X ) — 6 in probability, then 0,, is weakly consistent. If 6,, —

0o almost surely, then 6, is strongly consistent. In both cases, 0, = 0o + op(1);
that is, the difference between the estimate and the true value is of order smaller
than 1.

Definition If Py, (|6, —6o| < M) — 1 for a fixed number M, then 6, is bounded
in probability, and we write 8,, = 6y + O, (1), since their difference is of order 1.

Theorem 7.1 The mazimum likelihood estimator is weakly consistent if the
sample is independent and identically distributed and if the number of parame-
ters is constant as the sample size grows.

Proof (Sketch.) Define Z(6) = Ey,(I(x1,0)), where 6y is the true parameter
value. Define Z, () = L5 U(w,0). By the law of large numbers, Zn(0) —
Z(0) for all 0.

We first show that Z is maximized at 6.

Z(00) — Z(0)

/ log(f (. 60)) f (z, 60) dx — / log(f(x, 0)) f (. Bo) dac

/ log(];((“x’ Hé))))f(xﬁo)dx

Since the negative logarithm is convex, we may apply Jensen’s Inequality, which
states that if f is a convex function then E(f(X)) > f(F(X)), with strict
inequality if the function is not a line.

/ 1o g(J[((gj”’e"o’)m 00)

> / gy o) )
b?/fme
—log(l) =0

Z(0o) — 2(0)

V

In this case, strict inequality holds if f(x,0) # f(x,6p) on a set of positive
measure. Thus, Z(0) is maximized at 6.

We consider the case where the parameter space is finite; that is, © =
{60,001, ...,0r}. Since there are finitely many parameter values, the convergence
of Z,(0;) — Z(6;) must be uniform. Let ¢ = min{Z(01) — Z(6o), ..., Z(6),) —
Z(00)}. Without loss of generality, assume that Z(0;) — Z(6p) = e. Then we

14



may choose N so that the probability of the Z,, (0;) being far enough away from
their true values to make the minimum Zn(ej) different from zero is as small as
we want. Thus, the probability that 0, equals 0y goes to 1 as n — oo.

For more general cases, some useful assumptions include:

o limy, oo E(supjg_gy|s>m= > Uz, 0)— L 3 I(2i,60)) < 0. That is, far away
from 6y, the likelihood is smaller.

e The likelihood function is continuous with respect to 6.
e Singularities in lik(f) do not depend on 6.

e The parameter space is finite-dimensional and compact. |

Theorem 7.2 Under additional regularity conditions, the mazimum likelihood
estimator is asymptotically normal, so that v/n(6 — 6y) ~ Normal(0, igol), and

0 ~ Normal(6y, I,(00) 7).

Proof (Sketch.) Let D(0) = 2 log f(x, 0)|g—¢, and D?(0) = ;—; log f(x,0)]o=g,-
Using a Taylor expansion, we find that:

0= D(6) ~ D(6o) + D*(60)(6 — bo)

Then, \/n(0—6,) ~ \/E%D(QO). By the Law of Large Numbers, —1 D?(6,) —
i(6p). Since ﬁD(QO) is a sum of independent and identically distributed random
variables, each with mean 0 and variance i(6), the sum converges to the normal
distribution, %D(GO) ~ Normal(0,ig). Thus, v/n(6 — 6) ~ Normal(O,I(;Ol)

asymptotically. |

Definition An estimator, én, is self-consistent, or invariant, if g(én) is consis-
tent for g(#) for any function g.

Note that the maximum likelihood estimator is self-consistent, because the
that maximizes the likelihood must be mapped to a value g(¢) that maximizes
the reparameterized likelihood. In the regular case, v/n(g(0mi) — g(60)) —
Normal(0, (g'(00))%i(8p) 1) in distribution. (This also holds in the multivariate
case, though the variance is now written as g'(00)I(6) 1¢’(6p), which is also
the Cramer-Rao lower bound for estimating g(6).) In finite samples, the Fisher
information is (as always) approximated by the information at 6.

This can be applied to variance-stabilizing transformations. Suppose that
x ~ [p,0%]. Then, Var(g(z)) ~ (¢'(n))%0?/n. If we may find a g such that
(¢'(1))?0? is a constant, this may be useful in estimation, particularly if you
are near a parameter value with unstable variance.
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7.1 Maximum Likelihood and the Exponential Family

Suppose f(z,0) = exp(a(0)b(z) + ¢(0) + d(x)),0 € R, and that z1,...,x, are a
random sample from this distribution. Then,

Dlog f(x0) = br)a(0)+C(0)
0 = B( 0w f(i0) = d(O)E(b(x) + ¢ 0)
By, (b)) =~ (00)/a’(60) = p(60)
Var(%logf(:ci,ﬂ)) = (d(0))*Var(b(z;))

Notice that the last equation equals the Fisher information. We may use the
alternative definition of the Fisher information to solve for Var(b(z;)):

i(0) = E(a log f(x:,0))
= —B(b(z:))a"(0) — ()
= —p(0)a"(0) - ()

—u(0)a”(0) = '(0) = (d'(0)*Var(b(x;))
" (O)u(6) ~ '(9)
Var(b(z;)) =
ariblen) @ @)

In this case, the maximum likelihood estimator is the mean of b(x;). Notice that
the second derivative of the log likelihood function is always negative if a’(0) # 0,
because the variance of b(x;) is positive. This gives a global maximum for the
exponential family. (This method also extends to vector-valued 6.)

7.2 Restricted Maximum Likelihood Estimation

Suppose we want to estimate 6 subject to a restriction h(0) = (h1(0), ..., h,(0)) =

0 (where the dimension of the restriction is less than the dimension of the

parameter space, and the restriction may be non-linear). Let Hy = (g’g’f) 0
J

Then, Lagrange multipliers give us the following system of equations:
D((0,2)) —HIX = 0
h@) = 0
Let 6 be the unrestricted estimate and 6 be the restricted estimate. We assume

that 6,6, and 6, are all sufficiently close that we may use the following Taylor
expansions:

h(6) = h(6o)+ Ho(6 — o)
DI(§) = DI(6y) + (8 — 60)D?1(60, x)
DI(6) ~ DI(b,z)=

EDQZ(G()“%) ~ 2(90>
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Multiplying everything by /n gives us a system of equations, which can also be
written in matrix form:
1

V(0 — 6o)i(60) + Jn %Dl
Hy(v/n)(6 — 6) 0

( z‘(go) ;{)T ) ( \/ﬁ(i—ﬂt%) ) _ ( ﬁDlO(GO,x) )

- 1
H9T>\ = (9(),.@)

T
We know that this square matrix has an inverse of the form ( g % ) . Thus,

because ﬁP DI(6y, x) is asymptotically normal, v/n(f — 6,) is asymptotically
normal as well.

7.3 Newton’s Method

In practice, closed forms solutions may not exist. Instead, we use Newton’s
Method to estimate the point at which the maximum occurs. Suppose we know
1(0). Let Dy = (6%1, vy %). We wish to solve the equation Dyl = 0, since
either a solution of this equation (or a boundary) is the maximum likelihood
estimator. For this, suppose the solution is the correct estimator. Suppose we
have an estimate, ("), close enough to the true maximum, 0 to admit a Taylor

expansion. Then,
0 = Dyl(0)
Del(8™) + D21(6™) (6 — ™)

Q

If D21(6™) is invertible, then we may solve:
Ot ~ ™) — D21(9™)) "1 Dyl (™)

This process continues until the estimates converge.

If the initial guess 6(°) is relatively good, then the matrix D21(6(®))~! can
be used in every step, instead of being recalculated (since inverting matrices
is a very slow process). In addition, since —D31(6) ~ I(0) (the latter is the
expectation of the former), we may also use the inverse Fisher’s information
of the initial estimate, if that is easier to calculate. In this case, the updating
formula is:

O+ — o) 4 1(9(0)=1(§ — g™

None of these variations of Newton’s method are guaranteed to converge to the
correct value (they may find a local but not global maximum, for example).

8 Estimating equations

Definition The equation g(6,z) = 0 is an estimating equation if E(g(6,x)) =0
for all possible 6.

17



Given data, we may use an estimating equation to estimate a parameter by
plugging in the observed data and solving for 6. Note that the derivative of the
log likelihood is an estimating equation (under sufficiently regular conditions).

As an example, we consider a one-dimensional maximum likelihood estimator
for a multinomial distribution with & cells and an asymptotically equivalent one
defined by an estimating equation. First, for the maximum likelihood estimator,
we have

9(97817"'78k) = %l(ﬁ)

/

k
- n S_Wi(e)
a ; "mi(0)

3

(This is an estimation equation, since substituting ;(6) for s; gives zero.) Using
a Taylor expansion about the true parameter value, we have:

k
g(évsla () Sk) = 9(0077T1(0)a "'77Tk(0)) + (é)%|zo:90 + Z(sl - Wi(GO))%‘wi=m(90) + Op(l)
99 _ N~ O O
dg  mi(h)
83% a nﬂ'i((g)

N ] k 71".(90)
0 = 0+ (0—00)(—ni(b)) + Z(S _ ﬂ)nm

. (6

Any estimator that asymptotically has the same form (in particular, that

is a multiple of O] (920)) will asymptotically equal the maximum likelihood

estimator, and therefore will also be efficient. (The properties in finite sam-
ples will differ, though.) In particular, the minimal chi-square estimator, in

which G(0) = Zf 1 %(n, —nm;(0))? is minimized gives the estimation equation

9(0,s1, ..., sk) = aeG( ) =2n Zf 1 M which has an asymptotic ratio of

derivatives — / Doy = (626), and is therefore asymptotically efficient.

9 The Jackknife Method

Given data, X1,..., X;, from an unknown distribution, F', suppose we have an
estimator, 6, = 0,(x1,...,x,), of a real-valued 0y(F). We assume that the z;
are exchangeable, and that we may write:

B, = 6, + 2% a1(6o) n az(6o)

+ ..
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We define én,u as the estimator based on the n—1 points X7, ..., X;—1, X541, ..., Xp,

and én,l,, as the average of én,u, . én,lm. The jackknife estimate of bias or
Quenouille’s estimate of bias is:

bias = (n—1)(0p_1. — 0,)

Using this, we define the jackknife estimator as

0 = by, — (n—1)0,,_1..

) _ pa1(bo) | az(b)
E(0rn-1,) = 0o n —01 (n — (1))2
E@) = By~ (n—1)-1,)
n(f + a1(6o) n a(Qr(jg)
—az(6p)

= G+ ——+...
OJrn(n—l)Jr

a1 (6o) az(60)
n—Ol + (n— 2)2

+ ) - (n - 1)(90

This shows that the bias of the new estimator is of a smaller order than the bias
of the original estimator. In fact, the resulting bias will be zero if the only bias
was in the % term. More corrections can be done, but each correction tends
to increase the variance of the estimator, so there may be a tradeoff.

This method of deleting observations one at a time can also be used to
estimate variance. In particular, we have the Tukey estimate of variance:

n

A n—1 A o
Var(0,) = Z(en—u - 9n—1,.)2

n :
=1

(We don’t divide by n since there is so much overlapping information being
used.) This estimate captures the variance of the influence function.

Theorem 9.1 E(Var,) > Var(d,), and this variance estimate is conservative.
Proof (Sketch.) We may use an ANOVA decomposition on 6, _;:
i<y

1 11
= pt+ ﬁ;ai—i—zﬁﬁ@j + o+ h2n

i<j

0, = E@0)+ (Z E(0,1X:) = ) + (3 E(0n]Xi, X;) — ZE(éani) )+

Notice that this is a decomposition into 2" random variables, u, a1, ..., &y, 511, ...012.. n-

It turns out that:

e Each of the random variables is a function only of the X; referred to in
the subscripts (that is, o; depends only on X;, 3;; depends on X; and X
and nothing else, and so on).

19

)



e Each of the random variables has expectation zero if it is conditioned on
zero up to all but one of the defining X;’s.

e The random variables are pairwise uncorrelated (and therefore have ex-
pected pairwise products equal to 0).

This allows us to calculate the variance as the sum of the variances of the 2™
random variables. Notice that each of the a’s has the same variance (and so
on). This means we may count up the variables:

! Var(o)+ <” . 2) ﬁwr(ﬂm <” ) 2) ﬁwr(%jm...

n —

Var(0,—1) =

This is the true variance of the jackknife estimator. This allows us to calculate
the expectation of the estimated variance as well:

n

E(Z(én—l,i —0p-1,)?) = %ZE((én—l,i —0n-1,;)%)

i=1 i<j
_ Var(a) (" 2\ Var(B) (" 2\ Var(y)
- on-—1 1 J(n—=1)3 2 J(n-1)°
Note that the true variance is less than the estimated variance. |

10 Confidence Regions

Definition A pivotal quantity is a random quantity whose distribution does not
depend on any unknown parameters. The pivotal quantity itself may depend
on unknown parameters.

Definition A 1 — «a confidence region, Cy(x) C © is a region that satisfies:

irelng(H €Cy(x)>1—«

Note that C(x) is a random region that tries to capture the true (fixed) 6. 1—«
is called the confidence coefficient.

We hope that the confidence regions are as small as possible.

If C(x) is based on a pivotal quantity, then Py(6 € C,(z)) does not depend
on any unknown parameters, and the infimum is no longer necessary. Note that
quantities might be pivotal only asymptotically; for example, /%(9 — )
is pivotal asymptotically, because its distribution is asymptotically standard
normal.
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11 Hypothesis Testing

Suppose we have a parameter § € © where we have a partition © = Q U Q°.
We also observe a point, z, in the sample space, S. Our null hypothesis (Hp) is
that 6 € Q, and our alternative hypothesis (H ) is that 8 € Q€. We choose a
critical set, R C S, and accept Hy if and only if z € R® (equivalently, reject Hy
if and only if x € R). We define Type I Error as Py(R) when 0 € Q, and Type
II Error as Py(RY) when 6 € Q. The size of the test is max Py(R) when 6 € Q
(this is the maximum Type I Error). The power of the test is 1 — Py(R°) when
6 € QY (this is one minus the Type II Error). Ideally, we want both types of
error to be small. In general, we choose a size, «, and then try to find the most
powerful test (critical region) with that size.

Definition A test of size a with a power function that is uniformly no larger
than that of any other test of size « (or less) is the wuniformly most powerful
(UMP) test.

Theorem 11.1 Neyman-Pearson Lemma. Suppose we have the simple hypothe-
ses, Hy : 0 =0y and Hy : 0 = 6,. Suppose there is a critical region, R*, such
that R* = {X € S : fo,(x) > kfo,(x),k > 0} and Pp,(R*) = a. Then, for
any other R with Pp,(R) < «, Py, (R*) > Pp,(R). That is, a test of simple
hypotheses based on the ratio of the likelihoods is the most powerful.

Proof

Pu(R)=Pu(B) = [ fan [

R*NRC

:/ fou (@)dz — / fou (2)dz
R*NRC R*CNR

fota)de— ([

R*NR

& /R*ORC kfgo (x)dx - /R*CﬂR kfeo (fﬂ)dfﬂ)
_ / b o, (2)dr — / ki fop (2)da)
R+ R
= k(Pp,(R") — Pp, (R))
> 0

If the probabilities are discrete, such an R* may not exist. In this case, we
may wish to choose a more conservative region or the region with the probability
closest to a.. Alternately, we may create a “randomized test” which randomly
assigns which hypothesis is accepted or rejected in certain cases and can achieve
a size of exactly a.

Lemma 11.2 Generalized Neyman-Pearson Lemma. Let f,g1,...9,m be reqular
functions. Let 0 < y(x) <1 and 0 < k; fori=1,...,m. Let

L if f(z) > kgi(z) + oo + kg (@)
o(x) =9 v(z) if flx)=kigi(z)+ ... + kmgm(2)
0 Zf f(:L') < klgl(z) + ...+ kmgm(x)
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Then, for any ¢o such that [ ¢o(z)g;(x)dx < [ ¢(z)gi(x)dx fori=1,...,m and
0<¢o(x) <1, [P(z)f(z)dx > [ ¢po(z)f(z)da.

Proof Consider [, (¢(x) — ¢2(x))(f(x) — Y1, kigi(x))dx. Notice that we may
write R= AUBUC, where A = {z : ¢(x) = 1}, B ={z: ¢(z) = v(z)}, and
C ={z: ¢(x) =0}. On A, both terms in the product are positive. On B, the
second term is zero. On C, both terms are negative. Thus, the integral must

be positive, and we may rewrite it as:

0 < [ (0) = oa(@)(1(0) = 3 higy(a)

| (61) = oat@)1@)ie — [ (61) = ba(@)(Y bigi ()i

/R (0) = o) @) =3 /R (6(2) — ba(2))gil(x)de

Since the second term is non-negative, we must have [, ¢(x)f(z)dx > [, ¢o(z)f(x)dz.

In the case of simple hypotheses, it may happen that the likelihood ratio,
fo,(z)/ fo,(x) is monotone in a test statistic. In this case, we may extend this
most powerful test to being the most powerful test for an interval (such as one-
sided tests of the mean of a normal distribution). This need not happen in
general.

Definition A test such that of the (possibly composite) hypotheses, Hp : 6 € Q
and Hy : 0 € © — Q, is a unbiased a-level test if a(f) < « for all § € Q and
1-p(0)>aforalfeO-—Q.

Definition Suppose we wish to test (possibly composite) hypotheses, Hp : 0 €
Qand Hu : 0 € © — Q. Define the (generalized) likelihood ratio as:

_ SuPgeco-0 fo(x)
Ale) = supgeq fo(7)

The likelihood ratio test rejects the null hypothesis for large values of A(z).

In simple cases, we may find a test statistic which is monotonically related
to A(x), and then find a critical region for this test statistic. In more complex
cases, we must use asymptotics.

In our calculation of the likelihood ratio, we use the unrestricted maximum
likelihood estimator, 9n, and the restricted maximum likelihood estimator, 0,,.
If the estimators obey regularity conditions and the sample is large enough, then
V0, — 0o) ~ Normal(O,Be_Ol), where By, is the Fisher information. Under

the null hypothesis that the restrictions hold, v/n(f,, — 6y) ~ Normal(0, Py,),
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where Py, comes from the restricted maximum likelihood estimation. Then, the
likelihood ratio can be written as:

_ fo.(@)
fa, (@)
Theorem 11.3 Suppose 2 C O is a subspace. Let d = dim(0)—dim(Y) (this is

the number of restrictions implicit in the null hypothesis). Then, —2log A\(x) ~
X3 asymptotically under the null hypothesis.

Az)

Proof We use a Taylor expansion about 0,,:

2logA(z) = 2log (j}:" Z;)
On

210g(1) ~ Dlog(f5, (2))(G — 0u) + 5 (B — B) D?hog( ;. () (Bn — 60)

%

= (Bn— 02" D*1og(f; (2))(0 — )
~ (én - én)T(_nBeo)(én - én)
Let Y ~ Normal(0, Bg,). Then, under the null hypothesis, we may write
Vn(bn —00) = By 'Y and /n(6,, — 60) = Py, Y, since Var(Py,) = Py, By, Po, =
PQO. Then,
Vi, —0,) = Va0, —6y) — Vn(B, — 6o)
= B,'Y—PyY
= (By, — Ps,)Y
Substituting this into the Taylor expansion, we find:
210g/\($) ~ (én - én)T(_nBao)(én - én)
= Y'(B,' — Ps,)Bo,(By — Py,)Y
= Y'(B,' - Py,)Y
Because By, is symmetric and positive definite, we may write By, = AéroAgo,
and then Y = Ay, Z, where Z ~ Normal(0,I). Then, we have:
2logA\(z) ~ YT'(B,'—Py,)Y
= ZTA§ (By — Pa,) A, Z
= ZT(I— Aj, Po,Ap,)Z
Note that the inner matrix is a projection matrix (and therefore idempotent).
Thus, this product is distributed as the sum of  squares of independent normals,

where r is the rank of the matrix (and equals the number of restrictions). Thus,
2log A(x) ~ x2 asymptotically.  [J
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This is a generalization of an optimal test, so it may not be optimal. Also,
the result above only holds in sufficiently regular cases; things go wrong if the
maxima lie on the boundary.

Theorem 11.4 Wald Test. Suppose we have restrictions on O, 0 = h(f) =
(h1(0), ..., h-(0)) and hypotheses, Hy : h(8p) = 0 and Hy : h(6g) # 0, so that
Q ={0 € ©:h) =0} Suppose dim(®) = k, so that dim(Q) = k — r.
Let Hy be the derivative matriz of h and By, be the information matriz of the
unrestricted estimator. Then, under regularity conditions, for large samples,
under the null hypothesis,

nh(0,)(Hg, By, Hoy) " h(0.)" ~ X
For practical use (since 0y is unknown), we have:
nh(6) (HT By Hj )~ h(0)™ ~ X2
Proof Using the Taylor expansion about 6y, under the null hypothesis,
h(6n) = h(Bo) + HT (60)(0 — bo)
~  h(6o) + H" (6,) (0 — 6o)
H” (0,) (6 — 60)
For sufficiently large samples,
Vih(0n) ~  H(0,)Vn(6, — 60)
~ Normal(O,HgOB(;)IHgo)
Taking the product of these normals, we find that
nh(0,)(Hg, By Hoy) "' h(0,)" ~ X7
For sufficiently large samples, we may evaluate the matrices at 0,, instead of Bo.

Theorem 11.5 Chi-squared test. Under the same assumptions,
n(Dlog(f;, («)))" By,' Dlog(f5, (x)) ~ X7
Proof Using a Taylor expansion about 0,,:

vnDlog(f; (x))

VnDlog(f; (x)) +vnD?log(f; (x))(0n — 0,)

= -D° IOg(fén (z))\/ﬁ(én —0n)
nBy, (0, — 00)

Q

Q

Taking the square of this again gives a x? distribution. |

Note that the Wald test is useful when the restricted MLE is hard to cal-
culate, and the chi-square test is useful when the unrestricted MLE is hard to
calculate.

If we are testing multiple hypothesis, we should be careful about whether we
are controlling the size for each individual test or the overall size. (Controlling
the size overall tends to be more correct, but makes the power worse.)
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12 Bayesian Statistics

In Bayesian statistics, the uncertainty about the value of the parameter 6 is
expressed by treating 6 as a random variable. That is, 6 ~ 7(6) before any data
is collected. We call 7(6) the prior density; this represents all the information
we have before new data is collected. Once we observe the data, X | 6 ~ Py(z),
we may use Bayes’ rule to compute a posterior probability:

P(a | 0)m(0)
[Pz | 0)x(0)do
Pz | 0)m(6)

/()
x Pz 0)m(9)

(0 | x)

(The last step follows because the denominator is a normalizing constant that
does not depend on 6.) However, the choice of a prior can be challenging to

justify.
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