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Preface

These are the lecture notes for the courses “Statistical Inference and Applications A”
(52303)/ “Theory of Statistics” (52314) I have taught at the Statistics Department of the Hebrew
University during the fall semesters of 2009-2012 .

The course is divided into two parts: the introduction to multivariate probability theory
and introduction to mathematical statistics. The probability is served on an elementary (non-
measure theoretic) level and is similar in the spirit to the corresponding part of Casella & Berger
text [3] ([14] is my choice for a deeper insight into probability theory).

The statistical part is in the spirit of Bickel & Doksum [1], Casella & Berger [3]. For an
in depth reading the comprehensive classical texts are recommended: Lehmann & Casella [8],
Lehmann & Romano [9], Borovkov[2]. The text of Shao [12] (comes with the solutions guide
[13] to the exercises) is highly recommended, if your probability is already measure theoretic.
The book of Ibragimov and Khasminskii [6] is an advanced treatment of the asymptotic theory
of estimation (both parametric and non-parametric). A.Tsybakov’s [15] is an excellent text,
focusing on the nonparametric estimation. Finally, the papers [16] and [7] contain the proofs of
some facts, mentioned in the text.

Please do not hesitate to e-mail your comments/bug reports to the author.

P.Ch., 21/01/2013
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Part 1

Probability






CHAPTER 1

Probabilistic description of a single random variable

a. Probability space

In probability theory the outcomes of experiments are identified with points in a set {2, called
the sampling space. Subsets of () are called events and an event A is said to have occurred, if
the realized w € Q2 belongs to A. Probability measure P is a function which assigns numbers in
[0,1] to events. Tt is required to satisfy the normalization property P(2) = 1 and additivity':

ANnB=0 = P(AUB)=P(A)+P(B).

In words, this means that if A and B are mutually exclusive, the probability of either A or B
to occur is the sum of their individual probabilities.

For technical reasons, beyond our scope, one cannot define many natural probability mea-
sures on all the subsets of €2, if it is uncountable, e.g., £ = R. Luckily it can be defined on
a rich enough collection of subsets, which is denoted by F and called the o-algebra? of events.
The triple (2, F,P) is called probability space. In general construction of probability measures
on (2,F) can be a challenging mathematical problem, depending on the complexity of € (think
e.g. about € consisting of all continuous functions).

Probability measures on  := R? can always be defined by the cumulative distribution
functions (or c.d.f. in short). Hence in this course, a probability measure will be always identified
with the corresponding c.d.f. For d = 1, a function F : R — [0,1] is a legitimate c.d.f. if and
only if it satisfies the following properties

(i) F is a nondecreasing function
(i) limgyoo F(z) =1
(ifi) limg—,—oo F(z) = 0
(iv) F is right continuous
The probability measure of semi-infinite intervals is defined by the formulas

P((—o00,2]) := F(z), and P((—o0,z)):= ;1{‘1(1] F(x—¢)=: F(z—)

and is extended to other types of intervals or their finite (or countable) unions through additivity.
For example, since (—o0, a] U (a,b] = (—o0, b] for a < b, by additivity

P((—o0,a]) +P((a,b]) = P((—o0,b])
Lin fact, a stronger property of o-additivity is required, but again this is way beyond our scope.

2the term o-algebra comes from the fact that J is to be closed under taking compliments and countable
unions or intersections



10 1. PROBABILISTIC DESCRIPTION OF A SINGLE RANDOM VARIABLE

and hence
P((a,b]) = F(b) — F(a). (lal)

Similarly, probabilities of other intervals, e.g. [a,b), [a,b], etc. or unions of intervals are defined.
In fact, this assignment defines P on subsets (events), much more general than intervals, but we
shall rarely need to calculate such probabilities explicitly. These definitions explain the need for
the conditions (i)-(iv).

The c.d.f. is said to be purely discrete (atomic) if it is a piecewise constant function with
jumps at xp € R, k € N with the corresponding sizes {py}:

> pr, zER (1a2)

kxp<z
In this case,
P({zx}) = F(xg) — Fzp—) = s
i.e. each value zy is assigned a positive probability py (check that (i)-(iv) imply py > 0 and

Y ppr = 1). Often {z} = N, in which case {py} is referred to as probability mass function
(p.m.f.) Here are some familiar examples

ExAaMPLE lal (Bernoulli distribution). Bernoulli distribution with parameter p € (0, 1),
denoted Ber(p), has the c.d.f.

0 € (—oo
Flz)=<1-p xe[ )
1 €,

,0)
00)

This function satisfies (i)-(iv) (sketch a plot and check). We have
P(X=0)=F0)—F(0-)=1-p, and P(X=1)=F(1)—-F(1-)=1—-(1-p)=p.

For any y ¢ {0,1},
P(X =y)=F(y) - Fy-) =0,

since F(y) is continuous at those y’s. [ |

EXAMPLE 1a2 (Poisson distriution). The Poisson distribution with rate parameter A > 0
has piecewise constant c.d.f with jumps at {0,1,...} = {0} UN =: Z; and its p.m.f. is given by

—AAk
P(X = k)= ¢ =, keZy
Hence e.g.
17T =M \k
P(X €[3,17.5]) = F(17.5) — F(3—) = F(17) — F(3—) = Z u
k=3 ’

The latter expression can be evaluated numerically if \ is given as a number (rather as a symbolic

variable). Also
e AR




B. RANDOM VARIABLE 11

Other examples of discrete distributions are Geometric, Hypergeometric, Binomial, etc.
If F has the form

F(x) = /:v f(u)du (1a3)

for some function f, it is said to have density f (check that (i)-(iv) imply [; f(u)du = 1 and
that f(u) > 0, if it is continuous). Of course, in general c.d.f may increase in other ways, e.g.
to have both jumps and continuous parts.

Note that a continuous c.d.f. assigns zero probability to each point in ). Does this imply
that we cannot get any particular outcome? Certainly not, since P(€2) = 1. This seemingly
paradoxical situation is quite intuitive: after all, drawing 1/2 or any other number from the
interval [0, 1] with the uniform distribution on it feels like impossible. Mathematically, this is
resolved by means of the measure theory, which is the way probability is treated rigorously?.

EXAMPLE 1a3. Normal (Gaussian) c.d.f. N(u,0?) with mean p € R and variance o2 > 0

has the density
1 1(z—p)?
f(z) = €xXp <_2 o2 , x€R.

Other frequently encountered p.d.f’s are Exponential, Cauchy, Gamma, etc.

b. Random variable

Functions on the sampling space are called random variables. We shall denote random
variables by capital letters to distinguish them from the values they take. A random variable
X : Q — R generates events of the form {w € Q : X (w) € A}, where A is a subset of R, e.g. an
interval. The function

Fx(z) =P({w € Q: X(w) € (—o0,2]})
is called the c.d.f. of the random variable X. It defines the probabilities of the events, generated
by X, similarly to (1al). In fact, for the coordinate random variables X (w) := w, the c.d.f. of
X coincides with the c.d.f., which defines P:

Fx(z)=P{we: X(w)<z})=PH{weQ:w<z})=F(x). (1b1)

For other random variables, Fx is always a c.d.f., but the connection between F'x and F' can be
more complicated.

ExaMPLE 1bl. One simple yet important example of r.v. is the indicator of an event A:
1, €A
I(A) = v
0, we A"
Since I(A) € {0, 1}, it is in fact a Bernoulli r.v. with parameter P(I(A) = 1) = P(A).
It is customary in probability theory not to elaborate the structure of the function X (w) and
even omit w from the notations, but just specify the corresponding c.d.f. F'x. This is sufficient

in many problems, since F'x defines probabilities of all the events, generated by X, regardless
of the underlying probability space.

3consult books, if you are curious. My favorite text on the subject is [14]



12 1. PROBABILISTIC DESCRIPTION OF A SINGLE RANDOM VARIABLE

A random variable X is said to be discrete (atomic) or to have a density according to the
type of its c.d.f. Also random variables inherit names from their distributions, e.g., X ~ Poi(\)
means that the c.d.f. of X is Poi(A).

Here is a simple example of a random variable, whose c.d.f have both discrete and continuous
parts:

EXAMPLE 1b2. Let X ~ U([0,1]) and set ¥ = max(1/2,X). Clearly Y takes values in
[1/2,1]. Hence for z < 1/2,
Fy(x) =P(Y <zx)=0.

Further,

Fy(1/2)=P(Y <1/2)=P(X <1/2)=1/2
and for x > 1/2,

Fy(z)=P(Y €[1/2,z]) =P(X € [0,2]) = =.
To summarize,

0, r<1/2
1/2, x=1/2
Fy(z) =
v@ =9, se (1/2,1]
1, z>1
Hence Y has an atom at {1/2} and a continuous nontrivial part. [ |

c. Expectation

Expectation of a random variable is averaging over all its possible realizations. More pre-
cisely, given a function g, defined on the range of the r.v. X

= ZQ(%W(X =x;) = Zg(xi)(Fx(xi) — Fx(z;—)) =
Z g(z) AFx () =: / g(x)dFx(z),

R

if X is discrete, and
Eg(X) = / 9(2) Fx () da = /R o(x)dFx (),

if X has p.df. fx(z). Note that in the two cases the notation [, g(x)dFx(x) is interpreted
differently, depending on the context?.

For particular functions g(+), expectation has special names: e.g. EX is the mean of X, EXP
is the p-th moment of X, E(X — EX)? is the variance of X, etc.

EXAMPLE lcl. For® X ~ Poi()),
EX = Zk

4you can think of dFx(z) = fx(z)dx if Fi(z) = fx(z) and dF(z) = AFx(z) if Fx(z) has a jump at x.
However, do not think that this is just a caprice of notations: in fact, [ g(z)dF(z) makes perfect sense as the

Lebesgue integral.
5 W "

7AAk

= A

means that an obvious calculation is omitted
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and for X ~ N(p,c?)

1 _1e-w?
EX =] x e 2 dr=..=pu,
R 2mo
and
2 2 o 1 1Ew? 2
Var(X) =E(X —EX)"=E(X —p) = [ (z—p) €2 o2 dr=..=0
R 2no

Being an integral (or series), expectation of g(X) does not have to be finite or even well
defined:

EXAMPLE 1c2. Recall that X is a Cauchy r.v. if it has the density

1 1
= R.
fx(x) T1t a2 T e
Consider g(x) := |z|'/2, then
1/2 1 N 1/2 1
E|X|'/? = / ﬂidx = lim 2] dr = ...=m/V2.
R T 1+a2 Nooof ny m™ 1+22

Now let g(z) = |x|:

N
E|X|:/‘x’ ! dr = lim lal_1 dx = oo,
r ™1+ 22 Nooo J_n m 1+ 22

since the function /(1 +2z?) behaves as 1/z for large =, whose integral behaves as log N. Notice
E| X | would be the same if we used a different limiting procedure in the above improper integral,
e.g. if instead of —N we would have taken —2N.

Something different happens, if we try to calculate EX: the choice of the upper and lower
integration limits before going to co changes the value of the integral completely. For example,

Nog 1

lim

i dz =0
N—o0 _N7T1+CC2x ’

since the function is antisymmetric and
. N o2 1 . N o1
lim — sdr = lim — sdr = ... = —o0.
N—o0 _2N7T1+ID N—o0 _9N 7Tl+.’L'

Hence EX cannot be defined in this case unambiguously. If we still insist on defining EX e.g. by
choosing the symmetric case as above, the emerging object may not satisfy the usual properties
of expectations (see below), which limits severely its usefulness. |

For non-negative (non-positive) r.v. the expectation is always defined, possibly taking infinite
value. Furthermore, the expectation of a r.v. X is well defined and finite, if E|X| < oo.

Expectation satisfies a number of useful and important properties, including

(1) “monotonicity”®

X>0 = EX>0.
(2) Ec = c for a constant ¢ (note that a constant can be viewed as a r.v. as well)

6make sure you understand what X > 0 means when X is a r.v.



14 1. PROBABILISTIC DESCRIPTION OF A SINGLE RANDOM VARIABLE
We shall recall more properties as the story unfolds.

d. Moment generating function (m.g.f.)

As we have recalled above, probability distribution of a r.v. is determined by c.d.f. or,
equivalently, by p.d.f. or by p.m.f., when they exist. It turns out that there is a useful alternative
characterization of a distribution “:

DEFINITION 1d1. Let X be a r.v. such that Ee®X| < oo for some § > 0, then the m.g.f. of
X is
Mx(t) ;== Ee!™, t e (=4,0).

ExaMPLE 1d2. Let X ~ Exp(A). Then

o
EeOX| = EefX = / e Ne M < oo,
0

if 6 < A. Hence
My (1) = BetX — / NNy = (1101, te (“AN).
0
|

EXAMPLE 1d3. For the Cauchy r.v. the m.g.f. is not defined: for all § > 0, Ee®Xl = co. W

Note that if m.g.f. is well defined on an open interval (—d, ) near the origin, then X has
finite absolute moments (and hence the moments) of all orders:

E| X P :/ |z|PdF (x) < / 065/2|ﬂ’|dF(a:) — CEeS/2X| < o,
R R

since |z[P < Cedl®l for all 2 € R and sufficiently large C.
One can show that the function My (t) is smooth (i.e. differentiable any number of times).

Moreover®,

d d i [ d
CMx(t) =2 [ etrdr L Letegp -
M) = g [T @) /Rdte X))

/wemdFX(x)hO = / zdFx(x) =EX,
R = R

where the interchanging the derivative and integral in { should and can be justified (think how).
Similarly, for k£ > 1,

M5 (0) :=

MmP0) = Ex*F,
which is where the name of Mx(t) comes from: if one knows Mx(t), one can reconstruct

(generate) all the moments.
Tanother characterization of the probability distribution of r.v. X is the characteristic function px(t) :=
Ee*X | where i is the imaginary unit (i.e. the Fourier transform of its c.d.f.) The advantage of c.f. is that it is
always well defined (unlike the m.g.f.). It is a powerful tool in many applications (e.g. limit theorems, etc.). You
will need to know some complex analysis to discover more.
8recall that we interpret [ h(z)dFx differently, depending on the context - this is just a convenient unifying
notation in our course



D. MOMENT GENERATING FUNCTION (M.G.F.) 15

ExXAMPLE 1d4. Let X ~ Exp(A), then

d
M5 (0) = o — 1=t/ ‘ =...=1/\
which agrees with the calculations in the preceding example. |

It is then very plausible that knowing all the moments is enough to be able to reconstruct
Fx(z). Indeed the m.g.f., when it exists, completely determines * Fx (x) and consequently the
probability law of X.

While in principle Fx(z) can be reconstructed from Mx (t), the reconstruction formula is
quite complicated and is beyond our scope. However in many cases, Mx (¢) can be recognized
to have a particular form, which identifies the corresponding F'x(z). This simple observation,
as we shall see, is quite powerful.

While m.g.f. is defined for r.v. of any type, it is more convenient to deal with probability
generating function (p.g.f.) if X is integer valued:

DEFINITION 1d5. The p.g.f. of a discrete r.v. X with values in Zy is

Gx(t) :==Et* = E:ﬁP te D,

where D is the domain of convergence of the series.

Note that Gx(t) is always well defined as the series are absolutely summable:

SR =) < O < -
k k

and clearly Gx (1) = 1.
Note that Gx(0) = P(X =0) and

1
i < oo, Vte(-1,1),

d
G’ (0) := pnd t)j1=0 = }:kﬁlp =k)jmo =P(X = 1)

and similarly
Gg?l)(()) =m!P(X =m) = mlpn,

i.e. p.m.f. is in one-to-one correspondence with p.g.f. (and hence with c.d.f.) - p.g.f. “generates”
p.m.f.

EXAMPLE 1d6. Let X ~ Geo(p), then

= thp(l—p)t=. = ——
p(1—p) —

9though plausible, the moments do not determine Fx in general. The fact that there is a one-to-one cor-
respondence between Mx (t) and Fx(z) stems from the theory of Fourier-Laplace transform from functional
analysis
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where ¢ =1 — p. Then
P(X=0)=Gx(0)=0

]}D(le):(;')((o):w =p

(1 —tq)? |t:0

etc.

Note that Mx(Int) = Gx(t) and hence p.g.f. is m.g.f. in disguise.

Exercises

PrROBLEM 1.1. Let X be a r.v. with

(a) p.d.f.
fx(x) =c(l—2?)I(xz € (—1,1)).
(b) p.d.f.
fx (@) = (1 =[x I(|z] < 1)
(c) p.m.f.

L ze{0,.,N -1}
k) = N> ycrey
px (k) {0 otherwise

(d) Poisson distribution
Answer the following questions for each one of the cases above:

(1) Find the normalization constant ¢

(2) Find the c.d.f.

(3) Find EX, var(X)

(4) Calculate P(X <1/2),P(1/3< X <1/2),P(-1/4< X <1/3),P(X > -1)

(5) Find the m.g.f./p.g.f (and specify the domain). Use the latter to calculate EX and
var(X)

PROBLEM 1.2. Check the following properties of the indicator function:
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PROBLEM 1.3. Let X be a discrete r.v. with integer values with the p.g.f. Gx(s) and the
m.g.f. Mx(t). Show that
—iGX@), :EinG (8)js=1 = EX? —EX
ds [s=1 ds2 X\3)|s=1
using
(1) the definition of Gx(s);
(2) the relation Gx(s) = Mx(lns)

PROBLEM 1.4.
(1) Find the m.g.f. of N(u,0?) and use it to check that EX = y and var(X) = o2.
(2) For X ~ N(p,0?) prove

0 p odd

p__p!
o 2p/2

MX—uyz{ !
(v/2)!

p even

PROBLEM 1.5. Find the c.d.f. (or p.d.f./p.m.f. if appropriate) of the r.v. with the following

PROBLEM 1.6. Show that X >0 = EX >0






CHAPTER 2

Probabilistic description of several random variables

In majority of situations, there is a need to consider probabilities on R? for d > 1 or,
alternatively, a number of random variables simultaneously. The familiar example, is the usual
mantra: “let Xq,..., X,, be i.i.d. random variables” or the same, with a more statistical flavor:
“let X1, ..., X;, be a sample from the p.d.f. f(z)”. What is actually meant here, is that we obtain
values (realizations) of the r.v.’s (X7, ..., X;,), which are, in this case, independent (whatever it
means at this point) and have the same probability law. But how do we describe several r.v.’s
simultaneously which are dependent or/and not identically distributed, etc.?

a. A pair of random variables

A probability measure P on € := R? is assigned by a two-dimensional c.d.f F. Probabilistic
description of a pair of random variables (X,Y’) on 2 is accomplished by their joint c.d.f.

Fxy(u,v) =P(X <z,Y <y).
Analogously to the one-dimensional case, the c.d.f. of the coordinate random variables
(X(w)a Y(w)) = (W17w2) =W

coincides with the c.d.f., defining the probability measure P. Hence defining a c.d.f. on R? and
construction of a random vector (X,Y) with values in R? and a given joint c.d.f. is essentially
the same problem. Below we shall refer to random variables, when exploring the properties of
two-dimensional c.d.f’s.

Clearly a c.d.f. must satisfy! Fyy(—oo,v) = Fxy(u,—oc0) = 0 for all u,v € R and
Fxy(0co,00) = 1. These properties are parallel to the familiar requirements Fx(—o0) = 0
and Fx(co) = 1 in dimension one. Fyy(u,v) must be right-continuous in each one of the
coordinates, hence e.g.

P(X <a,Y <y) = Fxy(z,y-).
The monotonicity is also valid in R?, but should be interpreted correctly. In particular, the
condition P(X € (a1,b1],Y € (ag,bs]) > 0, implies (think how)

Aal,blAaQ,szXY 2 07 \V/Cbl S bla ag g b2) (28’1)
where for a function h of n variables (in this case n = 2),
Ag, b h(z1, .y xn) = h(z1, ..., biy ooy ) — (21, s a4, oy T).

Hence a c.d.f should satisfy (2al) and it turns to be not only necessary, but also the sufficient
condition.

1ny(foo,v) = limy——oo Fxy (u,v), ete.

19
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It is already clear at this point that individual c.d.f.’s of each component can be found from
F XYy, €.g.:
Fx(u)=P(X <u)=P(X <u,Y € R) = Fxy(u,0).
However, in general one cannot restore Fxy from its marginals Fx and Fy (see Example 2a6
below). Thus Fxy is a more complete probabilistic description of (X,Y).
All of these properties are automatically satisfied in the two particular cases: the jointly
discrete and jointly continuous.

*, Jointly discrete random variables

DEFINITION 2al. A random wvector (X,Y) is (jointly) discrete if there is a countable (or
finite) number of points (zg,ym) € R?, k > 1, m > 1 and positive numbers py,, > 0, such that
Zk,m Pkm = 1 and

P((Xv Y) = (xkaym)) = HI>(Xv =g, Y = ym) = Pk,m-

The numbers py, ,,, (along with the points (xy,ym)) are called joint p.m.f. of (X,Y’). Note
that this definition yields an explicit expression for the j.c.d.f:

Fquv Z Z Pkm

kizp<umiym<v
and for a subset A € R?,

P((Xa Y) € A) = Z Pkm-
kym:(zg,ym)€EA
In particular,

FXy(u,oo):P((X,Y)E(—oo,u]xR): S50 pm= Y px(k) = Fx(u),
k:xp<umiym€R kixp<u

where px (k) := )", Dim is the p.m.f. of X. Similarly, we get Fxy (co,v) = Fy(v). This means
that the c.d.f.’s of both entries of the vector (which are one dimensional random variables) are
recovered from the joint c.d.f., i.e. the probabilistic description of X and Y as individual r.v., is
in fact incorporated in their joint probabilistic characterization. From this point of view, Fx (u)
and Fy (v) are the marginal c.d.f’s of the j.c.d.f Fxy (u,v). Similarly, px (k) and py (m) are the
marginal p.m.f’s of the j.p.m.f. py,, (or in other popular notation, pxy (k,m)).

EXAMPLE 2a2. Consider the random vector (X,Y’) with values in N? and j.p.m.f.
Phm = (1 —=p)fFIp(1 =)™ e, k,m €N,
where p,r € (0,1). Let’s check that it is indeed a legitimate j.p.m.f.: clearly py,, > 0 and

Yomem= (1=p) Py (1-r)" = =1
k,m k m
The p.m.f. of X (or X-marginal p.m.f. of py ) is
pk—Zpkm— (1-p)k- 1pz (1= )"l = (1—p)lp, keN,

ie. X ~ Geo(p). S1rn11a1rly7 Y ~ Geo(r). [ |
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Note that two different j.c.d.f’s may have identical marginals (see also the Example 2a6
below)

EXAMPLE 2a3. Let (X,Y) be a r.v. taking values in

{(07 0)7 <O7 1)7 (17 0)7 (17 1)}

with the j.p.m.f.:

pxy(0,0)=1/4—¢
pxy(0,1)=1/4+4¢
pxy(1,0)=1/4+4¢
pxy(1,1)=1/4—¢

where ¢ € (0,1/4) is an arbitrary constant. Clearly, j.p.m.f depends on e, while the marginals
do not: check that X ~ Ber(1/2) and Y ~ Ber(1/2) irrespectively of . [ |

If (X,Y) is a discrete random vector, then both X and Y are discrete random variables, e.g.
Y PX =ap) =) > P(X =23, Y =yp) = 1.
k kK m

The converse is also true, i.e. if X is discrete and Y is discrete, then (X,Y) is discrete. 2
Given a function g : R? i+ R, the expectation of g(X,Y) is defined:

Eg(X,Y) = g(k, Ym)Pkm-
k,m

As in the one dimensional case, the expectation Eg(X,Y) may take values in RU {£o00} or may
not be defined at all (recall the Example 1c2).
The expectation is linear: for a,b € R,

E(aX +bY) =Y (azk + bym)Phom = @ Y TkPhm + D Y YmPhym =

k,m k,m k,m

0y zppx (k) + 0> ympy (m) = aEX +BEY. (2a2)
k m

2Proof: suppose that X takes values in {z1,z2,...} and Y takes values in {y1,y2,...}, then
1= "P(X =) =Y P(X =ax,Y €R) =P(X € {z1,25,..},Y €R),
k k
which implies P(X € R\ {z1,22,...},Y € R) = 0. Similarly, P(X € R, Y € R\ {y1,¥2,...}) = 0. Recall that if
P(A) = 0 and P(B) = 0, then P(AN B) = 0, hence we conclude

PR\ {z1,z2,...},Y € R\ {y1,¥2,...}) =0,

which implies >, | P(X = zx,Y = y) = P(X € {z1,22,..},Y € {y1,92,...}) = 1, ie. (X,Y) is a discrete
random vector.
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EXAMPLE 2a4. Let (X,Y) be as in the Example 2a2 and g(z,y) = 22y, then

Eg(X,¥) = " Km(1 ) 1p(1 — vy =
k,m

oo 0o 2-pl
Zk‘Q(l—p)k_lpZm(l—r)m_lr: =
k=1 m=1 p

|

The expectations of monomials EX‘Y™, ¢,n € N are called the joint moments.
The joint p.g.f (or j.m.g.f.) is (here we assume that x; = k and y,,, = m, i.e. the r.v. are
integer valued):

Gxy(s,t) :=Es*t¥ = Z Sktmpk,ma
k,m

which is well defined in e.g. the rectangular |s| < 1,|t| < 1. Analogously to one dimension, the
j.p-m.f. can be generated from j.p.g.f.:

oF om

Jointly continuous random variables. A pair of random variables (X,Y’) are called
jointly continuous (or, equivalently, the vector (X,Y) is continuous), if the j.c.d.f. Fxy (u,v) is
a continuous function, jointly® in (u,v). We shall deal exclusively with a subclass of continuous
random vectors 4, whose c.d.f. is defined by:

Fxy(u,v) = /_“ /_U Ixv (z,y)dzdy,

where fxy(x,y) is the joint p.d.f., i.e. a non-negative integrable function satisfying

J[ txvtadzay = 1.

Note that e.g. Fxy(u,—00) =0 and
Fxy(u,00) = /u (/foy(u,v)dv>du = /u fx(u)du = Fx(u) =: P(X < u),

where fx(u) := [ fxy(u,v)dv is the p.d.f. of X (indeed it is non-negative and integrates to
1). Hence as in the discrete case, the one dimensional p.d.f.’s and c.d.f’s are marginals of j.p.d.f.
and j.c.d.f.

EXAMPLE 2a5. Let (X,Y) be a r.v. with j.p.d.f.

1
fXY(xay) = 2 e—x2/2—y2/2’ T,y € R.
T

3recall that a function h(z,y) is jointly continuous in (z,y), if for any sequence (zn,yn), which converges to

4and call them just “continuous”, abusing the notations
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It is easy to see that fxy integrates to 1 and hence is a legitimate j.p.d.f.

1 2 2 1 2 1 2 1 2
— - —x?/2—y /2d _ - =z /2/ Ly /2d _ - =z /2 eR
fx(@) /Iwe Y A v
ie. X ~ N(0,1) (and similarly Y ~ N(0,1)). [

j-c.d.f is not uniquely determined by its marginals, i.e. two different j.c.d.f’s may have
identical marginals:

EXAMPLE 2a6. Suppose X and Y have p.d.f.’s fx and fy. Let @ be a number in [—1, 1] and
define

Ifxy(z,y;0) = fX(fU)fY(y)(l + a(2Fx (x) — 1) (2Fy (y) — 1))

Since 2Fx(z) — 1 € [-1,1] for all x € R, fxy is a non-negative function. Further, since
£ P} (x) = 2Fx (2) fx ()

[ 2Px@)ixyis = [ 2P @)da =1,

we have ffRQ fxy(z,y;a)dxdy = 1 and thus fxy is a legitimate two dimensional p.d.f. Also a
direct calculation shows that its marginals are fx and fy, regardless of a. However, fxy is a
different function for different a’s! |

Expectation of g(X,Y) for an appropriate function g : R? + R is defined

Eg(X,Y) = / /R 9w, 0) fxy (u,v)dudo.

Again it may be finite or infinite or may not exist at all. The linearity property as in (2a2) is
readily checked.
The joint moments and the j.m.g.f. are defined similar to the discrete case, e.g.

MXY(S, t) — IEesXthY7
if the expectation is finite in an open vicinity of the origin. In this case,

0" o My (s,t) EXkym™
JR— 87 = .
9sk orm XY |(s.0=(0,0)
The components of continuous random vector are continuous r.v. as we have already seen.
However, the r.v. X and Y can be continuous individually, but not jointly:

EXAMPLE 2a7. Consider X ~ N(0,1) and Y := X, then each X and Y are N(0,1), i.e.
continuous, while not jointly continuous. Indeed, suppose that (X,Y’) has a density fxy(x,y).
Since P(X #Y) =0,

1= / fxv(u,v)dudv = // fxv(u,v)dudv =P(X #Y) =0,
R2 RA{(z,y):z=y}

where the first equality is a property of the integral over R%. The contradiction indicates that
j.p-d.f. doesn’t exist in this case.
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REMARK 2a8. Of course, random vectors may be neither discrete nor continuous in various
ways. In particular, their entries may be r.v. of the “mixed” type, i.e. contain both continu-
ous and discrete components, or the vector may contain both discrete and continuous entries.
Calculation of the expectations in this case follow the same pattern, but can be more involved
technically.

b. Independence

From here on we shall consider both discrete and continuous random vectors within the
same framework, emphasizing differences only when essential. All of the following properties
are equivalent® and can be taken as the definition of independence of X and Y:

(1) the j.c.d.f. factors into the product of individual c.d.f’s:
Fxy(z,y) = Fx(x)Fy(y), Vo,yeR.

(2) the j.m.g.f. factors into the product of individual m.g.f’s:
Mxvy (s, t) = Mx(s)My(t), Vs,te€ D,

where D is the relevant domain;
(3) the j.p.d.f. factors into the product of individual p.d.f’s in the continuous case:

fxy(z,y) = fx (@) fy(y), Vo,yeR
or the j.p.m.f. factors into the product of individual p.m.f’s in the discrete case:
pxy (k,m) =px(k)py(m), Vk,m eN.
(4) for all bounded functions g,h,
Eg(X)h(Y) = Eg(X)EA(Y).

The equivalence between some of the characterizations (e.g. 3< 1) is not hard to see directly
from the definitions, while equivalence of the others is technically (but not conceptually!) more
involved (e.g. 4 < 1).

The intuition behind independence can be gained from the familiar notion of conditional
probabilities: notice that (4) with g(z) = I(z € A) and h(x) = I(x € B), where A and B are
subsets (e.g. intervals) of R, yields:

P(X € AY € B)=P(X € A)P(Y € B).

If P(X € B) > 0, then conditional probability of the event {X € A}, given {X € B} has
occurred, equals the a priori probability of {X € A}:

P(X € AY € B)
P(Y € B)

Hence independent r.v. generate independent events.

P(X € AlY € B) := =P(X € A).

EXAMPLE 2bl. X and Y are independent in both Examples 2a2 and 2a5 above, as is readily
verified by applying e.g. (3) above. |

Sof course, assuming that all of them apply (e.g. Mxy (s,t) might not be defined)
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EXAMPLE 2b2. Let X ~ U(]0,1]) and Y = I(X > 1/2). Note that (X,Y") does not categorize
as discrete or continuous random vector. X and Y are not independent, since e.g.
1
EXY =EXI(X >1/2) = / xdx = 3/8,
1/2

while
EXEN(X >1/2)=1/2-1/2=1/4,
contradicting (4) above. [ |

The familiar notion of correlation between two r.v. is a weaker notion of independence.

DEFINITION 2b3. Let X and Y be a pair of r.v. with finite second moments, EX? < oo,
EY? < co. Then the correlation coefficient between X and Y is

cov(X,Y)
var(X)var(Y)’
where var(X) = E(X — EX)?, etc. and cov(X,Y) =E(X —EX)(Y —EY).

To see that pxy is a number in [—1, 1], we shall need

PXY ‘=

LEMMA 2b4 (Cauchy—Schwarz inequality). Let Zy and Zy be r.v. with finite second moments,
then
(EZ12,)* < EZIEZ3.
The equality is attained if and only if Z1 and Zy are proportional, i.e. Z1 = cZy for a constant
c#0.
PROOF. Since (Z; —aZs)? > 0 for any a € R, it follows that E(Z; —aZ3)? > 0 or expanding
E(Z1)% — 2aEZ1Z5 + o’E(Z)? > 0.

The C-S inequality is obtained with a := EZ,Z5/E(Z2)%. If Zy = cZs, then the inequality
obviously holds with equality (by direct calculation). Conversely, if the equality holds, then for
« as above, (Z1 — aZ)? = 0, which implies that Z; = aZ, (at least with probability 1) as
claimed. O

Taking 7; = X —EX and Z; =Y — EY we deduce that pxy € [-1,1]. If |pxy| = 1, then
Y = aX + b for some constants a and b, which means that Y is a linear function of X (and
hence there is a strong dependence between X and Y).

Independence implies pxy = 0, since cov(X,Y’) = 0 for independent X and Y (check!). The
converse does not have to be true in general, i.e. uncorrelated r.v. may be dependent:

EXAMPLE 2b5. Let X ~ N(0,1) and Y := £X, where £ is a r.v. taking values {1, —1} with
probabilities 1/2 and independent of X. Then

cov(X,Y) = EXY = E(X? = BEEX? = 0.
However, X and Y are not independent:
EX?2Y? = EX%? = EX* = 3EX? = 3,

while
EX%EY? = EX2EX2 = 1.
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. : X1\ . "
The covariance matrix of the vector X = < Xl) is by definition®
2

Cov(X,X) =E(X —EX)(X —EX)' = (

cov(X1,X1) cov(Xy, X9)
cov(Xo, X1) cov(Xoe, Xo) )~

A particularly important class of random vectors is Gaussian.

DEFINITION 2b6. A random vector X = (X1, X2) is Gaussian with mean p = (u1, p2) and
the covariance matrix
S _ < 0'% ,00'10'2)
pPO102 O‘%

if it has a j.p.d.f. of the form
1

x) = .
Ix(@) 201094/ 1 — p?
1 1 —m)? 2 - - — 1o)2
exp{_f <($1 2Ml) _ 2p(m1 = ) (@2 — pa) | (@2 — o) )} (2b1)
21— p? o7 0109 o5
for x € R?.

By a direct (but tedious) calculation, one can verify that indeed EX = p = <Z 1> and
2

Cov(X,X) = S as above. p is the correlation coefficient between X; and Xs. The marginal
p.d.f.’s are N (p1,07) and N(ug,03). Remarkably, for Gaussian vectors lack of correlation implies
independence

PROPOSITION 2b7. Let X = (X1, Xs) be a Gaussian random vector in R?. Then X1 and X
are independent if and only if they are uncorrelated.

PRrROOF. Independence implies lack of correlation in general. Suppose that X; and Xy are
uncorrelated, i.e. p = 0. Then the j.p.d.f. factors into product of the individual p.d.f.’s as can
be readily seen from (2bl). O

REMARK 2b8. The Example 2b5 also demonstrates that (X,Y) with Gaussian marginals’
and uncorrelated entries may not be a Gaussian vector!

Try to imagine how various ingredients of the Gaussian j.p.d.f. affect its shape (look at its
counters, sections etc.).
A calculation yields the formula for Gaussian j.m.g.f:

LEMMA 2b9. Let X be a Gaussian vector as above, then
1
Mx (t) = exp {,uTt + itTSt}, t € R%
PROOF. direct (tedious) calculation O

6Note that Cov(X, X) is a symmetric matrix.
"Note that My (t) = Ee®X = 1Ee'X + 1Ee X = %etzm + %et2/2 = ¢’/2 which is an m.g.f. of N(0,1)
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REMARK 2b10. In fact, the above expression for m.g.f. is well defined even if p = £1 (i.e.
the covariance matrix S is singular). In these cases, the j.p.d.f does not exist and the Gaussian
vector is referred to as degenerate. Do not think, however, that this is a pathology: e.g. if
X ~ N(0,1), the vector (X, X) is a degenerate Gaussian vector.

Gaussian distribution is stable under linear transformations, namely

LEMMA 2bll. Let X be a Gaussian vector as above, A be a 2 X 2 matrix and b a vector in
R2. Then AX + b is a Gaussian vector with mean Ap+ b and covariance matriz ASAT.

PRroOF. By definition,
Myx1p(t) = Eexp {tT(AX + b)} = exp {th}E exp {(ATt)TX} =
1 1
T TAT, L L ATNT _ T, LT T
exp {t b} exp {,u A't+ 2(A t) S’At} exp{(Au+b) t+ 275 ASA t}.
Since the j.m.g.f. uniquely determines the probability law, X ~ N(Au +b, ASAT). O

REMARK 2b12. Note that we haven’t required that A is a nonsingular matrix. If A is in
fact nonsingular (i.e. det(A) # 0) then the vector Y = AX + b has a j.p.d.f. Otherwise, it is a
degenerate vector (see the Remark 2b10 above). For example, if X; and X are i.i.d. N(0,1)

and
1 -1 0
=5 ) =)
then by the Lamma 2bl1, the vector Y = AX + b is Gaussian with mean

EY = AEX +b = b,

and covariance matrix

== (5006 ) (5 7)=(5 %)

The latter means that Y3 ~ N(0,2) and Yo ~ N(1,2) and p(Y1,Y2) = —1 (think why). Hence
the j.p.d.f. is not well defined (as S;l doesn’t exist). Hence Y is a degenerate Gaussian vector.
This, of course, should be anticipated since Y1 = X; — X9 and Yo = —X; + X2 + 1 and hence
Yo =-Y1 +1.

EXAMPLE 2b13. Let X be a Gaussian random vector in R? with i.i.d. standard components
and let 6 be a deterministic (non-random) angle in [0, 27]. Recall that

U(0) = <cos9 —sin9>

sinf cos6

is the rotation matrix, i.e.® the vector y = U(6)x has the same length as = and the angle between
x and y is 6. The vector Y = U(6)X, i.e. the rotation of X by angle 6, is Gaussian with zero
mean and covariance matrix U(6)U " (9) = I. This means that standard Gaussian distribution
in R? is invariant under deterministic rotations. ]

8convince yourself by a planar plot
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c. Several random variables

The probabilistic description of a random vector X = (Xi,...,X,) in R for n > 2 is
completely analogous to the two dimensional case. The probabilities are assigned by the j.c.d.f

P(X) <1y, Xp < y) = Fx(x1,...,xy) = Fx(x), == (x1,...,2,) € R™

The j.c.d.f Fx(z), z € R™, should satisfy the usual properties. The random vector X can
be either discrete, in which case its j.c.d.f is determined by the j.p.m.f px(k), &k € N, or
continuous, when j.c.d.f is given by an n-fold integral of j.p.d.f. fx(x), x € R™. j.p.m.f./j.p.d.f.
should sum/integrate to 1.

The one-dimensional marginals are defined for all the quantities as in the two-dimensional
case, e.g.

fx,(z2) :/ 1fX(xl,xg,...,zn)dmldmg...dxn.
Rn—

Hence once again, the probability law of each individual component is completely determined
by the probability law of the vector. In addition, one can recover the joint probability law of
any subset of r.v.: for example, the j.p.d.f. of (X, X,) is given by

fx,x, (z1, %) :/ . fx(x1, 22, ., Tpo1, Tpn)dxo...dTp_1.
R
or, equivalently,
Fx, x,(x1,22) = Fx (21,00, ..., 00, Zp).

Similarly, the k-dimensional marginals are found. Expectation of a function g : R™ +— R of a
continuous random vector is

Bg(X) = [ gla)fx(a)dor..da,
and of a discrete r.v. (with e.g. integer values components)
Eg(X) =Y g(x)px(x).
TzeN™
The j.m.g.f is
Myx(t) = EeXi=1t%i e D CR",
where D is an open vicinity of the origin in R™. The joint moments can be extracted from

j.m.g.f. similarly to the two dimensional case. The covariance matrix is defined if all the entries
of X have finite second moments:

Cov(X,X)=E(X —EX)(X —EX)".

The r.v. (X1, ..., X,,) are independent if their j.c.d.f. (j.p.d.f., etc.) factors into the product
of individual c.d.f’s (p.d.f.’s, etc.) analogously to the corresponding properties (1)-(4) above.
Independence of all the components of the vector clearly implies independence of any subset
of its components. However, a random vector may have dependent components, which are e.g.
pairwise (or triplewise, etc.) independent.
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In statistics, n independent samples from p.d.f. f means a realization of the random vector
X = (X1, ..., X,), with the j.p.d.f. of the form:

n

fx(@) =[] f(z:), zeR™

i=1

EXAMPLE 2cl. Suppose X = (X1,..., X,) is a vector of i.i.d. random variables, where X;
takes values in {x1, ..., 2} with positive probabilities pi,..., p. Let Y; be the number of times
z; appeared in the vector X, ie. Y; = > I(X,, = x;) and consider the random vector
Y = (Y1,...,Y%). Clearly each Y; takes values in {0,...,n}, i.e. it is a discrete r.v. Hence the
random vector Y is also discrete. The j.p.m.f. of Y is given by

(n ni) = 0 ni+..+ng#n
py(n1,...,nk) = n! Mo ny g =n

nl!.l.nk!p

The corresponding distribution is called multinomial. The particular case k = 2, is readily
recognized as the familiar binomial distribution. One dimensional marginals are binomial, since
each Y; is a sum of n Bernoulli i.i.d. random variables I(X,, = x;), m = 1,...,n. (this can
also be seen by the direct and more tedious calculation of the marginal). Similarly, the two
dimensional marginals are trinomial, etc.

Let’s check dependence between the components. Clearly Yi,..., Y are not independent,
since Y1 = n — 25;2 Y. and hence e.g. Y; and E?:z Y; are fully correlated, which would be
impossible, were Y1, ...,Y,, independent. What about pairwise independence: e.g. are Y; and Y,
independent ...7 Intuitively, we feel that they are not: after all if Y7 = n, then Y5 = 0! This is
indeed the case:

P(Yl = Tl,YQ = O) = P(Yi = TL) :qu,
while
P(Y1 =n)P(Y2 = 0) = pi'(1 —p2)".

Gaussian vectors in R" play an important role in probability theory.

DEFINITION 2¢2. X is a Gaussian random vector with mean p and nonsingular® covariance
matriz S, if it has j.p.d.f. of the form:

1 1 _ n
(o) = o s ep{-S@-wTS@-n} veR"

It is not hard to see that the two-dimensional density from Definition 2b6 is obtained di-
rectly from the latter general formula. If S is a diagonal matrix, i.e. all the entries of X are
uncorrelated, X1, ..., X, are independent. Furthermore, if 4 = 0 and S is an identity matrix,
then X7, ..., X, are i.i.d. standard Gaussian r.v.’s.

Both Lemmas 2b9 and 2b11 remain valid in the general multivariate case, i.e. the j.m.g.f. of
a Gaussian vector is an exponential of a quadratic form and Gaussian multivariate distribution
is stable under linear transformations.

9positive definite
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Exercises

PROBLEM 2.1. A pair of fair dice is thrown. Let X be the sum of outcomes and Y be the
Bernoulli r.v. taking value 1 if the first dice comes up even.

(1) Show that (X,Y) is discrete and find its j.p.m.f. (present your answer as a table)
(2) Calculate the marginal p.m.f.’s
(3) Calculate the moments EX, EY and EXY

PROBLEM 2.2. Answer the questions from the previous problem for the r.v. (X,Y), defined
by the following experiment. Two Hanukkah tops are spined: X and Y are the outcomes of the
first and the second tops respectively.

PROBLEM 2.3. Let (X,Y) be a random vector with the j.p.d.f

Fr(e,) = el(y € 0,21z € [0,2)).

(1) Verify that fyy is a legitimate j.p.d.f.

(2) Find the support of fxy,ie. D := {(z,y) € R?: fxy(x,y) > 0}
(3) Find the j.c.d.f of (X,Y)

(4) Find the marginals of j.p.d.f

(5) Are X and Y independent ?

(6) Find the marginals of j.c.d.f.

PROBLEM 2.4. Let (X,Y) be a random vector distributed uniformly on the triangle with
the corners at (—2,0), (2,0), (0,2).
(1) Find the j.p.d.f.
(2) Find the marginal p.d.f.’s
(3) Are X and Y independent ?
(4) Calculate the correlation coefficient between X and Y

PROBLEM 2.5. Let (X,Y) be arandom vector with j.p.d.f fxy (z,y) = 12(x—y)2I((x,y) € A)
where A ={(z,y): 0 <z <y <1}
(1) find the marginal p.d.f.’s
(2) Calculate P(1/2< X +Y <1),P(X +Y <1/2)

PROBLEM 2.6. Let F be a one dimensional c.d.f.. Are the following functions legitimate two-
dimensional j.c.d.f’s 7 Prove, if your answer is positive and give a counterexample if negative.

(1) F(z,y) == F(z) + F(y)
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(2)
(4)

F(z,y) = F(z)F(y)
F(a,y) == max{F(z), F(y)}
F(z,y) = min{F(z), F(y)}
PROBLEM 2.7. Let X and Y be Bernoulli r.v. with parameter p € (0,1). Show that if X
and Y are uncorrelated, they are also independent.

Hint: the j.p.m.f. of the vector (X,Y") is supported on four vectors: (0,0), (0,1) (1,0) and (1, 1).
Denote the corresponding probabilities by pog, po1, p1o and p11. Analyze the constraints imposed
on j.p.m.f. by the lack of correlation between X and Y and deduce that these constraints also
imply independence.

PROBLEM 2.8. Let X and Y be independent random variables. Find P(X = Y) when
(1) X,Y ~ Geo(p)
(2) (X,Y) is a non-degenerate Gaussian vector

PROBLEM 2.9. Let (X,Y) be a Gaussian vector with parameters p, p,, 0, and o, and p.
(1) Find the p.d.f. of the average (X +Y)/2
(2) Find the p.d.f. of (X —Y)/2
(3) Find the values of p so that the r.v. in (1) and (2) are independent

PROBLEM 2.10. Let (X,Y) be a random vector, whose components have finite nonzero
second moments and correlation coefficient p. Show that for a,b,c,d € R

plaX +b,cY +d) = %p(X, Y).

PROBLEM 2.11. Show that for a discrete random vector (X,Y’), the properties
Ef(X)g(Y)=Ef(X)Eg(X), Vg, f bounded
and

pxy(k,m) =px(k)py(m), Vk,meN
are equivalent.

PROBLEM 2.12. Show that the general formula for the Gaussian density from Definition 2¢2
in two dimensions reduces to the one from Definition 2b6

PROBLEM 2.13. Let X and Y be independent random vectors in R¥ and R™ respectively
and let g : R¥ - R and h : R™ + R be some functions. Show that & = g(X) and n = h(Y) are
independent r.v.
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PROBLEM 2.14. Let X be a standard Gaussian vector in R™ (i.e. with i.i.d. N(0,1) entries)

(1) Show that the empirical mean X = 1 3™ | X, is a Gaussian random variable and find
its mean and variance

(2) Argue that the vector (X1, X) is a Gaussian vector in R?, find its mean and covariance
matrix

(3) Argue that the vector R := (X; — X, ..., X,, — X) is a Gaussian vector, find its mean
and covariance matrix

(4) Show that X and R are independent

PROBLEM 2.15. Let X and Y be i.i.d. N(0,1) r.v.’s Show that X? — Y2 and 2XY have the
same probability law.

st 2 v2_ oX-Y X+Y
Hint: Note that X Y = 2—\@ T

PROBLEM 2.16. Let X = (X1, X3, X3) be a random vector with j.p.d.f.

1 1 1 1
fx(z) = Wexp ( — 5.%% — 5(1)2 - x1)2 — 5(:63 +x2)2>, reR?

(1) Check that fx is indeed a legitimate j.p.d.f

(2) Find all the one dimensional marginal p.d.f’s

(3) Find all the two dimensional marginal j.p.d.f’s. Are (X1, X2), (X2, X3), (X1, X3) Gauss-
ian vectors in R? ? If yes, find the corresponding parameters.

(4) Verify that fx can be put in the following form:

1 1 Ta—1 3
xT)= exp| — =(z — S (x — , T €R?,
(@) = o e (5o =) 'S @ - )
where
1 1 -1
S=(1 2 =2
-1 -2 3
PROBLEM 2.17. Consider f: R" — R
1 1 " Ty — 1'2 n
flx) = exp(—QZ(Q'u)), reR
(2m)n2 /1Ty oF =1 7

(1) Prove that f is a j.p.d.f
(2) Let X = (Xy,...,X,) be a random vector with j.p.d.f. f. Show that its entries are
independent and specify the conditions for u; and o;’s such that X1, ..., X, are i.i.d
(3) Find the probability law of S =3 | X,
(4) Suppose that n is even and find the probability law of
n/2 n/2

Se = ZXQZ' and SO = ZXQrL‘_I.
i=1 i=1
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Are S, and S, independent ? Identically distributed ?
(5) Suppose that n > 2 and find the probability law of ¥ = Z?:_ll X;and Z =31, X;.
Are Z and Y independent 7 Identically distributed ?

PROBLEM 2.18. Let X = (Xy,..., X,,) beiid. N(0,1)r.v. and £ = (&1, ..., &) 1.1.d. Ber(1/2).
Assuming that X and £ are independent, find the probability law of

Z = zn:u —26)X;.
=1






CHAPTER 3

Conditional expectation

a. The definition and the characterization via orthogonality

Recall the definition of the conditional probability of an event A, given event B:
P(AN B)
P(B)

where P(B) > 0. If we know that B occurred, i.e. the experiment outcome w is known to belong
to B, the event A occurs, i.e. w € A, if and only if w € AN B. Hence the conditional probability
in (3al) is proportional to P(AN B) and is normalized so that P(A|B) is a legitimate probability
measure with respect to A, for any fixed B.

Consider a pair of random variables (X, Y") and suppose we want to calculate the conditional
probability of an event A, generated by X, say of A := {X < 0}, having observed the realization
of the random variable Y. If Y takes a countable number of values, Y € {y1,y2,...}, and
P(Y =y;) > 0, then we can use the formula (3al):

However, how do we define the probability P(A|Y = y), if Y is a continuous random vari-

able and hence P(Y = y) = 0 for all y’s ...7 An intuitively appealing generalization is the
“infinitesimal” definition

P(A|B) = , (3al)

PAY =y;) =

1 P(Aa\Y—?ﬂ < E)

FAY =9 =0 Sy —yl <o)
While conceptually simple (and, in fact, correct - see Remark 3d8 below), this definition turns
to have a somewhat limited scope and does not easily reveal some of the important sides of
conditioning with respect to random variables'. Below we shall take a different approach to

conditional probabilities, based on its variational characterization.

Let X = (Xy,...,X,,) be a random vector and suppose that we have sampled (i.e. obtained
the realizations of) Xj, ..., X,, and would like to guess the realization of X;. If for example, X
had multinomial distribution, this would be simple and precise, namely n—) " , X; would be the
only possible realization of X;. On the other hand, if the components of X were all independent,
then, intuitively, we feel that any guess, based on X, ..., X;, would be as bad as a guess, not
utilizing any information, gained from observing Xo,..., X;,. The problem we want to address
in this chapter is the following: for a random vector X = (X1, ..., X;) with known distribution,

Lat its ultimate modern form, the basic conditioning is with respect to o-algebras of events. Hence condi-
tioning with respect to random variables is defined as conditioning with respect to the o-algebra of events, they
generate. Again, this truth is beyond the scope of these lecture notes

35
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how do we guess the realization of X, given the realizations of X, ..., X, - preferably in the
best possible way 7

To formulate this problem of prediction in rigorous terms, we have to define what we mean
by “guess” and what is “best” for us. It is natural to consider the guesses of X; of the form
g(Xa,..., X,,), where g is an R"~! - R function: this means that each time we get a realization
of Xo, ..., Xy, we plug it into g and thus generate a real number, which we interpret as the guess
of X1. How do we compare different guesses ? Clearly, looking at the error X; — g(Xa, ..., X},)
would be meaningless, since it varies randomly from realization to realization (or experiment
to experiment). Instead we shall measure the quality of the guess g by the mean square error
(MSE)

E(X) — g(Xa, ..., Xn))%.

The best guess for us will be the one which minimizes the MSE over all guesses, i.e. we aim to
find g* so that

E(X; — ¢*(Xa, ., Xn))? < E(X) — g(Xa2, ..., Xp))? for all g's (3a2)

Finding such ¢g* does not seem to be an easy problem, since the space of potential candidates
for g - all? functions on R™~! - is vast and apparently it doesn’t have any convenient structure to
perform the search®. However, things are not as hopeless as they may seem, due to the following
simple observation:

LEMMA 3al (Orthogonality property). ¢g* satisfies (3a2) if and only if

E(X1 — g" (X2, ..., Xn)) h(Xa, ..., Xn) =0,  for all functions h. (3a3)
PROOF. Assume that (3a3) holds, then

E(X) — g(Xa, ..., X)) =

E(X1 — g" (X2, oo X)) 4 05 (X2 ooy X)) — 9( X, ., X)) =

E(X1 — g" (X2, o0 X0)) 4+ E(g*(Xa, s Xp) — 9(Xay ooy X)) 4
QE(Xl X27~-'7 ))( X27 2z ) g(X27""Xn)) L
E(X1 — ¢* (X2, s X)) + E(g" (Xa, ., Xp) — 9( X, o, X)) >

2
E(Xl — g (XQ, ,Xn)) s
where we used (3a3) in {. This verifies (3a2). Conversely, assume that ¢g* satisfies (3a2), then
in particular it holds for g := g* 4 ¢h, where € > 0 is a constant and h is an arbitrary function
of Xo, ..., Xp:
)2 . 2
E(X1—¢*)" <E(Xi—g" —¢h),

2of course, the functions g must be such that the expectations are well defined

3if for example, we would have to find the optimal g* from a finite collection of candidate functions {g1, ..., g¢},
the task would be simple: just calculate all the corresponding MSE’s and choose the minimal one. Also it would be
simple if we were looking for g* within certain family of candidates: e.g. of the form g(Xa, ..., Xn) = > 1, @i Xi+b,
where a;’s and b are real numbers. Then we could derive an expression for MSE, which depends only on a;’s and
b. In this case we could find the minimal MSE by the tools from calculus: derivatives, etc. But this is not what
we want: we are searching for g* among all (not too weird) functions !
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or equivalently
E(X: - ¢*)? —E(Xi — " — eh)® = 2¢E(X; — g*)h — £*ER% < 0.
Dividing by € and passing to the limit € — 0, we get E(X; — ¢*)h < 0. If we replace h with —h,

the converse conclusion E(X; — ¢g*)h > 0 is obtained, which implies E(X; — ¢*)h = 0 for all h.
]

REMARK 3a2. (3a3) means that the prediction error X7 — g*(Xa, ..., X;;) should be orthog-
onal* to any function of the conditioning random vector (X, ..., X,,).

The optimal predictor g*(X1, ..., X;,) is called the conditional expectation of X given Xo, ..., X,
and is denoted by E(X;| X, ..., X;,). Do not be tricked by the name: the conditional expectation
is a random variable by itself! It is customary to denote the optimal function g* : R"~! = R by
E(X1| X2 = z9, ..., X;, = ) := g* (w2, ..., x,), which will be referred to as the function, realizing
the conditional expectation.

Since the conditions (3a3) and (3a2) are equivalent, both can be used to define the conditional
expectation: for example, any r.v. which is a function of Xo, ..., X, and satisfies the orthogonality
property (3a3) is by definition the conditional expectation. Simple as it is, this definition is quite
powerful as we shall see shortly. In particular, it can be actually used to find the conditional
expectations: one immediate way is to suggest a candidate and to check that it satisfies (3a3)!
Here are some simple examples:

EXAMPLE 3a3. Let X be a random variable and let Y = X3. What is E(X|Y) ? Let’s
try ¢*(Y) = VY. This is certainly a function of the condition, and (3a3) holds trivially:
E(X —VY)h(Y) = E(X — VX3)h(Y) = E(X — X)h(Y) = 0 for all h. Hence E(X|Y) = VY. Of
course, this is also clear from the definition of ¢g* as the minimizer: the MSE corresponding to
the predictor v/Y is zero and hence is minimal. Note that along the same lines E(X|X) = X.H

EXAMPLE 3a4. Suppose that X; and X9 are independent. What would be E(X;|Xs) ?
The natural candidate is E(X;|X2) = EX;. EX; is a constant and hence is a (rather simple)
function of Xy. Moreover, by independence, Eh(X32)(X; — EX;) = Eh(X2)E(X; — EX;) = 0,
which verifies (3a3). Let’s see now that e.g. g(z) = EX; — 1 is a bad candidate: let’s check
whether

]E(Xl - g(Xg))h(XQ) = 0, Vh .7
To this end, we have:
E(X1 — EX; + 1)h(X,) = E(X; — EX; + 1)ER(X,) = Eh(X2).
Clearly, the latter does not vanish for all h: e.g. not for h(x) = 2. [ |

But how do we find the conditional expectation in less trivial situations, when finding the
right candidate is less obvious 7 In fact, it is even not clear whether or when the conditional
expectation exists! Before addressing these questions, let us note that if it exists, it is essentially
unique: i.e. if one finds a right candidate it is the right candidate !

LEMMA 3a5. If g* and §* satisfy (3a3), then P(g* = g*) = 1.
PROOF. Subtracting the equalities E(X1 — ¢%)(¢* — §*) = 0 and E(X; — §*)(¢* — §*) = 0,
we get E(g* — §*)? = 0 and the claim (think why?). O

4two random variables & and n are said to be orthogonal, if E{n =0
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b. The Bayes formulae

There is no general formula for conditional expectation and in certain situations the compu-
tations are challenging. For discrete or continuous random vectors, the conditional expectation
can be calculated by means of the Bayes formula. Let’s demonstrate the idea on the familiar
grounds

EXAMPLE 3bl. Let (X,Y) be a random vector in N? with the j.p.m.f. pxy (k,m), k,m € N.
The Bayes formula from the basic course of probability tells that the conditional distribution
(or more precisely, the conditional p.m.f.) of X given Y is
) = pxy (k,m)

py (m)

_m) m _ 2k kpr(k m)

The latter is nothing but the optimal function ¢*(m) and the corresponding conditional expec-
tation is Sk (hY)
PXy
E(X|Y) kpxy (kY k .
1 = St - B

Let’s see how these formulae are obtained from the orthogonality property: we are looking for
a function g*, such that

pxly (k;m) =P(X =k[Y =m

and

E(X —g"(Y))h(Y) =0, Vh.
On one hand,

EXh(Y Zkh m)pxy (k, m)
and on the other hand,
Eg* Z g m)pxy (k,m).
Hence
E(X - g"(Y Zkh m)pxy (k,m) Zg m)pxy (k,m) =

Zh( (kaxykm prykm>

The latter expression should equal zero for any function h: this would be the case if we choose

Zk‘pxykm pryk:m 0, VYmeN,

which is precisely the Bayes formula as above:
vy 2apkpxy(k.m) 3o, kpxy (k,m)
g (m) = = :
>k pxy (k,m) py(m)

Note that any other essentially different choice of ¢g* such that (3a3) holds, is impossible, by
uniqueness of the conditional expectation. |
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Following the very same steps we can derive various other Bayes formulae:

PROPOSITION 3b2 (The discrete Bayes formula ). Let X be a discrete random vector and let
px(k), k € N be its j.p.m.f. Then for a function ¢ : R™ — R

E(o(X1, ooy X)) | Xing1 = b1y o0, Xy = kin) =

(w1, -, k) € NV (3b1)

REMARK 3b3. The conditional expectation is obtained by evaluating the function
(ks oo k) = E(@( X1, ooy X)) | X1 = kma1s oy Xn = ki),
at kpr1 := Ximat, oo kn = Xn

PRrOOF. The claim is proved by verifying the characterizing properties of the conditional ex-
pectation. First, note that the suggested candidate (3b1) is clearly a function of the coordinates
appearing in the condition. Thus it is left to establish the orthogonality property (3a3): for an
arbitrary h we should check

E(@(Xl, e X)) — 0 (Xoma1, ...,Xn))h(Xm+1, e X)) =0
To this end:

Eg*(Xm+]_, ceey Xn)h(Xm+]_, ceey Xn) =
Z G (Tt 1y ooy ) M (Tt 1, ooy X)) DX (T1, ooy ) =

T1yeesTm
Z Zkl,...,km (p(kl, ceny km)pX<kl7 krm Tm+41y -y (I}n)
Z&,...,ﬁm pX(gb "'7£m7 xm—i—h AR .’I)n>

X

Mgty ooy T )Px (X1, oy X)) =
Z Zk17”'7km O(k1y ooy km)Dx (k1y Ky Tt 1y -, Tn)
ZZ17..,7zm pX(‘gla ceey £m7 Tm41y -y :En)

h(xm+17"'a$n) Z pX(mla“'al'n) =

X

Tm+1,--Tn

> Z (k1y ooy ko )Dx (K1 oKy Tt 1 ooy T )P (Tng 1 ey T) =

Tm+1y-9In k1

> g@(xl,...,xm)h(:ﬂm+1,...,xn)px(xl,...,xn):

T1yeesTm

EQO(Xl, ceey Xm)h(Xm+1, ceey Xn),

which verifies the claim. O
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Note that
E((X1, oo, Xon) | X1 = kg1, oo, X = k) =

Z @(%1, (X3 xm)le,...,Xm\Xm+1,...,Xn (xla ooy Ty km-‘rlv EE) k?’b)a

L1y Tm

where
pX(x].a ceey l‘n)

Tl Tm pX(Il’ RXE In)
is the conditional j.p.m.f. of Xi,..., X, given X;y41,..., X5. The corresponding conditional
jm.g.f. and j.p.g.f are defined in the usual way.

pxl,..‘,Xm|Xm+1,..‘,Xn (‘Tla vy Ty Tty +o0s IDn) = Z

REMARK 3b4. In particular, for p(z) = I(X; = j), we recover the familiar expression for
conditional probabilities: e.g.

. ‘7:1: 7‘/17 .
E(I(Xl :j)|X2 = JJQ,X3 = .%'3) = pX(j 2 3) = P(Xl = j|X2 = I'Q,Xg = xg).

- > ipx (i o, x3)

EXAMPLE 3b5. Consider Y7,...,Y) from Example 2c1 with multinomial distribution. The
conditional p.m.f. of Y7, given Y} is found by means of the Bayes formula

Py, (73 9) v (T;9)
Pyipy (T3y) = =
1 () Yirvivi(hy)  pv(y)

WMP%ZG — D1~ Pk)

ﬁiy)!pi(l — pr) Y

(n—y)! pil—pr—p)" " _
zl(n—z —y)! (1 —pg)nv

n— @ (n—y)—=
<(n - y)y— x) <1 f1pk) (1 1 f11%)

for z = 0,...,n — y and zero otherwise. This is easily recognized as the Binomial distribution
Bin(p1/(1 — px),n — y). Hence e.g. the conditional expectation of Y7, given Y} is

pP1
E Y1 Yk =n—- Yk .
([0) = (n = Vi) T2
Again, note that the latter is a random variable ! |

n—xr—y

Similarly, the conditional expectation is calculated in the continuous case:

PROPOSITION 3b6 (The continuous Bayes formula). Let X be a continuous random vector
taking values in R™ with j.p.d.f. fx(x), x € R™. Then for any ¢ : R™ — R

E((p(Xl, ...,Xm)|Xm+1 = Tm+1; ,Xn = xn) =

/ P15 s T ) FX1 o Xom | Xt oo X (T w005 T3 Tt 1y oons Ty ) AT o ATy,
m

where

_ fx(x)
me fX ($)dﬂ?1d$m ’

le,...,Xleerl,...,Xn (:C:L? vy Ims Tmt1y ooy xn)
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is the conditional j.p.d.f. of X1,..., Xm, given Xmi1,...,Xn. The conditional expectation is
obtained by plugging X1, ..., Xn into the function E(«p(Xl,...,Xm)|Xm+1 = Tiptly e Xp =

).
PROOF. Similar to the discrete case

For n = 2, the latter reads

O

COROLLARY 3b7. Let X; and Xa be jointly continuous r.v.’s with the j.p.d.f. fx,x,(u,v).

Then for a function ¢ : R— R

E(p(X1)|X2) = /R () fxy ey (13 X2) s,

where
oy fxax () 0 fxx (u,0)
fX1|X2(u7U) - fXQ('U) - fR leXQ(S,’U)dS7

18 the conditional p.d.f. of X1, given Xo.
EXAMPLE 3b8. Let (X,Y) be a random vector with the p.d.f.
fxv(z,y) = (x+y)(z € (0,1))I(y € (0,1)).
Let’s calculate E(X|Y"). To apply the Bayes formula we need the marginal p.d.f. fy:

fr(y) = R(l‘ +y)I(z € (0,1)I(y € (0,1))dz = I(y € (0,1))(1/2 +y).

Hence for z,y € (0, 1), the conditional p.d.f. of X given Y is

L Ixy(zy)  wty

and zero otherwise. The conditional c.d.f. of X given Y is
* T os+uy 22/2 + yx
F Ty) = s;y)ds = s = ,
X|Y( Y) /0 fX|Y( Y) /0 y+1/2 y+1/2
Fxy(0—;y) =0 and Fxy(1;y) = 1. Further, for y € (0, 1)
THY o 1/3+y/2
y+1/2 y+1/2°

z,y € (0,1),

1 1
E(X[Y = y) = /0 ey (e y)de = /0 z

Finally, the best MSE predictor of X given Y is given by the conditional expectation:

1/3+Y/2

EXIY) =7 /2

(3b2)

What if X is neither discrete nor continuous, but e.g. of a mixed type? Pay attention, that
so far we haven’t discussed the existence of the conditional expectation in general: perhaps,
in certain situations there is no ¢g* which satisfies (3a3) ...? It turns out that the conditional
expectation exists under very mild conditions ® and, moreover, is often given by an abstract Bayes
formula. However, the actual calculation of conditional expectations can be quite involved. In

Sthe conditional expectation of X given Y exists, if e.g. E|X| < co. Note that nothing is mentioned of the

conditioning r.v. Y.
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some cases, which do not fit neither of the propositions above, the conditional expectation can
be found directly from the property (3a3). Here is an example:

EXAMPLE 3b9. Let X ~ exp(\) and Y = X, where £ ~ Ber(1/2), independent of X. We
are interested to calculate E(X|Y). Note that (X,Y’) is neither jointly continuous (since Y is
not continuous) nor jointly discrete vector (since X is continuous) and hence formally all the
Bayes formulae derived above are not applicable. In fact, using (3a3) to find E(X|Y) can be
viewed as deriving the Bayes formula for this particular situation.

We are looking for a function ¢g* : R — R, such that

E(X — ¢"(Y))h(Y) =0, Vh.

We have

EXA(Y) = EXh(EX) = EXA(EX)I(E = 0) + EXh(EX)I(€ = 1) =

EXh(0)I(€ = 0) + EXh(X)I(€ = 1) = h(O)%EX + %EXh(X) -

h(O)%% + ;/Ruh(u)fx(u)du
Similarly,

1 1
Eg"(Y)h(Y) = Eg"(€X)h(EX) = 597 (0)h(0) + 5 /Rg*(u)h(u)fx(u)du-
Hence
BUX = g (VDY) = h0) 55 + 5 [ uh(a)fx(w)d
- 3" On0) =5 [ g7 (G fx(w)du =

h(u)(u — g*(u)) fx (u)du

2 Jr
The latter equals zero for any h if we choose ¢*(0) = 1/A and ¢*(u) = u for u # 0. Hence
0
E(X|Y = u) = {11‘ u#
xou=

and
E(X|)Y)=YI(Y #0)+ %I(Y =0).

The latter confirms the intuition: it is optimal predict X by the value of Y, whenever it is not 0,
and predict EX = % when Y =0 (i.e. when Y doesn’t tell anything about X ). Think, however,
how could you possibly get this answer by means of the Bayes formulae derived above ...7! N

c. Conditioning of Gaussian vectors

Of a particular importance and simplicity are the formulae for conditional expectation for
Gaussian random vectors.
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PROPOSITION 3cl (Normal Correlation Theorem). Let X be a Gaussian r.v. in R? as in
Definition 2b6. Then fx,|x,(z1;72) is Gaussian with the (conditional) mean:

g
E(X1|Xe = x2) = pu1 + %(m — 112)

and the (conditional) variance:
var(X1| Xy = z9) = o3 (1 — p?).

REMARK 3c2. In the Gaussian case the optimal predictor is a linear function of the condi-
tion and the conditional variance does not depend on the condition at all. These remarkable
properties make the Gaussian vectors very special in statistics.

PROOF. Direct application of the Bayes formula (3b2) to the Gaussian j.p.d.f. fx(z). O
Here is how the formulae look like in the general multivariate case:

PROPOSITION 3c3. Let (X,Y) be a Gaussian vector with values in R¥T™  where the first k
coordinates are denoted by X and the rest n—m coordinates are denoted by Y. Let p = (pux, py)
be the expectation vector and the covariance matriz

g_ [ Sx Sxv
Syx Sy
Assume that Sy is nonsingular. Then the conditional distribution of X given Y is Gaussian
with the mean

E(X]Y) = px + Sxy Sy (Y — py)
and the covariance
COV(X|Y) =Sx — Sxys;lsyx.

PROOF. (a direct tedious calculation) O

d. Properties

Not less important than the computational techniques of the conditional expectation, are
its properties listed below.

ProrosiTION 3d1. Let X,Y, Z be random vectors, a,b be real constants and v, ¢ functions
with appropriate domains of definition
(1) linearity:
E(aX +b0Y|Z) = aE(X|Z) + DE(Y|Z).

2) X>Y =— EX|Z)>EY|2)
(3) E(E(X|Y, Z)|Z) — E(X|2)

(4) E(E(X|Z)|Y, Z) — E(X|2)

(5) E(X|a) = EX

(6) EE(X|Y) = EX

(7) E(c]Y)=¢

(8) E(e(X)p(Y)[Y) = ¥ (Y)E(o(X)[Y)
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(9) if X and Y are independent, then
BU(XY)IY) = [ vla,Y)dFx(2)

Proor. All the properties are conveniently checked by applying the characterization by
3ad).
( )(1) Clearly aE(X|Z)+bE(Y|Z) is a legitimate candidate for E(aX +bY|Z) as it is a function

of Z. Let h be an arbitrary function, then
E(aX +OY — aE(X|Z) - bE(Y\Z))h(Z) -
aE (X - IE(X|Z)> h(Z) + bE (Y - E(Y\Z))h(Z) =0,

where we used linearity of the expectation 2a2 in the first equality and (3a3), applied
to E(X|Z) and E(Y|Z) individually.

(2) by linearity, it is enough to show that £ > 0 implies E(¢|Z) > 0 (with £ = X —Y).
Note that

(€ —E(£12)1(E(§]2) < 0) =
¢I(E(€)Z) < 0) — E(E|2)I(E(£]2) < 0) > ¢I(E(£]Z) < 0) >0,

where we used £ > 0 in the latter inequality. On the other hand, by the orthogonality
property (3a3),

E(¢ — E(¢]2))1(E(¢]2) < 0) = 0,
and hence with probability one

(6 —E(£]2))1(E(]2) <0) =0,

- E(¢2)1(E(¢]2) < 0) = €I(E(¢]2) < 0) > 0.
But then

E(¢]2) = E(6|2)I (E(€2) > 0) + E(¢]2)I (E(€]2) < 0) > 0,
as claimed.

(3) we have to check that
E(E(X\Y, Z) - E(X]Z))h(Z) =0
for an arbitrary h. Indeed,
E(E(X]Y, 2) - X + X ~ E(X|2))h(Z) =
IE(E(X|Y, Z) - X)h(Z) + E(X - E(X\Z))h(Z) —0,

where we applied (3a3) to each term separately (note that h(Z) can be seen as a
function of (Z,Y)).
(4) holds since E(X|Z) is a function of (X,Y) and certainly

E(E(X\Z) - ]E(X]Z))h(Z, Y) = 0.



D. PROPERTIES 45

(5) holds since
E(X — EX)h(a) =0
for an arbitrary h.
(6) follows from E(X —E(X|Y))h(Y) =0 for h(y) :=1
(7) E(c—c)h(Y) =0 for all h
(8) By (3a3)

E(6(X)0(Y) = p(Y)E@X)IV) ) h(Y) = E(9(X) ~ B(S(X)[Y) ) (Y )h(Y) =0,

and the claim follows from (3a3) by arbitrariness of h.
(9) (straightforward)
O
REMARK 3d2. Some of the properties are intuitive, in view of the optimality property (3a2)

of the conditional expectation. For example, the best guess of a deterministic constant given
anything is the constant itself (this choice yields zero MSE), which is the claim in (7).

REMARK 3d3. Verifying the above properties by means of the Bayes formulae is more cum-
bersome (if at all possible): try e.g. to check (3).

REMARK 3d4. As follows from the proofs, conditioning with respect to an arbitrary number
of random variables enjoys the same properties.

These properties play the central role in calculations involving the conditional expectations.
Here is one cute application:

ExaMPLE 3d5. Let Xi,..., X, be ii.d. r.v. (not necessarily continuous or discrete!) and
Sp =Y i1 X;. We would like to calculate E(X1|Sy). To this end, note that

S =E(SnlSn) = > E(Xi|Sy).
=1

Set Sp\i = 2., X; and notice that X; and S,,; are independent (why?) and S,\; and Sy, ;
have the same distribution (as X;’s are identically distributed). Then for a bounded function h
and any 1,

EX;h(Sn) = EX;h(Sp\, + Xi) = / zh(s + x)dFx,(z)dFs,, () =
R

/Rxh(s + 2)dFx, (z)dFs,,, (s) = EX1h(Sh)

and, consequently,
E(X; — E(X1|50))h(Sn) = E(X1 — E(X1]Sn))h(Sy) =0
which implies that E(X;|S,) = E(X1]S,) by (3a3). Hence
Sn =Y E(X;|S,) = nE(X1]S,)

i=1
and E(X1|S,) = Sy, /n. [ |
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EXAMPLE 3d6. Let X7, X9 and X3 be i.i.d N(0,1) r.v’s and let
_ X1+ XoX3

VI+XZ
We would like to find the distribution of Y.
Since (X1, X2, X3) is a Gaussian vector, the conditional distribution of (X1, X2), given X3
is also Gaussian with the (conditional) mean

E(X1|X3)\ _ (EXi) _ (0
E(X2|X3)) \EX2) \0)’
where we used the independence of X; and X3, and Xs and X3. The conditional covariance

matrix of (X7, X2) given X3 is

Var(X1|X3) COV(Xl,X2|X3) - V&I‘(Xl) COV(Xl,X2|X3) o 1 0
COV(Xl,XQIXg) V&I‘(X2|X3) - COV(Xl,X2|X3) V&I‘(Xz) - 0o 1)’

where we again used independence of X7 and X3, and X5 and X3 to conclude that e.g.
2 2
var(X1|X3) = E(X7|X3) — (E(X1]X3))” = E(X?) — (EX4)” = var(Xy)
and independence of (X7, Xo, X3) to get

Y:

COV(Xl,X2|X3) = E(X1X2|X3) — E(XﬂXg)E(XﬂXg) =
EXlXQ — EXl]EXQ = COV(Xl,XQ) =0.

To recap, the conditional distribution of (X7, X2) given X3 is Gaussian with zero mean and unit
covariance matrix. Hence

X XX
My (t) =E exp(tY) = Eexp (tw) _

V1+ X3
X1+ Xo X
EE<eXp (tm>‘X3> =
V1+ X3
1 X3
EE( ex (tX 7)‘)( >E<ex (tX 7)‘)( > -
< P g/ )\ P U ) 1
1 1 1, X2
E <7t2 (42 3 ) _
=P 1+X§>6Xp 2 1+ X2
1 1 1, X2 1 1
E <7t2 “42 23 ) ~E (42) - <7t2>.
BT i “PRT) TP
The latter is identified as the m.g.f. of an N(0,1) r.v. [ |

EXAMPLE 3d7. Consider X from Example 2b13 and suppose that 6 is a random variable on
[0,27] (rather than a deterministic angle) with arbitrary distribution, independent of X. For
t € R?,

E exp {tU(e)X} - EE(exp {tU(e)X}w).
By the property 9,

E((exp {tU(0)X }10) = exp {TUOUT Ot} = exp(|t]*).
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and hence
Eexp {tU(0)X | = exp(|¢]]%),

which means that the standard Gaussian distribution is invariant under independent random
rotations. u

REMARK 3d8. Let (X,Y) be a continuous random vector. What do we mean by P(X €
[1,2]]Y = 5) ..7 Certainly this cannot be interpreted as the conditional probability of the
event A = {X € [1,2]}, given the event B = {Y = 5}, since P(B) = 0 and thus P(A|B) =
P(AN B)/P(B) = 0/0 is not well defined ! One natural way to deal with this is to define
P(X € [1,2]|]Y = 5) by the limit

PX e L2l =5) = I ——pr5— 5=

This approach actually works when X and Y are random variable taking real values, and yielding
the aforementioned Bayes formulae. This approach, however, has serious disadvantages: (1) it
doesn’t work in a greater generality ¢ and, more importantly for this course, it is not easy to
derive the properties of the obtained object.

The standard modern approach is through conditional expectation: by definition, P(X €
[1,2]]Y) = E(I(X € [1, 2])‘Y) and the latter makes perfect sense: it is the essentially unique
random variable, which is defined either by (3a2) or equivalently by (3a3). Moreover, P(X €
[1,2]]Y = u), u € R is the function (called ¢*(u) above), which realizes the conditional expecta-
tion.

The following example is an illuminating manifestation”

EXAMPLE 3d9. Let U and V be ii.d. r.v.’s with uniform distribution over the interval
(0,1). Define D :=U —V and R := U/V. We shall calculate E(U|D) and E(U|R) by the Bayes
formulae. To this end, that the random vector (U, D) has the joint density

fup(z,y) = fu(x)fv(z —y) =I(z € [0,1)I(x —y € [0,1]), x€(0,1), ye (—1,1)
and the p.d.f. of D is given by
1 1
o) = [ fon(epde = [ ra—ye 0 1)dr =1~
0
Hence by the Bayes formula

Jy #fup(z, D)dz _ [o wl(z — D € [0,1))da
fp(D) 1—|D|

1
1—|D
6paurticularly, for random processes, etc.
7a folklore example, communicated to the author by Y.Ritov

E(U|D) =

(D+1)% De(-1,0]

1
=-(1+D).
—-iD* Del0,1) 5 )

D= D=
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To find E(U|R) we shall use the orthogonality characterization. To this end, for a bounded

function h
& x
ac(/x h(z);dz)dx =

EUh(R):/le</01 h(x/y)dy)dm:/o

/000 h(g);(/omz ﬁdx)dz = /OOO h(z)zlﬁé(l A Z)?’dz.

1

Similarly,
BRI = /01 /01 9" (x/y)h(x /y)dydz =
/OOO g*(z)h(z)lz(/olAz xd$>d2 - /OOO g*(z)h(z)%%(l A z)2dz.

z z

Hence the requirement

E(U — g*(R))h(R) =0, Vh
is met by the choice
(= SEA 2,
z) = == z),
g Iinz2 3
i.e. 5
E(U|R) = 5(1 A R).
Consequently,
2
E{U|D=0)=1/2, and E(U|R=1)= 3

This may seem counterintuitive, since {R = 1} = {D = 0} = {U = V'}, but we shall predict U
differently on {R = 1} and {D = 0}! This is no paradox, since we measure the quality of the
prediction of U by the mean square error and not the individual errors for particular realization
of R or D. In fact, for an arbitrary number a € R,

E(U|D) = {;(1+D>, D#0

, with prob. 1,
a, D=0

and hence comparing E(U|D) and E(U|R) for individual realizations of U and R is meaningless.

To get an additional insight into the mysterious numbers 1/2 and 2/3, explore the limits
lim EUI(|D|<e) 1 and  lim EUI(JR—-1|<e) 2
—_ = i =-.
e—0 P(|D| S&) 27 e—0 P(‘R—H SS) 3

Geometrically, the first limit suggests to calculate the area of the linear strip
{($,y) € (071) X (O? 1) : |33—y| < 8},

whose “center of mass” is at its mid point, corresponding to 1/2, while the second limit has to
do with the area of the sector

{(z,y) € (0,1) x (0,1) : |z/y — 1] <&},

whose “center of mass” is shifted towards the “thick” end, yielding 2/3.
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Exercises

PROBLEM 3.1. Find Fx |y (%;y), fx|v(7;y), Fy|x(y; ) and fy|x (y; ) for the random vector
from Problem 2.3

PROBLEM 3.2. Let (X, Y') be a random vector, such that E(Y|X = z) is in fact not a function
of x. Show that var(Y) = Evar(Y|X).

PROBLEM 3.3 (The law of total variance). For a pair of random variables X and Y, show
that
var(X) = Evar(X1Y) 4+ var(E(X|Y)),
if EX? < oo.

PROBLEM 3.4. Let X ~ U([0,1]) and suppose that the conditional law of Y given X is
binomial Bin(n, X).
(1) Calculate EY
(2) Find the p.m.f. of Y for n =2
(3) Generalize to n > 2 (Leave your answer in terms of the so called S-function:

1
B(a,b) = /0 271 — )b,

_ (a—D)!(b—1)!

which reduces to 8(a,b) = CE] for integer a and b)

PROBLEM 3.5. Let X, Y be a random variables with finite second moments and var(Y") > 0.
Show that

2(X,Y
E(Y — aX — b)? > var(X) - 2 KY) g
var(Y')
and that the minimum is attained by the optimal linear predictor:
o= YY) e px Y.
var(Y')

Explain how the latter can be used to predict X, given Y.

PROBLEM 3.6. Alice wants to transmit a message to Bob via a noisy communication channel.
Let X be Alice’s message and assume that it is a symmetric Bernoulli r.v. Bob gets Y = X + 7
at the output of the channel, where Z ~ N(0,1), independent of X.

(1) Find the optimal linear predictor X of X given Y. Calculate the expectation of the
error X — X and the MSE E(X — X)2. Suppose that Alice sent 1 and Bob obtained

1/2: what guess would Bob generate by the linear predictor 7
(2) Find the joint probability law of (X,Y). Is (X,Y) a Gaussian r.v. ?
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(3) Find the optimal predictor X of X given Y, among the nonlinear predictors of the form
$(Y) for some function ¢. Calculate the expectation of the error X — X and the MSE
E(X — X )2. Suppose that Alice sent 1 and Bob obtained 1/2: what guess would Bob
generate by the linear predictor ?

PROBLEM 3.7. Answer the question from the previous problem, assuming X ~ N(1/2,1/4)
(instead of X ~ Ber(1/2)).

PROBLEM 3.8. Let (X,Y) be a Gaussian vector in R? with the parameters j1x = 5, uy = 10,
ox =1,0y =5.
(1) Find p(X,Y) if p(X,Y) >0 and P(4 < Y < 16/X = 5) = 0.954...
(2) If p(X,Y) =0, find P(X +Y < 16)

PROBLEM 3.9. Let (X,Y) be a Gaussian vector with the parameters ,um,,uy,ag(,o%,p

(1) Is E(X]Y) a Gaussian r.v. ? Find its mean and variance
(2) Is (X,E(X]Y) a Gaussian vector ? Find its mean and covariance matrix.
(3) Calculate E(E(X|Y)|X)
(4) Calculate E(X|[E(X|Y))
Hint: remember that E(X]Y) is a linear function of YV

PROBLEM 3.10. Let X ~ U([0,1]) and Y = XI(X > 1/2). Find E(X|Y).

PrROBLEM 3.11. n ii.d. experiments with the success probability p > 0 are performed. Let
X be the number of successes in the n experiments and Y be the number of successes in the
first m experiments (of course, m < n).
(1) Find the j.p.m.f of (X,Y)
(2) Calculate the conditional p.m.f of Y, given X and identify it as one of the standard
p.m.f.’s

PROBLEM 3.12. (*) Let X be a r.v. with the p.d.f. f(z) and let Y := ¢g(X), where g is
a piecewise strictly monotonous differentiable function (so that the set of roots g~ 1(y) = {= :
g(x) =y} is a finite or countable set). Prove that the conditional law of X, given Y, is discrete
and its p.m.f. is given by:

oy @/l@) o
PE =) = S reger "€ W)

where ¢’ is the derivative of g. Think what changes if g has zero derivative on a nonempty
interval ...7

PROBLEM 3.13. Let X ~ Exp(\) with A > 0 and set Z = I(X > s) for some s > 0.
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(1) Find the conditional law of X, given Z
(2) Calculate E(X|Z2)

PrROBLEM 3.14. Consider the j.p.d.f.
1
fxy(z,y) = ge—f/ye—% € (0,00))I(y € (0,00)).

(1) Find fy(y) and identify it with one of the standard p.d.f.’s (Hint: no calculation is
required)

(2) Find fx|y(7;y) and identify it with one of the standard p.d.f.’s (Hint: no calculation
is required) Find E(X|Y")

(3) Verify that fxy is indeed a j.p.d.f.

(4) Are X and Y independent ?

ProOBLEM 3.15. Consider the j.p.d.f.
fxv(z,y) = nyI((a:,y) € A), A={(z,y) € RZ:0<z<2y< 2}
(1) Find fx,fy, fx)y and fy|x
(2) Find E(Y|X) and E(X|Y)
(3) Find var(X), E(X?|Y) and var(X|Y) := IE((X - E(X|Y))2\Y)
(4) Calculate cov(X,Y)

PrROBLEM 3.16. Let X and Y be real valued r.v.’s and ¢ a R — R function.
(1) Show that E(X|Y) = E(X|¢(Y)), if ¢ is one-to-one
(2) Give an example of XY and ¢ so that the claim in (1) fails to hold






CHAPTER 4

Transformations of random vectors

Let X be a random vector in R™ with known distribution. Then for a function g : R"™ — R™,
Y := ¢g(X) is a random vector. How can we deduce the distribution of Y (in any convenient
form, e.g. p.d.f., p.m.f. etc.) ? Such question arises for example if we are able to sample from
one distribution and would like to obtain a sample from another. Another typical application is
when we form an estimate of a parameter from a sample of large dimension and would like to
have a compact probabilistic description of our estimator.

The answer to this question in general can be quite complicated, and we shall focus on a
number of simple, but frequently encountered situations.

a. R +— R transformations
Let’s explore the possible situations through a number of simple examples

EXAMPLE 4al. Let X ~ U([0,1]) and Y = I(X < 1/2) (i.e. g(z) = I(x < 1/2)). Clearly
Y ~ Ber(p) where
p=P(Y =1)=P(X <1/2) = 1/2.
[ |

This example demonstrates how a discrete r.v. is obtained from a continuous r.v. if g takes
a countable (or finite) number of values. Here is a generalization:

PROPOSITION 4a2. Let p(k) be a p.m.f (supported on integers) and X ~ U([0,1]), then
k
Y::min{kZO : Zpi EX}
i=0

has p.m.f. p(k).

PROOF.
J i o 2() J i
Py =) =P(Yp() > XY < X) = /Z | =200 =300 =20)
i=0 i=0 i=0 P\ i=0 i=0

Can we get a continuous r.v. from a discrete one ? Obviously not:
PROPOSITION 4a3. Let X be a r.v. with p.m.f. px and g : R — R, then Y = g(X) is
discrete, and
py(@)= > px()
J:g(x)=yi

53
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PROOF. Let {z1,z2,...} be the set of values of X, then Y takes values in the discrete set
{9(z1), g(x2),...}. Moreover,

py (i) =P(Y =y;) = P(X € {z; : g(xj) = yi}) =

P U {(X=ua,} | = px(4)

z;:9(T5)=y; J:g(z5)=y;

Here is a particular, but important, example of a different flavor:

PROPOSITION 4a4. Let F' and G be continuous and strictly increasing c.d.f’s and let X be a
r.v. sampled from F, then U = F(X) has uniform distribution on [0,1] and Y := G (Fx (X))
is a sample from G.

PrOOF. If X is a r.v. with a strictly increasing c.d.f. F(x), then for U := F(X)
PU<z)=PF(X)<2)=P(X<F'2)=FF ') =2, z¢cl0,1]

and F(0—) =0and F(z) =1,z > 1.
Further, if U is a r.v. with uniform distribution on [0, 1] and G(z) is a strictly increasing
continuous c.d.f., then

G(v)
P(Y <v)=P(G 1 (U) <v) =PU < G(v)) = / ds = G(v).
0

O

REMARK 4a5. The typical application of this Proposition 4a4 is the following: suppose we
can generate r.v. X with a particular distribution F'x (e.g. uniform or normal etc.) and we want
to generate r.v. Y with a different distribution Fy. If Fx and Fy satisfy the above conditions,
this can be done by setting Y := Fy,' (Fx(X)).

Let’s now consider the setting, when a r.v. with p.d.f. is mapped by a differentiable one-to-
one function g:

PROPOSITION 4a6. Let X be a r.v. with p.d.f. fx(x) and let Y = g(X), where g is a

differentiable and strictly monotonous function on the interior' of the support of fx. ThenY
has the p.d.f.

o = Xl @)
fY( ) - ‘g’(g‘l(v))}’ € R.
PROOF. Suppose g increases, then
Fy(v) =P(Y <v) =P(g(X) <v) =P(X < g7 '(v)) = Fx(9~'(v)), (4al)

IRecall that the interior of a subset A C R, denoted by A°, is the set of all internal points of A, whereas a
point x € A is internal, if there is an open interval V,, such that z € V,, C A. For example, 0.5 is an interval
point of [0,1), while 0 and 1 are not.
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where the last equality follows from the strict monotonicity of g. Since g is invertible, i.e.
g(g7(z)) = z, z € R and as ¢ is differentiable and strictly increasing, taking derivative of the

latter identity we get ¢'(g~!(z)) %g_l(x) =1 and hence

L@ =o' (o @)

Now differentiating (4al) w.r.t. v, we get

d _ _ -1

Jy(v) = 2= Fy(v) = fx (g ) [g' (9™ )]
Notice that the latter expression is indeed positive as it should be. For strictly decreasing g we
get the same answer with minus (so that the obtained expression is again positive). O

EXAMPLE 4a7. Let X ~ U([0,1]), i.e. fx(x)=I(z € [0,1]) and define Y = 1/X. Note that
the function g(x) = 1/x is strictly decreasing and differentiable on (0,1). Moreover, ¢'(z) =
(1/z) = —1/2? and g~ '(v) = 1/v, v € (1,00), hence

1 _ 1
fy(v) = ﬁf(g L)y e(o,1]) = ﬁl(v > 1).
Check e.g. that [° fy(v)dv =1 and EY = oo. [ |

The following generalizes the latter proposition to the setting, when the transformation g is
only piecewise monotone

PROPOSITION 4a8. Let X be a r.v. with p.d.f fx(x) and g is a function of the form
m
g(x) = ZI(.T € Ai)gi(z), m=>1
i=1
where A;, i = 1,...,m are pairwise disjoint intervals partitioning the support of fx, and where

gi(z) are differentiable and strictly monotonous® functions on AS (the interiors of A;) respec-
tively. Then' Y = g(X) has the p.d.f.

Z(;ng )(g L(v) € A9), veUAO (4a2)

REMARK 4a9. Note that Proposition 4a6 is a particular case of the latter proposition, cor-
responding to m = 1, i.e when g is monotonous on all the support.

REMARK 4al0. Note that fy in (4a2) remains undefined outside the open set UjL; A7, which
consists of a finite number of points. At these points fy can be defined arbitrarily without
affecting any probability calculations, it is involved in (why?)

PROOF. Since g; is a monotonous function and A; is an interval, say A; := [a;, b;], the image
of A; under g; is the interval [g;(a;), gi(b;)], if g; increases and [g(b;), g(a;)], if g decreases. For a
fixed ¢ and v € R, consider the quantity

]P)(Y <v,X € Al) = P(gZ(X) <v,X € AZ),

2for simplicity, we shall assume that g’(z) > 0, if g is increasing and ¢’(z) < 0 if it is decreasing, for all z € R
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and suppose for definiteness that g; increases on A;. Then

0 v < g(a;)
P(Y <v,X € A) = fg x)dxr v € (g( i)s g(bi))
P(X € A ) v > g(bi)

and hence

dv otherwise

Apy <o, X €Ay = {gX(gil(“))i%l(”) v e (g(ar),g(b:)) _

Fxlo @) g @)] T v e (olar),ab)

0 otherwise

Similar non-negative expression is obtained, if g; decreases on A;. The claimed formula now
follows from the total probability decomposition:

P(Y <v)=) PY <v,X € 4)

O

EXAMPLE 4all. In many cases it is convenient to bypass the general formula and act directly.
Let X ~ N(0,1) and let Y = X?. Then obviously P(Y < v) =0 if v < 0 and for v > 0

Fy(v) =P(Y <v) =P(X* <v) =P(X > Vv, X < V) = Fx(vv) = Fx(—v").

Differentiating w.r.t v we get

(o) =GP (W) = FoV0)g 7=+ (Vi) g =
Now with fx(z) = \/%76_””2/2 we obtain:
L v) = L. e 21 (v a

Now let’s get the same answer by applying the general recipe from the last proposition. The
function g(x) = x? is decreasing on (—oo0, 0] and increasing on (0,00) (note that inclusion of
{0} to either intervals is not essential, since we deal only with the interiors of A;’s). We have
g7 (v) = —/v and g5 ' (v) = Vv and gi(x) = 22. For v < 0, fy(v) = 0 since v does not belong
neither to g(A4;) = [0, 00) nor to g(Az2) = (0,00). For v > 0 the formula yields

fy(v) = fX(—\f)ﬁI(U € (0,00)) + fx(f)vf(v € (0,00)),

which is the same p.d.f. as in (4a3). [
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b. Some special R"” — R transformations
min and max.

PROPOSITION 4bl. Let (X1,...,Xy) be id.d. r.v. with common c.d.f F' and let Xy =
min(Xy, ..., Xp) and X(,) := max(Xy, ..., Xp). Then

Fx,, (@) = (@), Fx, (@) =1- (1 - F(x))n.
If F has p.d.f. f, then
P (@) = nf @ F" (@), fx (@) =nf(2)(1- F())

Proor. We have

n—1

Fx,, (@) =P(X( <a) =P(X1 < 2,.., X, < 2) = [[P(X; <2) =P*(Xy < z) = F*(a),
=1

and

1 Fx,, (z) = P(X) > ) = P(X1 > ..., Xp > @) = HIP’(XZ- > 1) = (1 _ F(z))"_

The expressions for the corresponding p.d.f.’s are obtained by differentiating. O
EXAMPLE 4b2. Let Xy ~ U([0,1]), i.e. f(z)=I(x € [0,1]). Then by the above formulae
fx (@) = naz" I (z €[0,1])

and
-1
me(m) = n(l — :E)n I(z €]0,1]).
Note that the p.d.f. of min concentrates around 0, while p.d.f. of max is more concentrated
around 1 (think why).

Sum.

PROPOSITION 4b3. For a pair of real valued random variables X and Y with the joint p.d.f.
fxy(z,y), the sum S = X +Y has the p.d.f., given by the convolution integral

fS(U):/RfXY(%U—‘T)dw:/foy(u—x,x)dx.

Proor. For u € R

P(S<u)=PX+Y <u) :// I(s+t<u)fxy(s,t)dsdt =
R2

/R(/RI<S§u_t)fXY(S’t)dS)dt:/R(/totfxy(s,t)d8>dt:
/R</—1;o Txy (s *t’t)d‘S/)dt = /_1;0 (/RfXY(S’ *t,t)dt)dsl.

Taking the derivative w.r.t. u, we obtain the claimed formula. O
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REMARK 4b4. If X and Y take integer values, S = X 4+ Y is an integer valued r.v. with the
p.m.f. given by the convolution

ps(k) = pxy(k—m,m).

REMARK 4b5. If X and Y are iid. with common p.d.f. f (or p.m.f), then fg(u) =
f]R u—x,x)dx =: f* f. By induction, if X1, ..., X,, are i.i.d. fg = f*" is the n-fold convolution

of f.

EXAMPLE 4b6. Let X and Y be iid. r.v. with common uniform distribution U([0, 1]).
Then

fs(u) = /RI(u —z € (0,1)I(z € (0,1))dz =

1 1
/OI(u—xE(O,l))dm:/o I(z € (u—1,u))dz.

If u <0, then (u—1,u)N(0,1) = @ and hence the integral is zero. If u € [0,1), (u—1,u)N(0,1) =
(0,u) and the integral yields uw. If uw € [1,2), then (v —1,u) N (0,1) = (v —1,1) and the integral
gives 2 — u. Finally, for u > 2, (u — 1,u) N (0,1) = () and the integral is zero again. Hence we
get:

Fs(w) = (1= Ju— 1) I(u € [0,2)).

Calculating the convolution integral (sum) can be tedious. Sometimes it is easier to tackle
the problem by means of the m.g.f.:

PROPOSITION 4b7. Let Xy,..., X, be i.i.d. r.v. with the common m.g.f M(t). Then S =
Yoy Xi has the m.g.f.
Mg (t) = M"(t).

PROOF.

Mg(t) = EeSt = Be2oim Xit EHeX it HEeXt (EeX)" = M™(t),

where we used independence and identical d1str1but10n of X;’s. [l

REMARK 4b8. Similarly, if X is a discrete r.v. with p.g.f. Gx(s), the sum S is also discrete
with the p.g.f. Gg(s) = G'%(s).

In many cases M"(t) can be identified with some standard known m.g.f. Here are some
examples:

EXAMPLE 4b9. Let X; ~ Ber(p). Then
Gs(s) = (ps+1—p)".

Hence
ps(0) = Gs(0) = (1 —p)"
ps(1) = G's(0) = np(ps + 1 —p)ﬁ;t =np(1—p)" !
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which recovers the familiar Bin(n, p).
EXAMPLE 4b10. Let X; ~ Poi(\). The corresponding m.g.f. is
M(t) = exp {A(e' — 1)}.
Hence
Mg(t) = M™(t) = exp {n\(e" — 1)},
which is recognized as the m.g.f. of the Poisson distribution Poi(n)). Hence S ~ Poi(n\).
Similarly, if Xy, ..., X,, are independent r.v. with X; ~ Poi(};), then S ~ Poi( > )\i)

ExamMpLE 4bl1l. If X, ..., X,, are independent Gaussian random variables X; ~ N (u;, Z2)
then S ~ N> pi, >, 02) (Whlch can also be deduced from the fact that Gaussian distribution
in R” is stable under linear transformations).

c. Differentiable R"™ — R"™ transformations

Let X = (X1,..., X;,) be a random vector with j.p.d.f fx(z), z € R™ and let g : R — R" be
a given function. The following proposition gives the formula for the j.p.d.f. of Y = g(X) for
appropriate g’s.

PROPOSITION 4cl. Let Xi,...,X,, be a random vector with continuous joint p.d.f. fx(x),
x € R™. Denote by D the support of fx in R™:

D:=cl{z eR": fx(z) > 0},

and consider a function® g : D — R™. Suppose that there are pairwise disjoint subsets D;,
i=1,...,m, such that the set D\ U™, D; has probability zero:

[/ oy D=0

and the function g is one-to-one on all D;’s. Let g;l be the inverse of g on D; and define the
corresponding Jacobians

651911 (y) Ggggzl (y) ayngzll(y)
Jz(y) = det Byl gZQ (y) 8y2'gl2 (y) 8yng12 (y) , Yy c Di’ i = 1’ .
o) —1 o) —1 o) —1

Assume that all the partial derivatives above are continuous on* g(D;)’s and J;(y) # 0 for all
y € g(Dy), for alli=1,...,m. Then

Z\J Wix (g7 (), y € Uig(Di).

PROOF. A change of variable for n-fold integrals (tools from n-variate calculus). O

3the domain of g might differ from D by a set of points in R™ with zero probability - see the examples below.
4for a subset C C R™ and a function h : R” — R, g(C) denotes the image of C under g, i.e. g(C) 1= {9(z),z €
C}
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REMARK 4c2. Pay attention that for n = 1, the latter reduces to the claim of Proposition
4a8.

EXAMPLE 4c3. Let X and X5 be i.i.d. r.v. with N(0,1) distribution. We would like to find
the j.p.d.f. of Y1 = Xj 4+ X5 and Y2 = X;/X5. In terms of the ingredients of the proposition,

fx(x) = %e‘x%ﬂ_w%ﬂ, z € R, D = R? and g(z) = (z1 + 72,21 /22) : R? — R2 Note that
the domain of g is R?\ {(z1,22) € R : x5 = 0}, i.e. g is defined on the plane off the line
a := {xg = 0} (which has probability zero). The inverse function can be found from the system
of equations

Y1 =1+ T2

Y2 = x1/72
These yield 1 = yoxo and y; = (y2 + 1)z2. If y2 # —1, then

xo =y1/(y2 + 1)
1 = Yoyo/(y2 + 1).

If yo = —1, i.e. 1 = —x9, then y; = 0: the whole line ¢ := {(z1,z2) : x1 = —x2} is mapped to
a single point (0, —1). Hence g is invertible on R? \ (¢ U a) with

g7 W) = (mwe/ (2 + Do/ + 1)),

Since [, fx(x)dz = 0, the natural choice of the partition is just Dy = R? \ ({ U @) and gi(y) :=
g(y). The range of D; under ¢; is R\ {(0,—1)}. Let’s calculate the Jacobian:

J = det (691_1@) 32/291_1(@/)> — det (%ylyg/(yg +1) v/ (v + 1))

oy1
Lol oy (v) Dy +1) /(g + 1)

ya/(y2 +1)  y1/(1+y2)? ) 3 3 1
det S + 13—y /(A4 = —
(o) Ll ) = -/ 0 =/ = 220
Now we are prepared to apply the formula: for y € R\ (0, —1)
) = 1T fx(g () =
a1 { 1 ( 2 1 2
e~ 0) K1)
(1+y2)? 27 P 2 v/ (y2 + )) 2 yi/(y2 +1)
il {_1y?(y§+1)}
2m(1 + y2)? 2 (yo+1)2 J°
One can check that the Y7 marginal is N(0,2). Let’s calculate the Y5 marginal p.d.f.:
|1 lyi(ys +1)
Fra(y2) /Rfylyz (y1,y2)dy1 /R 27+ 92)? eXp{ 2 (4 £ 1)2 } Y1
1 > L2y +1 11
22/ y1exp{—fw2)}dy1:...:—72,
2r(1+y2)* Jo 2 (y2+1) 14 y;

i.e. Y5 has standard Cauchy distribution. |
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Exercises

PROBLEM 4.1. Let Fxy (u,v), u,v € R? be a continuous j.c.d.f., such that both v — Fy (v)
and u — Fyy(u;v), v € R are strictly increasing. Suggest a way to produce a sample from
Fxy, given a sample of i.i.d. r.v’s U and V with uniform distribution on [0, 1].

PROBLEM 4.2. Let X4q,..., X, be i.i.d. random variables with the common distribution F'.
Let X(1), ..., X(n) be the permutation of X1,..., X;,, such that X(;) < ... < X(,,). X3 is called
the i-th order statistic of X1, ..., X,.

(1) Show that the c.d.f. of X; is given by
Fx,(x) =Y F(x)(1-F(z))"™.
j=i
(2) Show that if F" has the p.d.f. f, then X(;) has the p.d.f.

n! . .

" 0 F i—1 1—F n—i )

@ T - F@) T @)

(3) Discuss the cases i = 1 and i = n.

(4) Assuming that F" has the p.d.f. f, show that X := (X(y), ..., X() has the j.p.d.f. given
by

fX(i) (l’) =

! [y f(2), 21 <. <y
fe) = {O otherwise
Hint: define the sets S;, i =1, ..., n!,

Spi={zeR" iz <z3<..<zp}
So={reR":x9 <21 < ... <y}

and so on. Use the Jacobian formula.

PROBLEM 4.3. Let X and Y ber.v. and define 7 = X — Y.

(1) Find the p.d.f. of X, assuming that (X,Y’) has j.p.d.f.
(2) Find the p.m.f. of X, assuming that (X,Y’) has j.p.m.f.

PROBLEM 4.4. Find the p.df. of Z = X/Y, if X and Y are r.v. with j.p.d.f. f(z,y),
(z,y) € R?



62 4. TRANSFORMATIONS OF RANDOM VECTORS

PROBLEM 4.5. Let X ~ N(0,0?) and Y ~ N(0,02) be independent r.v. Show that the p.d.f.
of Z = X/Y is Cauchy:
1
f2@) = T e
and find the corresponding scaling parameter +. B
Hint: Introduce X = X/oy and Y = Y /o9, show that X /Y has standard Cauchy density
(i.e. with v = 1) and deduce the claim

T €R,

PROBLEM 4.6. Let X1, ..., X,, beii.d. r.v. with the common exponential distribution of rate
A> 0.
(1) Show that X(;) = min(X4, ..., X;,) has exponential distribution and find its rate.
(2) Show that S =>"" , X; has I distribution and find its parameters

PROBLEM 4.7. Let X and Y be i.i.d. standard Gaussian r.v. Define R := VX2 + Y2, the
distance of the random point (X,Y’) from the origin and ¢ := arctan(Y/X), the angle formed
by the vector (X,Y’) and the z-axis.

(1) Prove that R and ¢ are independent, ¢ ~ U([0,27]) and R has the Rayleigh p.d.f.:
fr(z) = re_rz/QI(r >0).
Hint: the function g(z,y) = (y/2%+ y?,arctan(y/z)) is invertible and its inverse is
given by
g7 (r,¢) = (reosg,rsing), (r,¢) € Ry x [0,2m)
(2) Let R and ¢ be independent r.v. with Rayleigh and U([0, 7]) distributions. Show that

(X,Y) are i.i.d. standard Gaussian r.v.
Hint: the transformation is one-to-one and onto.

PROBLEM 4.8. Let U and V be i.i.d. r.v. with the common distribution U,V ~ U([0, 1]).

Show that
Y =v-2InUsin(27V), X =+v—-2InU cos(27V),

are i.i.d. standard Gaussian r.v.?

Hint: define R = vX? +Y? and ¢ = arctan(X/Y) and show that R and ¢ are independent
and have the Rayleigh and U([0, 2x]) distributions. Refer to the previous problem.

PROBLEM 4.9. Let X ~ U([0,1]). Find an appropriate function g, so that ¥ = ¢g(X) has
each of the following distributions:
(1) U(la,b]), b>a€eR.
(2) uniform distribution on the points {x1,...,x,} CR
(3) Poi(\)

Sthis suggests a way to generate a pair of i.i.d. Gaussian r.v. from a pair of i.i.d. uniformly distributed r.v.
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(4) exponential distribution with rate A
(5) standard Cauchy distribution
(6) N(u,02) (express your answer in terms of the standard Gaussian c.d.f. ®(x))

PROBLEM 4.10. Let X be ar.v. with c.d.f. F. Express the c.d.f. of Y = max(X,0) in terms
of F

PROBLEM 4.11. Let X and Y be r.v. with finite expectations. Prove or disprove®:

(1) Emax(X,Y) > max(EX,EY)
Hint: note that max(X,Y) > X and max(X,Y) > Y
(2) Emax(X,Y) +Emin(X,Y)=E(X +Y)

PROBLEM 4.12. Let X and Y bei.i.d. standard Gaussian r.v. Show that 2XY and X? —Y?
have the same probability laws.

int: X2 - Y2 = oXY X4V
Hint: X Y_2\/§ 73

PROBLEM 4.13. Let X7, ..., X, be independent r.v., X; ~ Poi()\;). Show that the conditional
p.m.f. of X1, given S =>"7" | X; is Binomial and find the corresponding parameters.

6this problem demonstrates that sometimes a trick is required to avoid heavy calculations ;)






CHAPTER 5

A preview: first applications to Statistics

a. Normal sample

Consider the following classic example of statistical inference: suppose a statistician observes
the realizations of i.i.d. Gaussian r.v. X1, ..., X,, with the common law N (u, c?) and would like
to estimate u, while o2 is also unknown, but is not of immediate interest (such parameters are
called nuisance parameters). A natural estimator of u is the empirical mean

R e
Mn:Xn:nz;Xi~
1=

This type of estimator is known as point estimator, as it generates a point in R, viewed as
the guess (estimate) of the value of u. We shall study such estimators in depth in the next
chapter. Often one would also like to have some quantitative measure of confidence about the
obtained estimate. This is achieved by the confidence interval estimator [a(X),b(X)], where
a(X) and b(X) are functions of the sample. The interval estimator is said to attain confidence
of 1 — a € [0,1], if the actual value of the parameter p belongs to it with probability not less
than 1 — a:

P(p € [a(X),b(X)]) >1—a.

For example, if you buy a lamp in the supermarket next door, typically the mean time to
failure will be specified on the package: this is the point estimator of the mean lifetime of the
lamp, produced by the manufacturer in the lab, prior to sending the lamps for sale. If you want
to build a radio and need to buy an electronic component (say, resistor), you would typically
find its specification in the form 10+ 1% [ohm]|, which means that its nominal value is estimated
to be 10 [ohm] (this is again the point estimate) and it is very likely to be somewhere in the
interval [9.9 : 10.1], more precisely with confidence level 0.96 (which is a common standard in
electronics). The price of the resistor increases with the precision of the confidence interval,
which is controlled by the confidence probability or its length (per same confidence).

As we shall see shortly (Proposition 5al below), in the Gaussian setting as above the quantity

Xn_u
Vn—1
T X))

where 6, (X) = \/% S 1 (X; — X,,)2, has certain p.d.f.,, call it f for the moment, which depends

only on n - but not on y or 02! This provides a convenient way to construct a confidence interval
with any required confidence 1 — a € (0, 1). Namely, let

C(X;z2):= [)_(n — 260, X, + z&n},

65
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where z > 0 is chosen to fit the required confidence level 1 — a:

P(u € O(X;2)) = P(Xn 26n << Xn z&n) -

IP’(’\/HX”A_'“‘ < \/m,z> = /Zm f(z)dx.

On —2yv/n—1

Now if we require the confidence level of 1 — a, we have to solve the equation f_z;/:}i% f(z)dx =
1 — « for z. Tt is clear that this equation has a unique solution, z*(«), which can be found
numerically. Thus we have constructed an interval estimator for u with confidence 1 — «. Notice
also that for a given confidence level 1 — «, smaller z would emerge for large n, i.e. the 1 — «
confidence interval, so constructed, shrinks as n — oo. This is plausible, since the uncertainty
about the location of p should decrease as the number of observations grow.

Of course, the latter procedure is possible and makes sense only if f does not depend on the
unknown quantities. Unfortunately, in general this would be rarely the case. One famous and
practically very popular exception is the Gaussian i.i.d. setting as above:

ProposITION bal. Let X = (Xi,...,X,) be i.i.d. rwv. with the common distribution
N(p,0%), and let X, = 237 | X; and 62(X) = 230 [(Xi — X,,)? be the empirical mean
and variance. Then for any n > 2,

(1) X, ~ N(,0% /) ) )

(2) X, and the vector of residuals R = (X1 —X,, ..., X, — X)) are independent; in particular
X, and 62(X) are independent r.v.

(3) n62(X)/a% ~ x%(n — 1), where x?(k) is the x-square distribution with k degrees of
freedom, which has the p.d.f.

, k/2
i (z) = %mkﬂlex/?, z € [0,00), (hal)

where T'(x) is the T'-function (generalization of the factorial to non-integer values).
(4)
X, — X, —
vn—1 72 - - n_ K —— ~ Stt(n — 1)
n
Vo (X) \/ﬁ i (X — Xn)?

n—1

where Stt(k) is the Student t-distribution with k degrees of freedom, which has the p.d.f.

== 2y —(k+1)/2
@) = %ﬁ(;) (1 + "2) . zeR (5a2)

(5) Let X' = (X1,..., X},) be i.i.d. r.v.’s with the common distribution N (i/,0"?), indepen-
dent of X introduced above. Let X!, = L3 X! and 62,(X') = L 3" (X! — X} )%
Then
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where Fis(k, £) is the Fisher F-distribution, which has the p.d.f.

Fis(,\ _ F(#) k\k/2 k21
o r(’;)r(ﬁ)Q) (1+n/e a;)UM)/T

REMARK 5a2. The confidence interval construction for i.i.d. Gaussian sample described
above is based on (4). The property (5) is useful in other statistical applications (some to be
explored later).

z € (0,00).

REMARK 5a3. The Student distribution has a history:
http://en.wikipedia.org/wiki/William_Sealy_Gosset

PROOF.

(1) the claim holds, since X is a linear transformation of the Gaussian vector and EX,, =

L5 EX; = p and
var(X,) = B, - 0 =B S0 - )’ =

1 + 1
= DD EXi—w)(X; — ) L —5no? = o?/n,
i

where f holds by independence of X;’s.

(2) Note that the vector (X,, R) is a linear map of (X1, ..., Xy) and hence is a Gaussian
vector as well (in R™*1). Hence to show that X, is 1ndependent of R, it is enough
to check that X,, and X; — X,, are uncorrelated for all i = 1,...,n. EX,, = u and
E(X; — X,,) = 0 and hence

cov(Xn, Xi — X)) = E(Xp, — p)(Xi — X,) = 0°EZ,(Z; — Zy,),

where we have defined Z; := (X; — p)/o, which are i.i.d. N(0,1) r.v. Since EZ;Z; = 0,
EZ,Z; = 1/n and, as we have already seen, E(Z,)? = var(Z,) = 1/n, which 1mphes

cov(Xn, Xi — Xp) =0, Vi

and in turn that X,, is independent of R. Since 62(X) is in fact a function of R, X,
and 62 (X) are independent as well. Note that the Gaussian property played the crucial
role in establishing independence!

(3) First note that 62(X)/0? = 62(Z) (where Z;’s are defined above)

62(X) /o = %Z(Xi — Xn)? /0% =
fz( Wo— S - o) = -3 (Z - 2,)" = 63(2),

i A
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hence it is enough to check that no2(2) = 3i(Zi — Zy)* ~ x*(n — 1). Note that
Ni(Zi — Z,)? =3, Z2 — n(Z,)? and hence

Eoxp{tY" 27} =EBexp {tY_(Zi = Z,)* + n(Z,)*} -

(2

E exp {t Z(Zl - Zn)2}]E exp {tn(Zn)Q},
where t holds since Z, and Z; — Z,,, i = 1,...,n are independent. So the m.g.f. of
né2(Z) is given by

n

- Eexp {tzZ ZZQ} <Eexp {tZ%})n
Eexp {tY (2~ Z,)*} = Y I
: E exp {tn(Zn)Q} E exp {tn(Zn)2}
where the latter equality holds by independence of Z;’s. Now we shall need the following
fact: for £ ~ N(0,1) and t € (—1/2,1/2),

1 2 1 12
Eels” = / e e 2y — / ——e 2 (172 gy —
R V2T R V2T
1 / 1 . 1
e 2(1—-2t) dx — .
V1—=2t Jr V2mr\/(1 —2t)"1 Vv1—2t
Recall that Z,, ~ N(0,1/n) and thus ¢ := /nZ, ~ N(0,1), so
= 1
E exp {tn(Zn)Q} =Eexp {t{Q} = Vi It] < 1/2.
Similarly
1
Ee {tZQ}: ot < 1/2.
Xp 1 m ’ ’ /
Assembling all parts together we obtain:
= 1
20

(2
The latter expression is the m.g.f. of the density given in (5al) with k := n — 1 degrees
of freedom, as can be verified by a direct (tedious) calculation.
(4) Once again, it is enough to verify the claim for Z;’s:
Xn_,u :(Xn—,u)/az Zn
VOR(X)  VeR(X)/e?  \/62(Z)

Note that
Zn Zn
vn— 1 ) = \VvVn— ]_ = =
7a(2) VESL(Zi - Z,)?
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By the preceding calculations, V' ~ N(0,1) and U ~ x2_; and hence the claim holds
by the following lemma:

LEMMA 5a4. Let U ~ x2(k) and V ~ N(0,1) be independent r.v. Then V/\/U/k ~
Stt(k).

PROOF. Define U := U and V := V/\/U/k, ie. U = g(V,U) and V = go(V,U)
with ¢1(z,y) = = and g¢2(x,y) = y/v/x/k Obviously, the j.p.d.f. of (U, V) is supported
on (Ry,R), on which g is invertible:

9~ (&,9) = (&, 5V /k),
whose Jacobian is
1 0 —
Hence the j.p.d.f. of (U, V) is given by:

R~ (1/2)k/2~k/2—1 —i2_ L gk _
fUV(xay) = m T(k/2) x € \/ﬁe -

1 (1/2)M2 Sk=1)/2,~5/2(1+52/k)
VEV2r T'(k/2)
for (#,7) € (Ry,R) and zero otherwise. Now the distribution of V' = V/\/U/k is

obtained as the marginal:

ol = [ o= o %@Z; [ o) g
(%) 223 ~(+D)/2
Sy (*F)
U
(5) The claim follows from the following fact: if U ~ x%(m) and V ~ x?(n), then
[‘]///ZL ~ Fis(m,n).
The proof is a straightforward (tedious) calculation, which we shall omit.
O

Exercises

PROBLEM 5.1. Let X; and X5 be i.i.d. standard Gaussian r.v.’s. Find the probability laws
of the following r.v.’s:
(1) (X1 —X2)/V2
(2) (X1 +X2)*/(X1 — X2)?
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(3) (X1 + X2)/[X1 — Xo| = (X1 + X2)/ /(X1 — X2)?
(4) Xi/X3
Hint: make use of the Fisher F-distribution and the Student ¢-distribution

PROBLEM 5.2. Let X1, ..., X,, be a sample from N (u,c?) distribution. Find the mean! and
and the variance of \/ﬁ S (X = Xp)?

Hint: make use of the x? distribution

PROBLEM 5.3. Let X1, ..., X,, be independent r.v., X; ~ N(p, 01-2). Define:
> Xi/o} 2/ 2
U=, V=) (X -U)%/or.
27 %
251/ i

(1) Show that U and V are independent
(2) Show that U is Gaussian and find its mean and variance
(3) Show that V ~ x2_,

2

Hint: Recall the proof in the special case o = 0%, i=1,..,n
PROBLEM 5.4.
(1) Show that if U ~ x2 and V ~ x2,, then U + V ~ x2,,.
Hint: use the connection between the Gaussian distribution and x?

(2) Show that if X1, ..., X, are i.i.d. Exp(\) r.v.’s then T := 2)\ Y, X; has x3, distribution
Hint: Prove for n =1 and use the answer in (1)

Lthe expression for the mean should explain the often use of the normalizing factor 1/(n — 1) instead of 1/n
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Statistical inference






CHAPTER 6

Statistical model

a. Basic concepts

Generally and roughly speaking the statistical inference deals with drawing conclusions about
objects which cannot be observed directly, but are only known to have influence on apparently
random observable phenomena. It is convenient to view statistical inference as consisting of
three steps:

(Step 1) Modeling: postulating the statistical model, i.e. the random mechanism which pre-
sumably had produced the observed data. The statistical model is specified up to an
unknown parameter to be inferred from the data. Once a model is postulated, the
statistician defines the scope of inference, i.e. poses the questions of interest. The three
canonical problems are:

* point estimation: guessing the value of the parameter

* dnterval estimation: constructing an interval, to which the value of the parameter

belongs with high confidence

* hypothesis testing: deciding whether the value of the parameter belongs to a specific
subset of possible values

The main tool in statistical modeling is probability theory.

(Step 2) Synthesis/Analysis: deriving a statistical procedure (an algorithm), based on the pos-
tulated model, which takes the observed data as its input and generates the relevant
conclusions. This is typically done by methodologies, which rely on the optimization
theory and numerical methods. Once a procedure is chosen, its quality is to be assessed
or/and compared with alternative procedures, if such are available.

(Step 3) Application: predicting/or taking decisions on the basis of the derived conclusions

REMARK 6al. The order is by no means canonical. For example, often the choice of the
model is motivated by the question under consideration or the methodological or computational
constraints.

REMARK 6a2. The above scheme corresponds to the inferential statistics, distinguished from
the descriptive statistics. The latter is concerned with data exploration by means of various
computational tools (e.g. empirical means, histograms, etc.) without presuming or modeling
randomness of the data. The quality assessment in descriptive statistics is often subjective and
non-rigorous.

73
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Here is an (almost) real life example:

EXAMPLE 6a3. Suppose that you are offered the following game in a casino: a coin is tossed
and you either lose your bet, if it comes up tails, or double it, if it comes up heads. You play n
games and would like to decide whether to stop or continue playing. The data available to you
is the record of outcomes of the n games, i.e. a binary string = (z1, ..., zy) € {0,1}".

One reasonable way to model the data is to assume that the tosses are independent in the
probabilistic sense and the probability of getting heads in each toss is a number 0 € [0, 1],
which is left unspecified. Our hope now is that on the basis of the data =, we can produce an
accurate guess of 6 and then base our decision of whether to stop or to continue playing. The
suggested model is one of many alternatives: for example, why not to assume that each toss has
its own probability of success 7 Or furthermore, also discard the assumption of independence,
etc. Making the model more flexible (sophisticated, detailed) we potentially allow more accurate
predictions regarding the outcomes of the future games. On the other hand, we feel that we
might not be able to produce accurate estimates of the parameters in the detailed model on the
basis of just n observations. Yet on the third hand, simpler inference algorithms are anticipated
to emerge for simpler models. These are just examples of the reasoning for choosing a statistical
model. To a large extent, this process is subjective, being based on the experience with the
data.

Suppose that we decided to stick to the simple i.i.d. model: we presume that the obtained
data is an i.i.d. sample from X ~ Ber(f). What kind of conclusions would we like to derive ?
One obvious and natural goal would be to guess the value of 0, i.e. to estimate the true value of
the unknown parameter. Perhaps, having an estimated value is not enough and we would like to
get a whole range of values to which the true value belongs with a high probability. Or in view
of our further intentions, we might pose a more modest question: is it true that § € [0,1/2) 7 If
the answer is yes, then we shall not want to continue playing as in the long run we are going to
lose.

Suppose we nevertheless chose to estimate the value of 6. A natural way to proceed would
be to calculate the empirical frequency of wins z, = %2?21 z; and to accept it as our guess

0y, := Z,,. This choice is intuitively plausible, since if we indeed believe that the data has been
produced by the presumed model, then by the Law of Large Numbers (to be explored in details
below), Z, should be close to the true value of 6, at least for large n’s. While this simple
algorithm is the first thing, which comes to mind, other options are possible: for example, the
estimator!

i L
n = A T iT2i— 1
0 Ln/QJ ;1321'2 1 (6&)

will also yield an estimate close to the true value of 0 for large n (think why). Clearly none of
the procedures (and in fact no procedure) would yield the exact value of the parameter with
probability 1. How do we measure precision then ? Which algorithm is more precise 7 Is there
an algorithm which gives the best possible precision 7 How large n should be to guarantee
the desired precision 7 These and many more interesting questions is the main subject of
mathematical statistics and of this course.

leJ is the largest integer smaller or equal to =
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Finally, when we generate an estimate of § and e.g. decide to continue playing, we may use
0, to calculate various predictions regarding the future games: e.g. how much time it should
take on average till we either bankrupt or win certain sum, etc. [ |

Now that we have a rough idea of what the statistical inference problem is, let’s give it an
exact mathematical formulation.

DEFINITION 6ad. A statistical model (or an experiment) is a collection of probabilities P =
(Py), parameterized by 6 € ©, where © is the parameter space.

If the available data is a vector of real numbers, the probabilities Py can be defined by means
of j.c.d.f’s (or j.p.d.f’s, j.p.m.f.’s if exist) and the data is thought of as a realization of a random
vector X with the particular j.c.d.f., corresponding to the actual value 6 of the parameter. This
value is unknown to the statistician and is to be inferred on the basis of the observed realization
of X and the postulated model.

EXAMPLE 6a3 (continued) In this case Py is the j.p.m.f. of i.id. X = (Xy,...,X,) with
X1 ~ Ber(6):

Py(X = z) = px(2;0) = 02i=1% (1 — )" Li=1% |z {0,1}".
The parameter space is © = [0, 1]. |

EXAMPLE 6a5. A plant produces lamps and its home statistician believes that the lifetime
of a lamp has exponential distribution. To estimate the mean lifetime she chooses n lamps
sporadically, puts them on test and records the corresponding lifetimes. In this setting, Py is
given by the j.p.d.f.

n
fx(z;0) = G”He_exil(:):i >0), zeR"
i=1
The parameter space © = R,..

EXAMPLE 6a6. Suppose that we want to receive a shipment of oranges and suspect that part
of them rot off. To check the shipment, we draw (sample) oranges from it at random without
replacements. Denote by N the number of oranges in the shipment and by n < NV the size of
the sample (the number of oranges drawn). Suppose that a percentage 6 of all the oranges rot
off. A combinatorial calculation reveals that the number of rotten oranges in the sample has
Hyper Geometric p.m.f.

<0N> <(1 - 9)N>
k —k
po(k) = v , ke {max (O,n—(1—9)N),...,min(n,9N)}.
N
()
Since 8N should be an integer, the natural choice of the parametric space is © = {O, %, e %}
|

In these examples, the parameter space was one-dimensional. Here are examples with higher
dimensional parameter spaces.
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EXAMPLE 6a7. Suppose we produce a coffee machine, which accepts coins of all values as
payment. The machine recognizes different coins by their weight. Hence prior to installing the
machine in the campus, we have to tune it. To this end, we shall need to estimate the typical
(mean) weight of each type of coin and the standard deviation from this typical weight. For
each type, this can be done by e.g. n weighings. A reasonable ? statistical model would be e.g.
to assume that the measured weights X;’s are i.i.d. and X; ~ N(u,0?), where both p and o2
are unknown. Hence Py is given by the j.p.d.f.:

1 (z; — p)?

n 1 .
fX(:zc):il_I1 2wgexp{—57}, x € R™ (6a2)

The unknown parameter is two dimensional # = (1, %) and the natural choice of the parameter
space is © = R x Ry. [ |

EXAMPLE 6a8. Suppose that instead of assuming i.i.d. model in the Example 6a3, there is a
reason to believe that the tosses are independent, but not identically distributed (e.g. tosses are
done by different people to avoid fraud, but each person actually cheats in his/her own special
way). This corresponds to the statistical model

n
px(z;0) = [[67(1 - 6:)'"", 2e€{0,1}", 6= (61,..,60) €[0,1]".
i=1
Hence the parameter space © is n-dimensional. |

Roughly speaking, models with parameter space of a finite dimension are called parametric.
Here is a natural example of a nonparametric model:

EXAMPLE 6a5 (continued) Instead of presuming exponential distribution, one can assume
that the data is still i.i.d. but with completely unknown p.d.f. In this case the probability laws
Py are parameterized by the space of all functions, which can serve as legitimate p.d.f.’s:

- {uH o) : 0(u) > 0,/R€(u)du— 1}.

© is an infinite dimensional space, in the sense that each element in it - a function of u - is
specified by its values at an infinite number of points (all points in R!). |

REMARK 6a9. In many situations the choice of the parameter space © is based on some a
priori knowledge of the unknown parameter. For example, if you are pretty sure that the heads
probability of the coin does not deviate from 1/2 by more than +e (known to you at the outset),
then © = (1/2 — £,1/2 + €) would be the natural choice.

In this course we shall mainly be concerned with parametric models and, moreover, assume
that © C R? for some d < oo. Let’s start with some statistical slang:

2Strictly speaking the Gaussian model is inappropriate, since it allows coins with negative weight with,
perhaps very small, but nonzero probability. Nevertheless, we expect that o2 is very small, compared to y and
hence the tiny probabilities of absurd events would not alter much the conclusions derived on the basis of Gaussian
model. This is an example of practical statistical thinking. As we do not go into modeling step in this course we
shall ignore such aspects bravely and thoughtlessly: we shall just assume that the model is already given to us
and focus on its analysis, etc.



B. THE LIKELIHOOD FUNCTION 7

DEFINITION 6al0. An arbitrary function of the data (but not of the unknown parameter!) is
called statistic.

In Example 6a3, both X = %Z?:l X; and T'(X) := \/%/2 ZZLZ{QJ X9, X9,_1 are statistics.

REMARK 6all. If Py is a probability on R, X ~ Py and T'(z) is a function on R", we shall
refer both to T'(z), x € R" (i.e. to the function x — T'(z)) and to T'(X) (i.e. to the random
variable T'(X), obtained by plugging X into T') as statistic. The precise intention should be
clear from the context.

In our course, typically we shall be given a statistical model and will be mostly concerned
with two questions: how to construct a statistical procedure and how to assess its performance
(accuracy). Hence we focus on Step 2 in the above program, assuming that Step 1 is already
done and it is known how to carry out Step 3, after we come up with the inference results.

b. The likelihood function

In what follows we shall impose more structure on the statistical models, namely we shall
consider models which satisfy one of the following conditions

(R1) Py is defined by a j.p.d.f. f(z;0) for all 6 € ©
(R2) Py is defined by a j.p.m.f. p(z;6), such that >, p(z;;6) =1 for a set {z1,z2,...} which
does not depend on 6.

We shall refer to these assumptions as reqularity®. It will allow us to define * the likelihood
function

DEFINITION 6bl. Let Py, 0 € © be a model satisfying either (R1) or (R2). The function
L(2:0) = fx(x;0), z:fIP’g satz:sﬁes (R1) 7
px(x;0), if Py satisfies (R2)
1s called likelihood.
All the models considered above satisfy either (R1) or (R2).

EXAMPLE 6a7 (continued) Py is defined by the Gaussian j.p.d.f. (6a2) for any § € © and
hence satisfies (R1). [ |

EXAMPLE 6a3 (continued) Py is defined by the j.p.m.f:
px(z;0) = 6= 7 (1 — O)" 2= ™ g€ {0,137,

and

> px(x0) =1,

e
for the set of all 2" binary strings, Q@ = {0,1}" (which does not depend on 0), i.e. (R2) is
satisfied. [

3In statistics, the term “regularity” is not rigid and may have completely different meanings, depending on
the context, sometimes, even on subdiscipline, author, book, etc.
4without going into more involved probability theory, usually required to define the likelihood
gomg y Y. Yy
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EXAMPLE 6b2. Let X be a random variable distributed uniformly on the set {1,...,60},
6 € © = N (think of a real life experiment supported by this model):

1
1ok=1, ..
p(k;9)={9 F=1..0

0 otherwise
Since ),y p(i;0) = 1 for all § € ©, (R2) holds. [ ]
Here are models which do not fit our framework:

EXAMPLE 6b3. Consider a sample X ~ N(0,1), 6 € R and set ¥ = max(0, X). Let Py be
the probability law of Y. The model (Py)pco doesn’t satisfy neither (R1) nor (R2), since the
c.d.f. which defines Py, i.e. the c.d.f. of Y, has both continuous and discrete parts. |

EXAMPLE 6b4. Let X be a binary random variable which takes two values {0, 6}, with
probabilities Pp(X =0) =1—60 and Py(X =6) =60, 0 € © = (0,1). Clearly, (R1) does not hold.
(R2) does not hold, since the p.m.f. is supported on {0,6}, which depends® on #. Note that if
we observe the event X > 0, we can determine the value of 8 exactly: § = X. |

Do not think that the statistical models which do not fit our framework, are of no interest.
On the contrary, they are often even more fun, but typically require different mathematical
tools.

c. Identifiability of statistical models

Intuitively, we feel that T(X) = X in the Example 6a3 is a reasonable guess of , since it is
likely to be close to the actual value at least when n is large. On the other hand, if X; = 6Z;
with unknown # € ©® = R and ii.d. N(0,1) r.v.’s Z;, any guess of the sign of 6, based on the
observation of X1, ..., X,, will be as bad as deciding it by tossing an independent coin, discarding
all the data. On the third hand, if we were not interested in the signed value of 6, but only in

its absolute value, e.g. \/ % > (X; — X,,)? would be a decent guess (again, intuitively).
This simple consideration leads us to the following notion

DEFINITION 6¢l. A model Py, 0 € O is identifiable if
9,0’6@, 97&9, — Py # Py

This definition requires an elaboration: what do we mean by Py # Py, i.e. one probability
is different from another probability? This means that there is an event A, such that Py(A4) #
Py (A). When Py has a discrete support, this is equivalent to the corresponding p.m.f.’s being
different (think why?):

p(x;0) # p(x;0"), for some .
For Py, 8 € O define by a p.d.f. identifiability amounts to existence of an open ball B, such that®

fx;0) # f(x;6), Ve B,
Here is a handy shortcut:

Smore precisely is not a subset of any countable set for all 6 € (0,1)
6in the continuous case, requiring e.g. f(z;0) # f(x;0’) at an isolated point 2 € R whenever 0 # 0’ is clearly

not enough.
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PROPOSITION 6¢2. The model (P)gco is identifiable if there exists a statistic T(X), X ~ Py,
whose expectation is a one-to-one function of 0 € ©, i.e. such that

0 75 o' - ]E@T(X) 75 ]EQIT(X).
PROOF. Suppose that the model is not identifiable, i.e. there is a pair of parameters 6 # ¢,

for which Py = Py/. Then, in particular, EgT'(X) = E¢T(X), which is a contradiction and hence
the model is identifiable. O

REMARK 6¢3. Estimation of parameters for non identifiable models is meaningless 7. If the
constructed model turns to be nonidentifiable, a different parametrization (model) is to be found
to turn it into an identifiable one.

EXAMPLE 6a3 (continued) Recall that Py is the probability law of i.i.d. r.v. Xy, ..., X,, with
X ~ Ber(0), 6 € [0,1]. Since
Ep X1 =6
is a one-to-one function of # € ©, the model is identifiable.
An alternative way to get to the same conclusion is to consider the p.m.f. p(z;0) at e.g. x
witha; =1,i=1,...,n:

p((1..1),0) = 6" £ 0™ =p((1..1),0'), VO#£6 €O.

[ |
EXAMPLE 6a7 (continued) If X, ..., X, are i.i.d. N(p,0?) and 8 = (01,62) = (u,0?) € © =
R x R4, the model is identifiable:

EoX1 =01 =y, EpXi=0y+07 =0+ 12

The function g(6) = (61, 02+60%) is one-to-one on O: indeed, suppose that for 6 # ', g() = g(¢")
which means 61 = 0] and 0, + 6?2 = 0, + /2. The latter implies #; = 0] and 6, = 6}, which is a
contradiction. Hence the model is identifiable.

Now let’s check what happens if we would have chosen a different parametrization, namely
0 = (01,02) = (u,0) € R xR. Let § = (0,1) and ¢ = (0,—1). Since 0, = o appears in the
Gaussian density only with an absolute value, it follows that Py = Py for the specific choice
of 8 # 0" and hence the model with such parametrization is not identifiable, confirming our
premonitions above. |
Here is a less obvious example:

EXAMPLE 6¢4. Let X = (X1, ..., X,,) be an i.i.d. sample from N(u,o?) and suppose that we
observe Y = (Y1, ..., Y,), where Y; = X2. Let Py be the probability law of Y, where 6 = (u,0) €
R, x R, (note that y is known to be nonnegative). Is this model identifiable® ? Note that

EoY: = E@X% = varg(X1) + (E9X1)2 =0+ ,u2

7Running a bit ahead, suppose that we have a statistic 7'(X), which we use as a point estimator of §. A good
estimator of 8 should be close to the values of 6 for all (!) 6 € ©. For non-identifiable models this is impossible.
Suppose that 0 # 0’ (think of § = 6’ +d, where d is a large number) and Py = Py, i.e. the model is not identifiable.
If T(X) is a good estimator of 6, then its probability distribution should be highly concentrated around 6, when
X ~ Pg. But Py = Py, and hence it is also highly concentrated around 6, when X ~ Py/. But since the distance
between 6 and 6’ is large, the latter means that the distribution of T'(X) is poorly concentrated around ', when
X ~ Py -ie. it is a bad estimator of 6’ !

8we have seen already, in Example 6a7, that it is identifiable with a different parameter space. Think why
this implies identifiability for the new parameter space under consideration.
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and
EgY{ = EgX{ = Eg(X1 — p+ p)* =
Eg(X1 — p)* 4 4Eg(X1 — p1)° i+ 6Eg(X1 — p)*p® + 4Bg(X1 — p)ps® + p* =
30t 4+ 602 + pt = 3(0% + p?)? — 2ut.

The function ¢(0) := (0% 4 2, 3(0? + p?)? — 2u*) is invertible on (u, o) € Ry x Ry (check!) and
hence the model is identifiable.
Now suppose we observe only the signs of X;’s, i.e. £ = (&1, ...,&,) with
1 X; >0
= sign(X;
§ = slgn(Xi) = { 1 Xi<0

Let Py be the law of £ with the same parametrization as before. Is this model identifiable ...7
In this case, Py is given by its j.p.m.f., namely for u € {1, —1}" and 6 as above

H{ DPy(& = 1) + I{u; = —1)Pp(&; = _1)} —

=1

f[{ 1)B(X; > 0) + I(u; = ~DPy(X; < 0))

i=1

.

Further,
X1 —p

Py(X; < 0) = PQ( < —,u/a) = O(—p/o),

and hence p¢(u;0) depends on 6 = (u,0) only through the ratio /0. Clearly this model is
not identifiable: for example, § = (1,1) and 6’ = (2,2) yield the same distribution of the data:
pe(u; ) = pe(u; 0') for all w € {1, —1}". This means that the observation of { cannot be used to
construct a reasonable estimate of (u, o).

[ |

d. Sufficient statistic

Consider the following simple model: we observe the realizations of X1 = 0+ 71 and Xy = Zo,
where Z1, Z are i.i.d. N(0,1) r.v.’s and would like to infer § € R. It is intuitively clear that Xo
is irrelevant as far as inference of 6 is concerned, since it is just noise, not affected in any way
by the parameter value. In particular, the statistic 7'(X) = X; is “sufficient” for the purpose
of e.g. guessing the value of 8. On the other hand, if Z; and Z5 were dependent, then such
“sufficiency” would be less apparent (and in fact false as we shall be able to see shortly).

DEFINITION 6d1. A statistic T is sufficient for the model (Pp)gco if the conditional distri-
bution of X ~ Py, given T'(X), does not depend on 6.

The meaning of the latter definition is made particularly transparent through the following
two-stage procedure. Suppose that we sample from Py once, call this sample X, and calculate
T(X). Discard X and keep only 7'(X). Since T is sufficient, by definition the conditional
distribution of X, given T'(X), does not depend on the unknown value of §. Hence we are able
to sample from the conditional distribution of X, given T'(X), without knowing the value of 6!
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Let X’ be a sample from this conditional distribution®. Typically, the obtained realizations of
X and X'’ will not be the same and hence we would not be able to restore the original discarded
realization of X. However X and X’ will have the same probability distribution Py and hence
bear the very same statistical “information” about 6. Indeed, by the very definition of X’

Py (X' = 2|T(X)) = Pp(X = z|T (X))

where we assumed for definiteness that all the random vectors involved are discrete. Since T'(X)
is sufficient, the latter doesn’t in fact depend on 6 and

Py(X' =) = EgPp(X' = 2|T(X)) = EgPy(X = z|T(X)) =
Eng|T(x; T(X)) = EQPQ (X = a;\T(X)) = PQ(X = .%'), V.

To recap, no matter what kind of inference we are going to carry out on the basis of the sample
X, the value of a sufficient statistic 7'(X) is all we need to keep, to be able to sample from the
original distribution without knowing the parameter and hence to attain the very same accuracy
in the statistical analysis, we would be able to attain should we have kept the original sample
X! In this sense, the sufficient statistic is a “summary” statistic.

EXAMPLE 6a3(continued) Let’s show that T'(X) = """ | X; is a sufficient statistic for i.i.d
X = (Xy,..,X,), X1 ~ Ber(0), 0 € © = (0,1) r.v.’s The conditional j.p.m.f. of X given
T(X) is given by the Bayes formula: let z € {0,1}" and ¢ € {0,...,n}; if ¢t # > ;" | x;, then
P(X =2,T(X) =t) =0 and hence P(X = z|T(X) =t) = 0. Otherwise, i.e. for t =), z;,

Py(X =z|T(X) =1t) = Py(X =2, T(X) =t) 0'(1 — )"t 1

Po(T(X)=1) @ T @

where we used the fact that T'(X) ~ Bin(n,#). Hence X conditionally on T'(X) is distributed
uniformly on the set of binary vectors

{x € {0,1}": ixl = t},

and thus the conditional distribution X given T'(X') doesn’t depend on 6. Hence T'(X) is indeed
a sufficient statistic.

Let’s see how the aforementioned hypothetic experiment works out in this particular case.
Suppose we tossed the coin n = 5 times and obtained {X = (11001)}, for which 7'(X) = 3.
Now sample from the uniform distribution on all the strings which have precisely 3 ones (you
can actually easily list all of them). Notice that this is feasible without the knowledge of 6.
The obtained sample, say {X’ = (00111)}, is clearly different from X, but is as relevant to any
statistical question regarding 6 as the original data X, since X’ and X are samples from the
very same distribution.

The statistic S(X) = Z?;ll X; is intuitively not sufficient, since it ignores X,,, which might
be useful for inference of #. Let’s verify the intuition by a contradiction. Suppose it is sufficient.
Then the conditional distribution of X given S(X) doesn’t depend on #. On the other hand, X,

9you might need to enlarge the probability space to do this, but we keep the same notations for brevity



82 6. STATISTICAL MODEL

and S(X) are independent and thus Ey(X,|S(X)) = EX,, = 6, which contradicts the assumption
of sufficiency. Hence S(X) is not sufficient as expected. |

EXAMPLE 6d2. Suppose X = (Xi,...,X,) are i.i.d. N(0,1) r.v., with § € R. Let’s check
that X = 2> | X; is sufficient. Note that X and X are jointly Gaus51an (since X is a linear
transformatlon of a Gaussian vector X). Hence the conditional distribution of X given X is
Gaussian as well and it is enough to check that Eg(X;|X) and covg(X;, X;/X) do not depend
on 0 for any i and j (think why!). Using the explicit formulae for conditional expectations in
the Gaussian case, we find
cove(Xs, X)

varg(X)

1/n

E XiX:EXi
o(Xi|X) = Eyg 1/n

(X —EpX)=0+"—(X-0)=X

and
cova(Xi, X) - 1/n?
varg(X) 1/n

where the equality { is the formula from the Normal Correlation Theorem 3cl. To calculate
covg(X;, X;]X) when i # j,

covp(Xi, X;|X) = Eo(X; — X) (X; — X)|X) = Eo(X:.X;]1X) — X?,
we shall use the following trick. Notice that

cove( Xy, Xi| X) = varg(X;|X) i varg(X;) —

=1—-1/n,

1 ¢ . Cion o oo
- D Eo(XiX;|X) = Eg(X,X|X) = XEg(X;|X) = X7, (6d1)
j=1
and on the other hand
1o .
EZEQ(XiXﬂX) —EQ(X2|X ZEG (X X;|X).
Jj=1 J#l
Moreover, by the i.i.d. property (similarly to Example 3d5),
Eo(X;X;|X) = Eg(XiX(|X), Vj#¢,
and, also Eg(X?|X) = varg(X;|X) + X2 =1—1/n+ X?, and hence

1 & o1 1 1oy n
=3 Eg(XiX,1X) = 7(1 - —) NS G
njzl n n

1 _
- Eq(X;X;]X). (6d2)

Combining (6d1) and (6d2) we get

1 1 12 -1
Ho-d)edes
n

v v 2
- - Eo(X:X;|1X) = X

or

Eg(X;X;|X) = X? — %
and finally
cove(Xi, X;|X) = Bp(X; X;|X) — X? = X? — % - X2 = —%.
Thus the conditional probability distribution of X given X is the same for all 8, verifying the
sufficiency of X.
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Let’s simulate the procedure, demonstrating sufficiency in action: suppose we obtained an
iid. Xy,..., X, sample from N(6,1) and calculated X,,. Discard X and keep only X,,. Sample
from the Gaussian distribution with the mean vector

and covariance matrix with the entries
1 .
n LF ]
The obtained new sample, call it X', is a realization of a random vector with n i.i.d. N(6,1)
components. Note that in this case the event {X = X'} has zero probability, i.e. we shall never

get the very same realization back. However, as far as inference of 6 is concerned, it is enough
to keep just one real number X instead of n real numbers X, ..., X,,!

Sl'j = COV(XZ',XJ') = {

As you can see, verifying that a given statistic is sufficient for a given model may be quite
involved computationally. Moreover, it is not apparent neither from the definition nor from the
examples, how a nontrivial sufficient statistic can be found for a given model. The main tool
which makes both of these tasks straightforward is

THEOREM 6d3 (Fisher-Neyman factorization theorem). Let Py, € © be a model with like-
lihood L(x;0) and let X ~ Py. Statistic T(X) is sufficient if and only if there exist functions
g(u,t) and h(x) (with appropriate domains), so that

L(z;0) = g(0,T(x))h(z) Vz,6. (6d3)

PrROOF. We shall give the proof for the discrete case, leaving out the more technically
involved (but similar in spirit) continuous case. When X is discrete, the likelihood equals the
p.m.f., call it px(z;0), x € {x1,x2,...}. Suppose (6d3) holds, i.e.

px(x;0) = g(0, T (x))h(z)

for some functions g and h. We shall show that T is sufficient, by checking that the conditional
law of X given T'(X) doesn’t depend on #. For any x and ¢ # T'(x),

px|r(x)(2;t,0) =Po(X = z[T(X) =t) =0,

which certainly doesn’t depend on 6. Further, for t = T'(z), by the Bayes formula

pxirost, ) = Po(X = alT(X) = 1) = AR SO0 S
90.0h) _g00hz) _ _h@)
Zx’ 9(97 t)h(.’L',) 9(97 t) Z:p’ h(.T/) Zx/ h(l’l) ’

which does not depend on 6 as well.
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Conversely, suppose that T'(X) is a sufficient statistic. To prove the claim we shall exhibit
functions g and h such that (6d3) holds. To this end, note that since T'(X) is a function of X,

px1(x) (7, t;0) =Pg(X =2, T(X) =t) =Po(X =2,T(z) =t) = {gX(zc;H) b T(z)’

and hence pxr(x)(z;t) = 0 for t # T'(z). Then
px(z;0) = ZPX|T(X)(»’U;75)I)T(X) (t;0) = px|r(x) (75 T'(%))pr(x) (T(x); 0)
¢

and (6d3) holds with

9(0,T(z)) == prx)(T(x);0) and  h(z) = pxirx)(z; T(x)),

where h(x) does not depend on 6 by sufficiency of T'. O

Let’s apply the F-N theorem to the preceding examples:

EXAMPLE 6a3 (continued) The likelihood function is
L(z;0) = px(z;0) = 02i=1%i(1 — g)" 2i= % = g7 @) (1 — g)»-T@) 2 ¢ {0,1}",60 € O,

where T'(z) = 31" | z;. Hence (6d3) holds with h(z) =1 and ¢(6,t) = /(1 — 6)"". [ ]
EXAMPLE 6d2 (continued) The likelihood is the j.p.d.f. in this case:

n

L(2;0) =fx (2;0) = (2;)/2 exp (— 2 Y (i —0)) =

=1

1 1 n n

(2m)n/2 exp ( 2 i—1 i+ i—1 e 292> - (6d4)
1 1 & .

(am)2 exp ( ~3 E xf) exp <0na: — 292>.

=1

By F-N theorem, T(X) = X is sufficient, since (6d3) is satisfied with

h(z) = Wexp(—iix?)

i=1

and ¢(0,t) = exp (Gnt - %62>. Compare this to the calculations, required to check that X is

sufficient directly from the definition! [ |
Let’s demonstrate the power of F-N theorem by slightly modifying the latter example:

EXAMPLE 6a7 (continued)
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Let X1,..., X, be iid. N(u,o?) r.v.’s. If 02 is known, then we are in the same situation as
in the previous example. If however both ; and o2 are unknown, i.e. = (u,02) € @ = R xR,

1 11
10 e (3 ) -
(':U ) (271'0'2)”/2 eXp 2 0_2 — (xl :LL)
1 11 &Ky g 11 6d5
om0 (~ 553 2t 4 g 2w g = (6d53)

1 11 — p 11
Wexp ( - 5;71:6 + ﬁnx — 5;”“ )
The statistic X is no longer sufficient, since it is impossible to factorize the likelihood to match
(6d3), so that h will be only a function of z: the first term in the latter exponent depends both on
z and on o2, which is now the unknown parameter. A sufficient statistic here is T(X) = (X, X2).
Note that it is a two dimensional vector'?.

Suppose now that 1 = 6 and o = /6, where 6 € R, is the unknown parameter. Then by
F-N theorem and (6d5), the statistic T(X) = X2 is sufficient. [ |

ExXAMPLE 6d4. Let X7 ~ U([0,0]), 6 € © = (0,00) and Xy,...,X,, be iid. r.v.’s. The
likelihood is the j.p.d.f. :

L(z;0) = H %I(nvZ €10,0]) = anl(mlaxxi <#0), VreR].
i=1

Hence by the F-N theorem max; X; is a sufficient statistic. [ |

Note that neither the definition nor F-N Theorem do not say anything on the uniqueness of
the sufficient statistic: the factorization of the likelihood can be done in many different ways to
yield different sufficient statistics. In fact a typical statistical model has many quite different
sufficient statistics. In particular, the original data, i.e. X sampled from Py, is trivially a
sufficient statistic: indeed, Pp(X < u|X) = I[(X < u) for any v € R and I(X < u) doesn’t
depend on 0. Of course, this is also very intuitive: after all the original data is all we have!

This suggests the following relation between statistics:

DEFINITION 6d5. T(X) is coarser't than T'(X) if T(X) = f(T'(X)) for some function f.

“Coarser” in this definition means “revealing less details on the original data”: one can
calculate T'(X) from T"(X) but won’t be able to calculate T"(X) from T(X) (unless f is one-
to-one). Hence some “information” will be possibly lost. In the Example 6a7, the statistic
T(X) = (X, X?) is coarser than X itself: clearly, one can calculate T(X) from X, but not vise
versa (if n > 2). The trivial statistic T7/(X) = 17 is coarser than both T and X: it is so coarse
that it is useless for any inference (and of course not sufficient).

DEFINITION 6d6. Two statistics T and T" are equivalent, if there is a one-to-one function f
such that T(X) = f(T'(X)).

0more precisely, (f,ﬁ) is two dimensional since, Z does not determine z2 and vise versa (check!). Compare
e.g. with (Z, ) which takes values in R?, but in fact takes values only in a one dimensional manifold, namely on
the diagonal {(x,y) € R?: 2 = y}

gy bit more precisely, Py (T(X) = f(T'(X))) =1 for all § is enough.
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The statistics are equivalent if they reveal the same details about the data.

REMARK 6d7. If S is coarser than (or equivalent to) 7" and S is sufficient, then 7" is sufficient
as well (convince yourself, using the F-N factorization).

EXAMPLE 6a7 (continued) The statistics T'(X) = (X, LS XZ2> =: (T1(X),T»(X)) and
S(X) = <X, LS (X — X)2> =: (S1(X), S2(X)) are equivalent. Indeed S can be recovered

from T
S1(X) =T1(X)

and . .
1 _ 1 _
S2(X) = nz;(Xi - X)? = nz;Xf - X? = Ty(X) - TH(X).
1= 1=
and vise versa. Clearly T" and X are not equivalent: 7' is coarser than X as previously mentioned.
[ |

This discussion leads us to the question: is there coarsest (“minimal”) sufficient statistic ?
And if there is, how it can be found ?

DEFINITION 6d8. The sufficient statistic T is minimal if it s coarser than any other sufficient
statistic.

It can be shown that the minimal sufficient statistic exists (at least for our type of models).
The proof is beyond the scope of our course. Finding minimal statistic does not appear at the
outset an easy problem: in principle, if one tries to find it via the definition, she would have to
perform a search among all sufficient statistics (or at least all nonequivalent statistics), which is
practically impossible. Remarkably, checking that a particular sufficient statistic is minimal is
easier, as suggested by the following lemma. Note that in practice candidates for the minimal
sufficient statistic are offered by the F-N factorization theorem.

LEMMA 6d9. A sufficient statistic S is minimal sufficient if
L(x;0)
L(y;0)

REMARK 6d10. Note that by F-N factorization theorem, S(z) = S(y) implies that

doesn’t depend on 0 —  S(x) = S(y). (6d6)

L(x;0)
L(y;0)

does not depend on 6.

PROOF. Suppose that (6d6) holds and let T'(X) be a sufficient statistic. Then by the F-N
theorem
L(x;0) = g(0, T (x))h(z)

for some g and h and

L(36) _ (0. T(@)hz)

L(y;0) 90, T()h(y)
Let « and y be such that T'(z) = T'(y), then the latter equals h(x)/h(y), which doesn’t depend
on 6. But then by (6d6) it follows that S(xz) = S(y). Hence T'(z) = T'(y) implies S(z) = S(y),
which means'?that S(z) = f(T(z)) for some f. Since T was an arbitrary sufficient statistic and

S is sufficient, S is by definition minimal sufficient. (Il
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EXAMPLE 6a7 (continued) Suppose that ¢ is known (say o2 = 1) and we would like to infer
u € R. Applying the F-N factorization theorem to (6d4), we see that X is a sufficient statistic.
Is it minimal ?

L(z;6) W exp ( — 5, x?) exp (0715: - %02>

L(y;0) W exp < - % > i yf) exp <0nzj N %92>

exp (= 23002 —4) exp (om(z — ).

=1

The latter is independent of 6 if and only if z = g (check!). Hence Z is minimal sufficient by the
preceding Lemma. Remarkably, keeping just X and discarding all the observations is enough
for all the purposes of inference of 6 and any coarser statistic won’t be sufficient!

The whole data X is, of course, sufficient but is not minimal, as it is finer than X and we

should expect that the conditions of the Lemma cannot be satisfied. Indeed, if ﬁg’zg doesn’t

depend on 6, it is still possible to have x # y.
|

EXAMPLE 6d4 (continued) In this case,

L(z;0) I(max;x; <6)

L(y;0)  I(max;y; <6)

Using the conventions!® 0/0 = 1, 1/0 = oo we see that if S(z) := max; z; < max;y; =: S(y),
then

. 1, 6<5S(z)
igﬂfg —{0, 9e(S@),50).
Ys 1, 0>5()

which is a nontrivial (nonconstant) function of #. Similarly, it is a nonconstant function of 6 in
the case S(z) > S(y):

1, 60<S
L(z:0) , 0<S(y)
oy = 0 0 (S),S@)],
L(y;9)
1, 60> 5()
Hence S(z) # S(y) implies that igg; is a nonconstant function of §, which confirms (6d6) by
negation. Consequently, S(X) = max; X; is the minimal sufficient statistic. |

121 emma: Let ¢ and 1 be real functions on R. There is a real function f, such that o(x) = f(¢(x)) if and
only if for all z,y € RY, (x) = ¢(y) implies ¢p(x) = H(y).

Proof: Suppose ¥ (z) = 1(y) implies ¢(x) = ¢(y). Then f(z) := ¢(1p~"(2)) is uniquely defined (why?) and
f((x)) = ¢(x) by construction. The other direction is obvious.

13;f you use other conventions, you will still deduce that max; x; is minimal sufficient.
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Exercises

PROBLEM 6.1 (Problem 2.1.1, page 80 [1]). Give a formal statement of the following models
identifying the probability laws of the data and the parameter space. State whether the model
in question is parametric or nonparametric.

(1) A geologist measures the diameters of a large number n of pebbles in an old stream bed.
Theoretical considerations lead him to believe that the logarithm of pebble diameter is
normally distributed with mean p and varlance o2, He wishes to use his observations
to obtain some information about x and o2, but has in advance no knowledge of the
magnitudes of the two parameters.

(2) A measuring instrument is being used to obtain n independent determinations of a
physical constant p. Suppose that the measuring instrument is known to be biased
to the positive side by 0.1 units. Assume that the errors are otherwise identically
distributed normal random variables with known variance.

(3) In part (2) suppose that the amount of bias is positive but unknown. Can you perceive
any difficulties in making statements about p for this model?

(4) The number of eggs laid by an insect follows a Poisson distribution with unknown mean
A. Once laid, each egg has an unknown chance p of hatching and the hatching of one
egg is independent of the hatching of the others. An entomologist studies a set of n
such insects observing both the number of eggs laid and the number of eggs hatching
for each nest.

PROBLEM 6.2 (Problem 2.1.2, page 80 [1]). Are the following parametrizations identifiable?
(Prove or disprove.)
(1) The parametrization of Problem 6.1 (3).
(2) The parametrization of Problem 6.1 (4).
(3) The parametrization of Problem 6.1 (4) if the entomologist observes only the number
of eggs hatching but not the number of eggs laid in each case.

PROBLEM 6.3 (Problem 2.1.3, page 80 [1]). Which of the following parametrizations are
identifiable ? (Prove or disprove.)

(1) Xi,..., X, are independent r.v. with X; ~ N(a; +v,0%). 0 = (041, ey O, U, 02) and Py
is the distribution of X = (X1, ..., Xy)

(2) Same as (1) above with o = (aq, ..., o) restricted to {a: > F_; a; = 0}.

(3) X and Y are 1ndependent N(p1,0?) and N(ug,0?), 0 = (u1, u2) and we observe Y — X

(4) Xij,i=1,...,p;j =1,...,b are independent with X;; ~ N(,ll,l'j70'2) where p;; = v+ oy +
Njy 0= (a1, ooy apy A1, ooy A, v, 02) and Py is the distribution of Xi1, ..., Xpp.

(5) Same as (4) with (a1, ...,ap) and (A1, ..., Ap) restricted to sets where > ©_, a; = 0 and

b
23:1 Aj = 0.
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PROBLEM 6.4 (Problem 2.1.4, page 81 [1]). 5. The number n of graduate students entering a
certain department is recorded. In each of k subsequent years the number of students graduating
and of students dropping out is recorded. Let IN; be the number dropping out and M; the number
graduating by the end of year ¢, i = 1, ..., k. The following model is proposed.

Py (N1 = ny, My = my, ..., Ny = ng, My, = my,) =

|
n: ne . mi mg r

n1
TS VN )
mk!rl'ul i1 kP

nyl..nglmq!...
where

k k
Z#i +Zv]- +p=1p,ve(0,1), i=1,.,k
=1 j=1

ny+..+ng+m+..+mg+r=n

and 0 = (p1, ..., g, V1, ..y V) is unknown.
(1) What are the assumptions underlying the model ?
(2) 0 is very difficult to estimate here if k is large. The simplification pu; = m(1 — )"~ tp,
vi=(1—-m)(1—-v)~lvfori=1,.,kis proposed where 0 < 7 < 1,0 < u<1,0<v <1
are unknown. What assumptions underline the simplification ?

i

PROBLEM 6.5 (Problem 2.1.6 page 81, [1]). Which of the following models are regular ?
(Prove or disprove)

(1) Py is the distribution of X, when X is uniform on (0,6), © = (0, 0)

(2) Py is the distribution of X when X is uniform on {0,1,...,0}, © = {1,2,...}

(3) Suppose X ~ N(p,0%). Let Y =1if X <landY = X if X > 1. § = (u,0?) and Py
is the distribution of Y

(4) Suppose the possible control responses in an experiment are 0.1 , ... , 0.9 and they
occur with frequencies p(0.1),...,p(0.9). Suppose the effect of a treatment is to increase
the control response by a fixed amount 6. Let Py be the distribution of a treatment
response.

PROBLEM 6.6 (based on Problem 2.2.1, page 82, [1]). Let X1, ..., X, be a sample from Poi(0)
population with 6 > 0.
(1) Show directly that >_"" ; X; is a sufficient statistic
(2) Establish the same result by the F-N theorem
(3) Which one of the following statistics is sufficient:
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(4) Order the statistics above according to coarseness relation
(5) Which statistic is minimal among the statistics mentioned above ?
(6) Show that 7'(X) is minimal sufficient (among all sufficient statistics)

PROBLEM 6.7 (based on Problem 2.2.2, page 82, [1]). Let n items be drawn in order without
replacement from a shipment of IV items of which § N are bad. Let X; = 1 if the ¢-th item drawn
is bad, and X; = 0 otherwise.

(1) Show directly that T'(X) = " ; X; is sufficient
(2) Show that T'(X) is sufficient applying the F-N theorem
(3) Which of the following statistics is sufficient ?

T3(X) = (Tl(X),miinX,-)
Ty(X) = (Ti(X), Tr(X))

(4) Order the statistics above according to coarseness relation
(5) Which statistic is minimal among the statistics mentioned above ?
(6) Show that T'(X) is minimal sufficient (among all sufficient statistics)

PROBLEM 6.8 (Problem 2.2.3, page 82, [1]). Let Xi,..., X,, be an i.i.d. sample from one of
the following p.d.f.’s

1
w f(x;0) =021, 2€(0,1),0 >0
(2) the Weibull density
f(z;0) = Baz® Lexp(—0z%), =z, a,0 € (0,00)
(3) the Pareto density
f(x;0) = 0a% /2L 24,6 € (0,00)

where a is a fixed constant and 6 is the unknown parameter. Find a real valued sufficient statistic
for 6.

PROBLEM 6.9 (Problem 2.2.6 page 82 [1]). Let X take the specified values vy, ..., vk 41
with probabilities 61, ...,0;41 respectively. Suppose that Xi,..., X, are i.i.d. with the same
distribution as X. Suppose that 6 = (6y,...,0,+1) is unknown and may range over the set
© = {(61,..,0k11) : 0;: > 0,5¥19, = 1}. Let N; be the number of X; which equal v;
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(1) Show that N = (Ny, ..., Ng) is sufficient for 0
(2) What is the distribution of (Ny, ..., Ngy1) ?

PROBLEM 6.10 (Problem 2.2.7 page 83 [1]). Let X, ..., X;, be an i.i.d. sample from the p.d.f.

f(:c;9)=%exp{— M}I(IB—MZO)

T —

Let 0 = (p,0) e R x Ry

(1) Show that min; X; is sufficient for ¢ when o is fixed (known)
(2) Find a one dimensional sufficient statistic for o when p is fixed
(3) Exhibit a two dimensional sufficient statistic for ¢

PROBLEM 6.11 (Problem 2.2.9 page 83 [1]). Let X, ..., X;, be an i.i.d. sample from the p.d.f.
f(z;0) = a(@)h(x)I(x € [01,62]),
where h(z) > 0, [ph(z) < 0o, 0 = (61,02) with © = {(61,62) € R? : §; < 6} and a(f) =

-1
( 6912 h(m)dw) . Find the two dimensional statistic for this problem and apply your result to
the family of uniform distributions on [0y, 62].






CHAPTER 7

Point estimation

Point estimation deals with estimating the value of the unknown parameter or a quantity,
which depends on the unknown parameter (in a known way). More precisely, given a statistical
model (Pg)gco, the observed data X ~ Py and a function ¢ : © — R, an estimator of ¢(9) is a
statistic T'(X), taking values in ¢(©) := {q(f),q € ©}. Estimating the value of the parameter
itself, fits this framework with ¢(6) := 6. The realization of the estimator for a particular set of
data is called the estimate.

a. Methods of point estimation

In this section we shall introduce the basic methods of point estimation. Typically different
methods would give different estimators. The choice of the particular method in a given problem
depends on various factors, such as the complexity of the emerging estimation procedure, the
amount of available data, etc. It should be stressed that all of the methods in this section,
originated on a heuristic basis and none of them guarantees to produce good or even reasonable
estimators at the outset: an additional effort is usually required to assess the quality of the
obtained estimators and thus to refute or justify their practical applicability.

REMARK 7al. If § is a point estimator of 6, the quantity ¢(f) can be estimated by the
“plug-in” ¢(X) := q(é(X )) Usually this yields reasonable results (being well justified in some
situations - as e.g. in Lemma 7al5 below). Below we shall mainly focus on estimating 6 itself,
keeping in mind this remark.

Substitution principles. The methods, known collectively as substitution principles, are
typically (but not exclusively) used for large i.i.d. samples X; ~ Py, i = 1,...,n and, in the
simplest form, are based on the following heuristics. Suppose that for a given statistical model
Py, 8 € ©, we manage to find a function ¢ : R — R, such that ¢(6) := Eg¢(X) is a one-to-one
function of # € ®. When the number of observed data points is large, motivated by the law of
large numbers, we anticipate that the empirical average of ¢ would be close to its expectation.
This suggests the following estimator of 6:

R (1 &
=1
Frequently (but not always), polynomials or indicator functions ¢ are used in practice, in which
cases, this approach is known as the method of moments or frequency substitution respectively.
EXAMPLE 6a3 (continued) For X; ~ Ber(0),
EyX, =0, VOeO.

93
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In this case the method of moments can be formally applied with ¢(z) = = and ¥(0) = 6,
suggesting the statistic X,, as the estimator of 6.

Here is another possibility: note that EgX;Xs = EgX1EgXs = 62, which is invertible on
0 € [0, 1]. Hence by the method of moments

) N
On = | —7= Xoi—1X9;,
/2] 2

which is the estimator mentioned in (6al).

The method of moments is well suited for estimation of functions of 6. For example, the
empirical variance of X1, ..., X, i.e. %Z?:l(xi — X,,)? is the method of moment estimator of
the function ¢(0) = (1 — 0). [ |

EXAMPLE 7a2 (Hardy-Weinberg proportions). Consider (first generation of) a population in
which the alleles’ A and @ are encountered with probabilities § and 1 — 6 respectively, 6 € (0, 1).
If the alleles are chosen at random and independently for each individual in the next generation,
then the probability of having the AA genotype is 62, the aa genotype is (1—6)? and Aa genotype
20(1 — 0). Note that the probabilities of alleles A and a in the second generation is the same as
in the first: P(A) = P(AA) + 3P(Aa) = 6 and P(a) = P(aa) + 3P(Aa) = 1 — 6. This property is
known in genetics as equilibrium.

Suppose we sample n individuals from the population, observe their genotypes and would
like to estimate the probability (proportion) of A allele in the population. The corresponding
statistical model is an i.i.d. sample Xi,..., X,,, where X; takes values in {AA, Aa, AA} with
probabilities 62, 20(1 — ) and (1 — 6)? respectively. Define the empirical frequencies N, :=
Yo I(X;=10), L € {AA, Aa, aa} and note that

EgNaa = 6
EgNaq, = 20(1 — 0)
EgNoo = (1 - 6)?
The frequency substitution estimators, based Ng4 and Ng,: are
0= /Naa/n
6 =1~ /Nua/n

Since EgN 4, is not a one-to-one function of § € O, it doesn’t fit the frequency substitution
method as is. Having several different estimators of 6 can be practically handy, since some
genotypes can be harder to observe than the others.
Here is another alternative: since E(I(X; = AA) + 1I(X; = Aa)) = 6>+ 0(1 — 0) = 0, the
frequency substitution suggests the estimator:
(z) = Naa + 1%
n 2 n

ey

The substitution principle is applicable to parameter spaces with higher dimension:

ook up for “HardyWeinberg principle” in wikipedia for more details about this model
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EXAMPLE 7a3. Let Xj,..., X, be an i.i.d. sample from the I'(c, ) distribution with the
p.d.f.

xa—le—w/ﬁ

f(z;a,B8) = WI(UC > 0),

where the unknown parameter is 0 := (o, 8) € Ry x Ry =: ©.
A calculation reveals that
EQX 1= ... = 04,3
and
EgX? = .. = fa(a+1).
Denote the empirical moments by

_ 1 n L 1 n
Xn::n;Xi, Xg;:n;XE.

and .
F2(X) = ;Zo{ - X,)?=X7- X2,
The method of moments estimator of 8 is given by the solution of the equations:
X, =af
2= pala+1)
which gives B B o
aX) e X K g XEoXa au(X)

B Y%—X% U%(X)’ Xn Xn
Note that & is well defined since 62(X) > 0 and the equality holds with zero probability. |

REMARK 7a4. The method of moments (and other substitution principles) does not require
precise knowledge of the distribution of the sample, but only of the dependence of moments on
the parameter. This can be a practical advantage, when the former is uncertain.

Least squares estimation. In many practical situations the observed quantities are known
to satisfy a noisy functional dependence, which itself is specified up to unknown parameters.
More precisely, one observes the pairs (X;,Y;), i« = 1,...,n which are presumed to satisfy the
equations

Y;:gi(Xi,H)-f—Ei, 1=1,..,n,
where g;’s are known functions, ¢;’s are random variables and 6 is the unknown parameter. The
least squares estimator of 0 is defined as

n
0(X,Y) := argmingeg Z (Y — (X5, 9))2, (7al)
i=1

where any of the minimizers is chosen, when the minimum is not unique. In other words the
least squares estimator is the best fit of a known curve to noisy measurements.

One classical example is the linear regression: one observes the pairs (X;,Y;) i = 1,...,n,
presumes that Y; = 01 X; + 02+ ¢; and would like to estimate 6 = (61, 62) given the observations.
Working out the minimization in (7al) yields the familiar regression formulae.
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Here is an example in the same spirit:

EXAMPLE 7ab. An asteroid is detected by a radar and its position is measured at times
0=ty <=t1 < ... <tp. Let v = (vs,vy,v,) be the velocity vector of the asteroid at time 0 (the
first moment of detection). Assuming that the only force acting on the asteroid is gravitation?,
the position at any time ¢ > 0 is given by

x(t) = zo + vyt
y(t) = yo + vyt
2(t) = 20 + vt — gt?/2,

where p(0) = (xo, Yo, z0) is the asteroid position at time ¢ = 0 and g is the Earth gravity constant
g = 9.78033... [m/s?]. To predict the location and the time of the impact we have to estimate
the vector of initial velocities v. Once the estimator © is calculated the impact point is predicted
as the intersection of the curve

i‘(t) =g + Uyt
§(t) = yo + vyt
2(t) = 20 + 0.t — gt?/2,

with the equation describing the surface of the Earth (an ellipsoid, to the first order of approx-
imation). Statistics is relevant in this problem for at least two reasons: (1) the position cannot
be measured without errors, (2) many forces (weaker than Earth gravity) acting on the asteroid
cannot be taken into account (and thus are modeled as noise). The relevant statistical model is

x; = x(t;) = xo + vit; + €4(4)
Yi = y(ti) = Yo + Uyti + Ey(i)
2= 2(t;) = 20 + vty — gt? )2 + €.(i),

where €;,¢y,¢c, are random variables, which model the errors. Notice that we don’t have to
assume any particular distribution of €’s to apply the LS method. Hence at this stage we don’t
really need the full description of statistical model (we shall need one to analyze the accuracy
of the emerging estimators).

The data in this problem is (x;,v;, 2i,t;) and the corresponding least squares estimator is
given by:

n

n n 1
0 = argmin,cgs (Z (:L'l —x9 — Uxti)Q + Z (yl — Yo — vyt@-)2 + Z (,zZ — 20 — Ust; + 2gt?)2>.
i=1 ;

i=1

2this is an oversimplification: the trajectory of the asteroid is significantly affected by the drag force applied
by the atmosphere, which itself varies depending on the mass being evaporated, the effective area of asteroid body
and the material it is composed of. Moreover, the gravity of the Earth depends both on the instantaneous height
and longitude/latitude coordinates, etc.
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The latter is a quadratic function, whose minimum is found in the usual way by means of
differention:

o, = 2o Titi — @), b
>t
b, = iVt — Yoy it
it
5, = Szt — 20 Y ti+ 59> U3
>t

REMARK 7a6. This example demonstrates that in some situations it is easier to postulate
the statistical model in the form, different from the canonical one, i.e. postulating a family of
probability distributions. The definition of Py in these cases is implicit: in the last example,

Py will be completely specified if we make the additional assumption that ;’s are i.i.d. and

sampled from® N(0,0?) with known or unknown 2.

Maximum likelihood estimation.

DEFINITION 7a7. For a regular model (Pg)pco and a sample X ~ Py, the Maximum Likeli-
hood estimator (MLE) is

6(X) := argmaxgcgL(x; 0) = argmaxycg log L(z;6),
assuming® argmax exists and taking any of the mazimizers, when it is not unique.

The heuristical basis behind the ML method is to choose the parameter, for which the
corresponding Py assigns maximal probability to the observed realization of X.

REMARK 7a8. For many models, the likelihood function is a product of similar terms (e.g.
when Py corresponds to an i.i.d. sample), hence considering log-likelihood is more convenient.
Clearly, this does not affect the estimator itself (since log is a strictly increasing function). Also,
typically, the maximal value of the likelihood is not of immediate interest.

EXAMPLE 6a3 (continued) For n independent tosses of a coin, the log-likelihood is (z €
{0,1}", 0 € © =10,1]):
log Ly (z;6) = Sp(z)logf + (n — Sp(z)) log(1 — 6),
with Sy (z) = > iz If Sp(x) € {0,n}, then

lim log L, (x;6) = lim log Ly, (z;0) = —oc0
0—0 0—1

3the choice of N(p, 0%) with unknown u leads to a non-identifiable model - think why
4This assumption is sometimes shortly incorporated into the definition of the MLE:

0(X) € argmax,co L(z;6),

i.e. 0(X) is any point in the set of maximizers.
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and hence the maximum is attained in the interior of ©. As log Ly, (z;6) is a smooth function of
6 on (0, 1), all local maximizers are found by differentiation:

1 1
which gives
A 1 _
a(X) = = Su(X) = Ko, (7a2)

which is the familiar intuitive estimator. Since the local maximum is unique it is also the global
one and hence the MLE.

If Sy (z) =0, log Ly, (x;0) = nlog(1 — 6), which is a decreasing function of §. Hence in this
case, the maximum is attained at @ = 0. Similarly, for S,,(z) = n, the maximum is attained at
6 = 1. Note that these two solutions are included in the general formula (7a2). |

EXAMPLE 7a2 (continued) The log-likelihood is

log Ly (x;0) = Nga(z)log 0% + Naa(z)log 20(1 — 0) 4+ Nag(z)log(l — 0)? =
(2NAA(3:) + NAa(l‘)> log 0 + Ngq(z)log2 + (2Naa(az) + NAa(:c)) log(1 — 0).
The maximization, done as in the previous example, gives the following intuitive estimator:
é(x) _ QNAA(QZ) + NAa(:E) _ NAA(QJ) n ENAa(CU)'
2n n 2 n

Note that it coincides with one of the frequency substitution estimators obtained before (but
not the others). [ |

EXAMPLE 729. Let X1, ..., X,, be an i.i.d. sample from N(u,02), § = (u,0?) € © = R x R,
The log-likelihood is

log Ly ( = log ﬁ

This function is differentiable on R x Ry and its gradient vanishes at all the local maximizers:

0 e (2 —01)
89110gL (a;@)—ZT—O

=1
9 Ln(z:0) = Z
802 & ’ 2«92 292

Solving these equations for 6; and - gives the unique solution:

. 1 &
(91(.%) = EZxZ = In

ég(x) = 72 —xn

(z; — p)2 on n " (z; — 91)2
exp( 5,2 ) =—3 log(27) 5 log 6 ; 50,
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To see that the obtained extremum is indeed a local maximum we shall examine the Hessian
matrix (of second order derivatives) and verify that it’s eigenvalues are negative at (01,62). A
calculation shows that it is indeed the case.

To see that the found local maximum is also global, we have to check the value of the log-
likelihood on the boundary, namely as 05 approaches to zero. The case x1 = zo = ... = x,,
can be excluded from the consideration, since probability of getting such sample is zero. Hence
>, (xi—01)? is strictly positive uniformly over ¢; € R. This in turn implies limg, 0 log Ly (z; 0) =
—oo uniformly over 6; € R. Hence the found maximizer is the MLE of 6. |

EXAMPLE 7al0. Let X1,..., X, be a sample from the uniform density on [0, 6], with the
unknown parameter § € © = (0,00). The likelihood is

n
1 0 0 < max; z;
L, (x;0) = il;[lef(mi €[0,0]) = (1/9)"[(mlaxa:i <6)= {0171 6> max, 2, r e RY.
Since 1/60™ is a decreasing function, the unique maximum is attained at é(x) = max; ;. |

The computation of the MLE amounts to solving an optimization problem and hence neither
existence nor uniqueness of the MLE is clear in advance. Moreover, even when MLE exists and
is unique, its actual calculation may be quite challenging and in many practical problems is done
numerically (which is typically not a serious drawback in view of the computational power of
the modern hard/software).

Below are some examples, which demonstrate the existence and uniqueness issues.

EXAMPLE 7all. Let Y7,..., Y, be an i.i.d. sample from U([0,1]) and let X; =Y; + 6, where
0 € © =R. We would like to estimate 6 given X1, ..., X,;. The corresponding likelihood is

n
Ly(x;0) = HI(@ <z <0+1)= I(miinxi > G,miaxxi <0+1)=
i=1
I(maxz; —1 <60 < minuz;).
1 1

Note that for any fixed n, IP’@(Inini X;— (maxl- X;— 1) = O) = Pg(maxi X; —min; X; = 1) =0
and hence with probability 1, the maximizer, i.e. the MLE, is not unique: any point in the
interval [max; X; — 1, min; X;] can be taken as MLE. [ |

Here is a natural and simple example when MLE does not exist:

EXAMPLE 7al2. Let Xj,..., X, be sampled from Poi(#), with unknown 6§ € © = R;. The
log-likelihood is

n

log Ly (x;0) = —nf + (le) log 6 — zn:logxi!, x e N
i=1 i=1

If Sp(x) = > x; > 0, this expression maximized by 0(z) = Sy(z)/n = Z,. If, however,

Sp(z) = 0, i.e. the sample was all zeros, log L, (x;0) = —n#, which does not have a maximum
on the open interval (0, 00) (it’s supremum is 0, which does not belong to the parametric space).
|

Here is a more vivid demonstration
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ExaMPLE 7al3 (Kifer-Wolfovitz). Let & ~ Ber(1/2) and define
X1 =Z1(c&i+1-&) +p,

where Z; ~ N(0,1), independent of &;. Hence, conditioned on {§; = 0}, X; ~ N(u,1) and
conditioned on {& =1}, X1 ~ N(u,d?).

Suppose we observe® the i.i.d. r.v.’s X1, ..., X,, and would like to estimate § = (u,0) € © =
R x R4. The likelihood is (¢ is the standard Gaussian p.d.f. and = € R")

Ly (z;0) _ilj (;iy(x’;”) + %w(:c,- —u)) > %%w(mlg_ﬂ) ﬁ;w@ —u>,

1=

where the inequality is obtained by removing all the missing positive terms. The obtaned lower
bound can be made arbitrarily large by choosing p := 21 and taking 0 — 0. Hence the MLE
does not exist. ]

REMARK T7al4. Notice that MLE must be a function of a sufficient statistic, which immedi-
ately follows from the F-N factorization theorem. In particular, MLE can be constructed using
the minimal sufficient statistic. This is appealing from the practical point of view, since the
minimal sufficient statistic is all we need for the inference purpose in general (see also Remark

7d11).
Here is another useful property of MLE:

LEMMA T7al5. MLE is invariant under reparametrization. More precisely, suppose 0 is the
MLE for the model (Pp)gco and let h be a one-to-one function, mapping the parameter space

onto a set E. Define (Py)yep by Py :=Py-1(,), n € E. Then the MLE of 1 is given by 1) = h(é)
PROOF. Let L(x;n) be the likelihood function for the reparameterized model:
E(wim) = Lz b1 ().
By the definition of MLE L(z;0) < L(x;0) and hence
E(wim) = L h='(n) < L(w;0) = L(a; h(d)),
which means that h(f) maximizes the likelihood L(z;7), i.e. it is the MLE of 7. O

EXAMPLE 7al6. Let X1, ..., X,, be a sample from N(u,02). It is required to calculate the
MLE of the first two moments, i.e. my(u) = p and ma(u, 0?) = 02 + p?. The function (myq, m2)
is invertible and hence by the Lemma the MLE’s are

i (X) = (X)) = Xn,

and
1 n
o (X) =63 X)+a(X) == (Xi— X))’ + X = X7
) = () + 500 = 3 s Z
The direct calculation is more cumbersome (try!) [ |

Ssuch sample is obtained by independent tossings of a fair coin, and sampling from N (u,o?) if it comes out
heads and from N (y, 1) otherwise.
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In summary let us revisit:

EXAMPLE 6a6 (continued) From a shipment of N oranges, in which §N oranges rot off, we
sample without replacement n < N oranges and would like to estimate 6, the proportion of
wasted fruit. The available data is the number of rotten fruit in the sample X, which has the
Hyper Geometric distribution:

px (ks 0) = <0]]“V> ((1”__92]\7) max(0,n — (1 — §)N) < k < min(n, ON),

N )
n
where § € © = {0, %, v % .

Let’s apply the method of moments to find an estimator of #: to this end, we shall use the
first moment®of X:

EQX =nd.

The statistic X/n, suggested by the method of moments, may take non-integer values and e.g.
can be rounded to yield a valid estimator:

1

0(X) ~

INX/n]|.
Now let’s calculate the MLE of #. For convenience we shall reparameterize the model by

defining M := ON (the number of rotten oranges in the shipment). By Lemma 7al5, §(X) =
M(X)/N. The likelihood for the model with the new parametrization is

Lk, M) = Gf) CXL:JX) M € {0,...,N}.

0

6Here is how E¢X can be calculated: let & be the indicator of the i-th orange in the sample being rotten.
Thus X =" & and EgX =37 | Eo&;. For j =2,...,n,

ON — >0 "1 & _ON-E S &
N—-(G-1) N-(@G-1)

Eo&; = EoPo(&;é1, .., §-1) = Eo
Hence the quantities rm = Y~ Eg&;, m = 1,..., n satisfy the recursion,

m m—1
oy = 0N—rj_1 _ 0N—7‘m_1 + 0N—Tj_1 _ 0N—'I‘m_1 —|—7”m_1

ZN-(G-1) N-(m-1) ZN-(G-1) N-(m-1)

subject to 1o = 0. Hence r1 = 6 and by induction r,, = mf. Hence Eg X = r,, = n#.
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102
Let’s study the monotonicity of L(k, M), as a sequence in M for a fixed k. For M > k
M+1\ (N—-—M-1 N
L(k,M+1) k n—k n
L(k,M) N M\ (N—-M\
n k n—=k
(M +1)! (N—-M —1)! KM —E)! (n — k)N - M —(n—k))!
E(M+1-k)\(n—kK(N-M-1—mn-k)! M (N — M)! B
1_ "= k
(M+1) (N-M-(m-k) _'“N—n
(M+1-k) (N - M) 1_ ko
M+1
Let’s see for which values of M the latter expression is less than 1:
1 k
N 2 M 4
1—
M+1
)
1_ "= k <1- k
N-M M+1
)
n—k k
N-M~— M+1
)
k
M>—-(N+1)-1.
n
Hence the sequence M — L(k, M) increases for all M’s less than M* := (N + 1) — 1 and
= L(k,M*+1) and L(k,M*) > L(k, M)

decreases otherwise. If M* is an integer, then L(k, M™*)
for all M ¢ {M*, M* 4 1}, hence the maximizer is not unique:

—0, k=0
M(k){ € {M* v 1,M*}, k¢ {00},
= N, k=n

and 0(X) = M(X)/N.
If k/n is non-integer, then M(k) = |k/n|(N + 1) and §(X) = | X/n](1 + 1/N), which is
|

only slightly different from the method of moments estimator.
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b. Elements of the statistical decision theory

In the previous section we have seen several techniques, which can be used to construct point
estimators. Different methods produce different estimators (and hence estimates) in general.
How do we compare the performance of point estimators? For example, suppose we obtain an
i.i.d. sample X1, ..., X,, from N(u,0?), where both x and o2 are unknown. As we saw, the MLE
estimator of ¢ is given by:

1 _
n(X) = ,| — X — X,)2. b1l
) = | 7 %= Ko) (7b1)
However, another estimator’
1 o .
on(X) = — X; — Xnl, b2
() = 31~ X, (12)

appears as plausible as 6,(X). Which one is better? As we shall see, in a certain sense, this
question can be resolved in favor of &,,(X); however, the answer is far from being obvious at the
outset. The questions of comparison and optimality of decision rules, such as point estimators
or statistical tests, etc. are addressed by the statistical decision theory 8. Below we will present
the essentials in the context of point estimators, deferring consideration of statistical hypothesis
testing to the next chapter.

It is clear that comparing the realizations of estimators, i.e. the corresponding estimates,
is meaningless, since the conclusion will depend on the particular outcome of the experiment.
Hence we shall compare the expected performances of the point estimators.

DEFINITION 7bl. For a statistical model (Pp)gco and a loss function £ : © x © — R, the
L-risk of the point estimator T is

Ro(6:T) := Bgl (0, T(X)),
where X ~ Py.

The loss function in this definition measures the ‘loss’ incurred by estimating 6 by T'(X)
(for each particular realization) and the risk is the expected loss. Intuitively, the loss should
increase with the magnitude of deviation of the estimate from the true value of the parameter
0, i.e. larger errors should be assigned greater loss. Here are some popular loss functions for
© C R%:

d
bp(8,m) = |6i = mil” =2 (16 — ][}
i=1

to(0,m) =1(0 #n)
loo(0,m) = max |0; — n;]

"The comparison between 6, (X) and G,(X) was the subject of the dispute between Sir. R.Fihser, who

advocated for the MLE, and the physicist A.Eddington, who favored the other estimator.

8a concise account can be found in e.g. [2]
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These losses can be associated with distances between 6 and 7: the larger distance the greater
loss is suffered. The corresponding risks of an estimator 1" are given by

d
Ry(0,T) =Eg ¥ _|6: — To(X)[? = Eoll6 — n]?
=1

Ro6,T) = Egl(6 £ T(X)) = By (6 £ T(X))
Reo (6,) = By max [6; — Ti(X).

The choice of the loss function in a particular problem depends on the context, but sometimes
is motivated by the simplicity of the performance analysis. In this course we shall consider almost
exclusively the quadratic (MSE) risk Ro(60,T') (assuming that 7'(X) is such that the risk is finite
and omitting 2 from the notations):

R(6,T) = Eg(6 — T(X))*.
This risk makes sense in many models and, moreover, turns to be somewhat more convenient to

deal with technically.

REMARK 7b2. If the objective is to estimate ¢(0), for a known function ¢, the MSE risk is
defined similarly
R(q(6),T) = Eg(q(0) — T(X))?,
and the theory we shall develop below translates to this more general case with minor obvious
adjustments.

In view of the above definitions, we are tempted to compare two estimators 77 and T5 by
comparing their risks, i.e. R(0,T1) and R(6,T>). Sometimes, this is indeed possible:

EXAMPLE 7b3. Let X1, ..., X;, be an i.i.d. sample from U([0,0]), # > 0. As we saw, the MLE
of 0 is A
0,(X) = max X; =: M, (X)

Another reasonable estimator of § can be suggested by the method of moments:

0,(X) = 2X,,.
Recall that M,, has the p.d.f.
fur, () = g2 (€ (0,6)),
Hence ;
n n
EgM,, = —a"dr =0 b
o /0 g n+1 (7b3)
and ;
EgM? = / 2oty = 92—
0 9” n —+ 2
Consequently,
R(0,0,) = Eg(0 — M,)? = 0% — 20EyM,, + EgM?> =
2n n 2
0?1 — =0?——— . (b4
( n+1+n+2> (n+1)(n+2) (7b4)
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The risk of 6, is given by

R(0.0,) = (0 — 2%,)% = “varp(x) = 28 _ g2 L (7h5)
s Un) — 150 n —nVQ 1—n12— 37’L
Since
1 2 (n—1)(n—2)
— - >0,
3n (n+1)(n+2) 3nn+1)(n+2)
it follows

R(0,0,) < R(0,0,), V6 ec© =(0,00),

where the inequality is strict for n > 3. Hence 6, yields better (smaller) risk than 6, for all
values of the parameter. |

This example motivates the following notion
DEFINITION 7h4. An estimator 0 is inadmissible, if there exists an estimator €', such that
R(6,0) > R(6,0") V6 e ©,
and the inequality is strict at least for some 6.

In other words, an estimator is inadmissible if there is an estimator with better risk. Let us
stress once again that better risk means that the risk function is smaller or equal for all 6 € ©.

The notion of the admissible estimator is obtained by negation: # is admissible if no other
estimator has better risk. Notice that this does not exclude the possibility of having an estimator
which yields smaller risk only on a part of the parameter space (in fact, we shall see shortly,this
is always the case).

In the preceding example, én(X ) is inadmissible for n > 3. Is én(X ) admissible ...7 This
cannot be concluded on the basis of the preceding calculations: to establish admissibility of
0,,(X) we have to prove that there doesn’t exist an estimator which improves the risk of 6, (X)
for all values of the parameter.

REMARK 7b5. Practically one may prefer an inadmissible estimator due to its simpler struc-
ture, subjective appeal, etc.

REMARK 7b6. Admissibility is a very weak property. For example, for X ~ N(0,1), 6 € R,
the constant estimator 6 = ¢, which doesn’t depend on X is admissible ! Suppose the contrary
holds, i.e. § = ¢ is inadmissible, then there is an estimator §'(X) such that Eg(6 — ¢'(X))? <
(6 — ¢)? for all & € R and for some 6 this inequality is strict. In particular, for 6 := ¢ we get
Ee(c—0'(X))2 =0, i.e. 0'(X) = ¢, Peas. Let ¢ be the standard normal density, then for any
0 eR

o 2 — 0 () 2o(x — = _A/xQSO(x 0 T —dr —
Eq(6 — 0'(X)) —/(9 0'(z))"p(z — 0)d /(9 0'(z)) (’D(x_c)w( )d
o 290(X—9): — )2 SO(X_H): — )2

i.e. the risk of ' coincides with the risk of § = ¢. The obtained contradiction shows that 6 = ¢
is admissible.
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REMARK 7b7. Establishing inadmissibility of an estimator amounts to finding another esti-
mator with better risk. Establishing admissibility of an estimator appears to be a much harder
task: we have to check that better estimators don’t exist! It turns out that constructing an
admissible estimator is sometimes an easier objective. In particular, the Bayes estimators are
admissible (see Lemma 7c8 below).

The following celebrated example, whose earlier version was suggested by C.Stein, demon-
strates that estimators can be inadmissible in a surprising way

EXAMPLE 7b8 (W.James and C.Stein, 1961). Let X be a normal vector in R” with inde-
pendent entries X; ~ N(6;,1). Given a realization of X, it is required to estimate the vector
0. Since X;’s are independent, X; doesn’t seem to bear any relevance to estimating the values
of 0;, for j # i. Hence it makes sense to estimate 0; by Xj, i.e. 6 = X. This estimator is
reasonable from a number of perspectives: it is the ML estimator and, as we shall see below, the
optimal unbiased estimator of # and also the minimax estimator. The quadratic risk of =X

is constant
P

R(0,0) = Eol| X — 0> =By » (X;—0;)> =p, 0€RP.
i=1
This ‘natural’ estimator # = X can also be shown admissible for p=1and p = 2, but,
surprisingly, not for p > 3 ! The following estimator, constructed by W.James and C.Stein, has
a strictly better risk for all 6 € RP:

. _9
75 = (1 - p) X.
X%

Note that this estimator, unlike =X , uses all the components of X to estimate each individual

component of  and the values of X with smaller norms are pushed further towards the origin.

The latter property is often referred to as shrinkage and the estimators with similar property

are called shrinking estimators. Some further details can be found in the concise article [11].
To compute the risk of 87, we shall need the following simple identity:

LEMMA 7b9 (Stein’s lemma). For ¢ ~ N(0,1) and a continuously differentiable function
h:R—R,
ECh(C) = EN'(C),

whenever the expectations are well defined and finite.

PRrROOF. Note that the standard normal density ¢ satisfies ¢/(z) = —x¢(x) and under our
integrability assumptions, the claim follows by integration by parts

EN(() = / W (@)p(e)de = - / h(z)g (x)de = / h(a)ep(z)de = ECh(C).

Also we shall check that for p > 3,

< 00.

1
Eor—rs
X112

To this end, let e; be the vector with the entries e; ;1 = 1 and e;; = 0 for ¢ = 2,...,p and note
that the vectors 6 and e ||f|| have the same norms. Hence there exists an orthonormal (rotation)
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matrix Uy, such that Uyph = eq||#]|. Since X = Z + 6, where Z is the vector with i.i.d. N(0,1)
entries,

I1X)1% = [|UsX |2 = ||UsZ + e 0] ||

But as Uy is orthonormal, UyZ has the same distribution as Z and

1 1 1 2
By — / 3l g —
IXT2 Jre |2+ eq 0]l ||* (2m)7/

1 1 1
oo exp | = (v — [19])° v? | dv <
/Rp V]2 (2m)P/2 5 ;
1< 1 1 :
2 2
Jo e (=5 208 | dvos | e (wlol = 3ot - 53007 o <
i=1 Rp P
p o0
92/ L _1 do = ||92/ l (_1 2> 1
e exp v = exp 2y r < oo,
o o2 12 [ e (4

where in T we used the elementary inequality za — %xZ < a? for all z € R and f holds by the
change of variables to polar coordinates (the term r?~! is the Jacobian).
Now let us get back to calculating the risk of the James-Stein estimator:

2
_|iz)? —2< > H
X xe

p—2 (»—2)
HZW—2<Z X>+ ,
1 X1? 1 X112

. p—2
|w“—9W:HX—X—9
1 X1

where
p
Zi + 0;
Z, Z; X = Ji—————
< x| > Z T 22 iz o
Consider h(x;) := Hf;j:”Q as a function of z; € R with all other coordinates x;, j # ¢ fixed, so

that x; # 6; at least for some j. In this case, h(x;) is smooth in z; and

2+ 6] — 2(z; + 6;)° 1 (z; + 6;)°
[l + 0] TP e+l

Oih(z;) =

Applying Stein’s lemma and using independence of Z;’s, we get

Z; + 0;

Eﬁzim = EyEy (Zz'h(Zi) Zj,j # Z) = EyEq (@'h(zi) Zj,j # Z) =

1 (Zi + 0;)* 1 X?
EgIE@( —9 (Z, £ ) R,
1Z + 0|2 1Z + 64 1™ TIXP X4
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and hence
E <Z p_2X> ( 2)217:(1@ L o, X >
0 ST~ 110 =P — 0T ~19 O ~na | —
X2 pt X2 | X4
P 1 9 1
—2)E -2 =(p—2)°2F,———
(P =2) 9<||X||2 HXH?> Rk

Plugging this back, we obtain

j j —2 (p—2)?
R(67,0) = 9J5—9|2=E9(22—2<z,p X>+ _
57 ¢l 12 X2 DIk
1 (»—2)°

1
E =p—(p—2)°E
X TR EE TP 0 e

for all 6 € RP. |

<p=R(0,0),

p—2(p —2)Eo

However, risks do not have to be comparable. Here is a simple example:

EXAMPLE 7b10. Suppose we toss a coin twice, i.e. obtain an ii.d. sample X = (X1, X52)
from Ber(), 0 € [0,1]. As we saw, the MLE of 6 is given by §(X) = 213%2. Another esti-
mator, suggested earlier by the frequency substitution, is 6(X) = v/X1X2. Let’s calculate the
corresponding risks:

_ Xt X

R(0,0) = Ey (0 .

2 1 1
)" = 7 (varg(xX1) + varg(X2)) = 56(1 ),
and
~ 2
R(0,6) = Eq (0 - \/XQXQ) = 0% — 20Eg\/Xo X5 + EgXoXo = 0% — 20° + 0 = 20%(1 — 0).

The obtained risks are plotted at Figure 1: R(0,0) is worse (greater) than R(6,0) for 0 € (0,1/4)
and vise versa for 0 € (1/4,1) [ |

This example shows that the risks of two estimators may satisfy opposite inequalities on
different regions of ©: since we do not know in advance to which of the regions the unknown
parameter belongs, preferring one estimator to another in this situation does not make sense.

If we cannot compare some estimators, maybe we can still find the best estimator 6* for

which
R(0,0") < R(0,0), V8 € © for all estimators 6 ?

A simple argument shows that the latter is also impossible! Suppose that the best estimator
exists. Take the trivial estimator 6(X) = 6. The corresponding risk

R(0,0) = Eg(0 — 60)> = (6 — 6p)*,
vanishes at 6 := 0y and hence the risk of the best estimator must vanish at 8y as well:
R(60,0%) < R(6y,0) =0, =  R(,6*) =0.

But 6y was arbitrary, hence in fact R(0, é*) =0 for all § € O, i.e. errorless estimation is possible,
which is obviously a nonsense. This contradiction shows that the best estimator does not exist.
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Plots of the risks versus 6
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0.3 R
0.25 B
0.2 B
0.15 B
0.1 B
0.05- B
0 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIGURE 1. the risks R(0,0) and R(6,6) as functions of 6 € [0, 1]

REMARK 7bll. Note that nonexistence of the best estimator does not contradict the exis-
tence of the admissible estimators:

R(6, é“) < R(0,0), VO for all comparable estimators 6.
Indeed, in many problems an admissible estimator can be found explicitly.

In view of this discussion, we are faced with the two basic questions:

(1) How any two estimators can nevertheless be compared ?
(2) If we find a way to make all estimators comparable, does then the best estimator exist?
If yes, how can it be actually found?

Answers can be provided by a number of approaches, which we shall first survey below and
shall discuss some of them in details.

Reduction of the risk to scalar. The basic problem with comparing estimators by their
risk functions is being unable to compare functions in general. The natural idea to cope with
this problem is to reduce the risk function to a nonnegative real number (scalar) by means of
some transformation. This way all estimators are assigned positive numbers and thus become
comparable.

Minimaz estimation. For an estimator §, the maximal (supremum) risk is

r(0) := sup R(8, 0).
0O
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In words, r(é) is the worst value of the risk. Any two estimators 6 and 0 are now compared by
comparing the corresponding maximal risks 7(6) and r(6) and the estimator with smaller one is
preferred.

The best estimator éo, i.e. the one which yields the smallest maximal risk is called minimaz:

r(6°) = sup R(0,6°) < sup R(0,0) = r(f), for any other estimator 6.
0cOe 0cO

In words, the minimax estimator optimizes the worst case performance. The principle disad-
vantage of this approach is that the estimator which yields the best performance in the worst
case (which maybe quite bad on its own), may perform quite poorly for other values of the
parameters.

Bayes estimation. In the Bayesian approach, one chooses a prior probability distribution
(e.g. in the form of p.d.f. if © is a continuum) 7(#), # € © and defines the Bayes risk of the
estimator 0 as

r(m,0) = /@ R(0,0)7(0)d.

Any two estimators are comparable by their Bayes risks. The estimator, which minimizes the
Bayes risk, is called the Bayes estimator and is usually given by an explicit (in fact Bayes, what
else ?7) formula (see more details in Section ¢ below).

The prior distribution 7, from which the value of the parameter is sampled, is interpreted as
the subjective a priori belief regarding 6. For example, if © = [0, 1] (as in the coin tossing), the
prior m = U([0, 1]) makes all #’s equiprobable. If for some reason we believe that 6 cannot deviate
from 1/2 too much, we may express this belief by choosing a prior, concentrated more around
0 =1/2,eg w(0) =C.(0(1—0))", where r is a positive number and C, is the corresponding
normalizing constant. The Bayes estimator is then viewed as the optimal fusion of the a priori
belief about the unknown parameter and the data obtained in the experiment.

On one hand, introducing a prior can be viewed as an advantage, since it allows to incorporate
prior information about the parameter into the solution. On the other hand, if such information
is not available or, more frequently, cannot be translated to a particular prior distribution,
the choice of the prior is left arbitrary and thus problematic (do not think that a uniform
prior is not ‘informative’!). On the third hand, the Bayes estimator enjoys many good decision
theoretic properties and turns to yield the best possible behavior asymptotically, as the sample
size increases. We shall discuss Bayes estimators in more details below.

Restricting estimators to a class. While the best estimator does not exist, remarkably
it may exist and even be explicitly computable, if we consider a restricted class of estimators
satisfying certain additional properties.

Equivariant estimators. Let X = (X,..., X,;) be an i.i.d. sample from the density f(x —6),
where 6 is the unknown location parameter”. An estimator 6(X) of 6 is called equivariant'® if
0(z + s) = s+ 0(x) for any shift'' s € R. Remarkably, this extra structure of the estimators
guarantees existence of the best estimator, which can be explicitly computed.

9n other words, X; = 0 + Y, where Y;’s are sampled from the p.d.f. f

Omore generally, equivariance is defined with respect to a group of operations

for a vector € R™ and a scalar ¢ € R, x — ¢ stands for the vector with entries x; — ¢
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Unbiased estimators.
DEFINITION 7b12. Let X ~ Py. The bias function of an estimator' 0 is
b(0,0) := EgH(X) — 0.
The estimator 0 is unbiased if b(6,0) =0, V0 € O, i.e. Egf(X) = 0.

REMARK 7b13. If the objective is to estimate ¢(#) for some known ¢, the bias of an estimator

G(X) is defined similarly
b(q(9),4) = Egq(X) — q(0).

Unbiased estimators produce estimates which are dispersed around the true value of the
parameter. This may be practically appealing in some problems. Moreover, it turns out that
often it is possible to find the best estimator within the class of all unbiased estimators'®. The
related theory is very elegant and frequently useful. We shall dwell on it in details in Section d.

Asymptotic (large sample) theory. In many practical situations the amount of the
available data is as large as we want. After all, repeating a statistical experiment is often only a
matter of resources (time, money, etc.) and if the precision is important, one may be prepared
to pay for it. In these cases, it makes sense to consider sequences of estimators and to compare
them asymptotically, as the number of samples increases.

The typical example is estimation of the mean 6 from the i.i.d. sample Xi,..., X,, from
N(0,1) distribution. As we saw, the corresponding MLE is én(X ) = X,,, which can be viewed
as a sequence of estimators, indexed by n. Another reasonable estimator of the mean is the
empirical median, i.e. 0,(X) = med(X1, ..., X,,) = X(n/2]), Where X(;) stands for the i-th order
statistic.

It can be shown, that both estimators become more and more precise as n increases: in
fact, both converge in a certain sense to the true value of the parameter as n — oco. Hence
one can compare these estimators asymptotically as n — oo by e.g. the rate of convergence or
asymptotic variance, etc.

Asymptotic estimation has a deep and beautiful theory with many practical applications.
We shall touch upon the basic notions of it in Section g below.

c. Bayes estimator

As mentioned above, the Bayes estimator, i.e. the estimator which minimizes the Bayes risk
with respect to a prior m:

r(6) = | R(O.O)n(as),
©
over all estimators 6 is computable explicitly:

PROPOSITION 7cl. The Bayes estimator with respect to the MSE risk and the prior 7 is
given by the Bayes formula:

i  JosL(X;s)m(s)ds

*

= 7cl
n(X) f@ L(X;r)n(r)dr’ (7el)
12Pay attention that definition of the bias implicitly requires the expectation to be well defined

13Note that the trivial estimators, such as used in the discussion preceding Remark 7b11 are biased and thus
excluded from consideration.
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where L(x;0) is the likelihood of the model (Pg)gco.

PROOF. Suppose for definiteness'* that X ~ Py is a random vector in R" with j.p.d.f.
f(x;0). Then the Bayes risk of an estimator § with respect to the prior 7 is

() = / R(s,0)7(s)ds = / / (s—0 2f(x; s)m(s)dzds.

Note that f(x;s)n(s) is a j.p.d.f. on R™ x O (since it is nonnegative and integrates to one) and
let E denote the corresponding expectation. Let 6 be a sample from 7. Then

re(0) = E(0 - 0(X))”,

which is recognized as the MSE of the prediction error of 6, from the observation of X. The
minimal MSE is attained by the conditional expectation, which in this case is given by the Bayes

formula:
(X; d
Bl = Jo2 I o
Jo f( m(r)dr
This is nothing but (7cl), as L(x;s) = f(x;s) by deﬁnltlon. O

The Bayes estimator with respect to risks, corresponding to other losses are computable
similarly. Let § ~ m and X ~ Py, then for a given loss function and any statistic 7'(x), the
Bayes risk is given by!®

ro(m, T) = / Ey £ (n, T(X))w()dn = /@ [ £1.7@) ol (o) =

/Rn (/ tn, T (2)) forx (s 2 )d77>fx(x)drv > /Rn inf (/ (0, 2) forx (n; @ )d77>fx( )da

If the infimum is actually attained for each z € R™, which is typically the case'%, then the Bayes
estimator is given by:

2"(X) € argmin, g /e £(n, 2) fo)x (n; X)dn.

REMARK 7c2. Note that for any loss function, z*(X) depends on the data X only through
the posterior distribution fgx. The posterior distribution can be thought as an update of the
prior distribution on the basis of the obtained observations. In other words, the data updates
our prior belief about the parameter.

Let’s see how this recovers the formula (7cl) for ¢ loss:
[ 2 s s X0dn = [ (0= 22 fo s X =
/@?72fex(n; X)dn — 2z /e nfox (m; X)dn + 2°.

14The discrete case is treated similarly
L5ye shall assume that all the p-d.f.’s involved exists; the discrete or even a more abstract case is treated
along the same lines

16think of a simple condition for existence of the Bayes estimator
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The latter is a parabola in z, which has a unique minimum at
() 1= [ nfaxn X)dn = E@1X).

yielding (7cl). For the ¢; loss, we get:

/@ 0, 2) fop (1 X ) = /e 10— 2| fope (1 X ).
If e.g. ©® =R, then

z

[ n= At X)an = [~ = mpatm X)dn+ | 0= ) o s Xy,
® —00 z

The latter is a differentiable function in z, if the integrands are continuous, and the derivative
is given by!":

d 4 [e.e]
d/ n — 2| forx (n; X)dn = / foix (m; X)dn — / foix (m; X)dn =
zJe —00 z
Fyx(z:X) — (1= Fyx (2 X)) = 2Fyx(z; X) — L.
Equating the latter to 0 we find that the extremum is attained at z*(X') which is the solution of
Fyx(z; X) =1/2.

Differentiating one more time w.r.t. z, we find that the extremum is in fact a minimum. Hence
2*(X) is the median of the posterior in this case.

EXAMPLE 7c3. Suppose that we use a device, which is known to be quite precise in terms of
the random errors, but may have a significant constant error, which we would like to estimate
(and compensate from the device measurements in the future). More precisely, we perform n
measurements and obtain an i.i.d. sample from N (6,1), where 6 € R is the unknown parameter.
Suppose we do not believe that the constant error term is too large, which we express by
assuming that @ is itself a random variable sampled from N (0, 0?), where o2 is known to us and
it expresses our belief regarding the dispersion of the error. Hence X; = 0 + Z;, where Z;’s are
iid. N(0,1) r.v.

In this setting, our prior is 7 = N(0,0?) and hence 6, X1, ..., X, are jointly Gaussian. So
the general formula for the Bayes estimator can be bypassed, using its particular form in the
Gaussian case:

E(0) X1, ..., Xn) = Ef + Cov(d, X)Cov H(X, X)(X — EX).
We have E§ = 0, EX = (0, ... 0)' and
2 ..
cov(d, X;) = o2, cov(X;, X;) = {02 +1 Z _‘7,
o i # ]

Let 1 denote the column vector of ones, then

Cov(,X) =EOX " =o21"

17Recall that Lp(z,2) = L2 (2, 2)pmz + 6%(1)(2’, Y)yi==
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and
Cov(X,X)=EXX' =c%11" +1,
where T is the n-by-n identity matrix. Let’s check that!® Cov }(X, X) =1 — ——11":

o 2+4n

2147 1 T 2447 o T44T 1 T
(U 11 —i—[)(]—ill >:0' 1" - ——11'11"' +] — ———11"' =

o 24n o 24n o 24n
2 2
1 1
0211T—i11T+I—711T:a211T+I—11T( on )z

o7 24n o0 24+n c724n o0 24n

211" + T — o117 =1,
where we used the fact 171 = n. Hence

#HT)X - 02(1T Lﬂ)x -
n

o~2 4
n 1 "
2 T
1—7)1 X=— X;.
U( o 24n 02+n; !

The estimator depends explicitly on ¢?: if o is large, i.e. the uncertainty about @ is big, the
estimator is close to the empirical mean X,, (i.e. the a priori belief is essentially ignored and
the estimator relies on the data alone). If o2 is small, the prior is concentrated around zero
and the estimator is close to zero, virtually regardless of the observations (for moderate n). If
we continue to increase n, we shall again get back to the empirical mean. This behavior is
intuitively appealing, since for large sample the empirical mean is close to the actual value of
the parameter by virtue of the law of large numbers (regardless of our prior beliefs!).

E(0|X) = o217 (I -

EXAMPLE 7c4. Consider the n i.i.d. tosses of a coin with unknown parameter 6. Suppose
we tend to believe that 6 should not be too far from 1/2 and express our belief by assuming the
prior density

m(n) =Cm" (1 =n)", nel0,1],

where C) is the normalizing constant (whose value as we shall see won’t play any role) and
r > 0 is a parameter, which measures the strength of our faith: for large r, m.(n) is strongly
concentrated around 1/2 and for small r, it is close to the uniform distribution (which itself
corresponds to 7 = 0). The Bayes estimator under the quadratic loss is the posterior mean given
by (7cl):

B f01 UUS"(X)(l — U)”_S”(X)Wr(ﬁ)dn B O1 nSn(X)-f—l—i-r(l o ﬁ)”_S"(X)”dn -
F(Sp(X)+24+7)/T(3+2r+n)

L(Sp(X)+1+7)/T(2+2r+n)

6*(X)

18this is an application of the well known matrix Woodbury identity, known also as the matrix inversion
lemma
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For integer values'? of 7 the latter reads:

(Sp(X)+14+r)1/242r +n)!  Sy(X)+1+r
(Sn(X)+7m)!/(1+2r+n)! — 2+2r+n

For large r (and small n), the Bayes estimator essentially ignores the data and yields 1/2,
“trusting” more the prior knowledge about 6. As n grows, the difference between the Bayes
estimator and the MLE disappears, no matter how large r» was: the prior knowledge is irrelevant
when the data is abundant. R

Note that for r = 0, the Bayes estimator 8*(X) = (S,(X) + 1)/(2 + n) is different from the
MLE S,,(X)/n, contrary to a tempting interpretation of the uniform prior as “non-informative”.

0*(X) =

Computation of the Bayes estimator as e.g. in (7cl) can be quite involved in general,
depending on both prior and the likelihood. In this connection, the conjugate priors may be
handy.

DEFINITION 7chb. A family of prior probability distributions w is said to be conjugate to a
family of likelihood functions L(x; 6) if the resulting posterior distributions are in the same family
as prior; the prior and posterior are then called conjugate distributions, and the prior is called
a conjugate prior for the likelihood.

EXAMPLE 7c6. Gaussian priors are conjugate to the Gaussian likelihoods, corresponding to
the i.i.d. sample of size n from N(f,02), § € © with known 2. To check this we shall show
that the posterior is Gaussian as well. To this end, note that a sample X from the model Py,
corresponding to such likelihood can be written as

X,=0+0Z;, i=1,...n

where Z;’s are i.i.d. N(0,1) r.v.’s Let § ~ 7 = N(u,7%) (an arbitrary Gaussian density),
then 6, Xy, ..., X,, are jointly Gaussian (i.e. form a Gaussian vector) and hence the conditional
distribution of 6 given X is Gaussian with the parameters, which can be computed explicitly as
in the Example 7c3. |

Here is an example, popular in computer science

EXAMPLE 7c7. Let’s show that Dirichlet distribution is conjugate to multinomial likelihood
and find the corresponding parameters of the posterior. The p.m.f. of the multinomial distribu-
tion with parameters

k
0=(01,...0,) €0 =8"1:={ueRF: zo,zui =1},
=1
is given by
n

k
|
p(@i0) = L(;0) = —= 676", s €N ) zi=n
e . 74:1

recall that T'(m) = (m — 1)! for integer m > 1
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Hence the conjugate prior should be a distribution on the simplex 8¥~1. The Dirichlet distribu-
tion D(«) is defined by the the p.d.f.

where o = (aq, ..., ) € Rﬁ, the normalizing constant is given by

_ I ()
P F(Zlfl ai)

and where n := 1 — 25;11 n; is defined. Notice that the p.d.f. actually depends only on the

)

first k — 1 coordinates of 7, i.e. it is a p.d.f. on R¥~! (and not on R¥  think why).

To check the claim we have to verify that the posterior is Dirichlet and find its parameters.
Let X be a sample from the above multinomial distribution with § ~ 7 = D(«). Then by an
appropriate Bayes formula we have

$1| Tj ,771 ’ HTI OCH ot
i=1

where the symbol x stands for equality up to the multiplicative normalizing constant which
depends only on z (and not on n). Hence the resulting posterior is identified as Dirichlet with
parameter o + x, where x = (21, ..., Tg).

Let’s see how these conjugates are typically used. Suppose we roll a dice n times indepen-
dently and would like to estimate the probabilities to get each one of the six sides. Hence we
obtain a realization of n i.i.d. r.v.’s &, ...,§, each taking value in {1,...,6} with probabilities
01,...,06. Let X; be the number of times the i-th side came up, i.e. X; =3 I(&, =1). As
we saw, X = (X7, ..., Xg) is a sufficient statistic and hence nothing is lost if we regard X as our
observation. If we put a prior Dirichlet distribution on ©, then the emerging Bayes estimator
(under the quadratic risk) has a very simple form.

A direct calculation shows that for V' ~ D(a),

fox (n; ) o<

M

Z?:l o

Since we already know that the posterior is D(a + X ), we conclude that
o + X

> (og + X;)]

Note that before obtaining any observations, our best guess of 6; is just «;/ 25:1 aj. Asn
grows, the estimator becomes more influenced by X and for large n becomes close to the usual
empirical frequency estimator.

If we would have chosen a different prior, the Bayes estimator might be quite nasty, requiring
complicated numerical calculations. |

EV; =

E(0;]X) = i=1,..,6.

A list of conjugate priors and the corresponding likelihoods can be looked up in the literature.
When dealing with a particular model Py, one may be lucky to find a family of conjugate priors,
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in which case a computationally simple and usually very reasonable estimator 20 automatically
emerges.

Some properties of the Bayes estimator. The Bayes estimator satisfies a number of
interesting properties.

LEMMA 7c¢8. The Bayes estimator 6* is admissible, if the corresponding prior density is
positive and the risk of any estimator is continuous in 6.

REMARK 7c9. The continuity assumption is quite weak: e.g. it is satisfied, if the loss function
is continuous in both variables and 6 — Py is continuous (in an appropriate sense).

PROOF. Let 6* be the Bayes estimator with respect to the loss function ¢ and the prior .
Suppose 6* is inadmissible and let 8 be an estimator such that

R(0,0) =Eqgl(6,0) < Egl(0,6%) = R(0,0%), V6 €O,

where the inequality is strict for some @’ € ©. The continuity of risks imply that in fact the
latter inequality is strict on an open neighborhood of 6’ and hence

rp(0) = /@ R(0,0)7(0)d6 < /@ R(0,0%)7(0)d6 = rp(6%),

which contradicts optimality of the Bayes estimator. O

The following lemma establishes the important connection between the Bayes and the min-
imax estimators.

LEMMA 7cl10. A Bayes estimator with constant risk is minimaz.

PROOF. Let 6* be the Bayes estimator w.r.t. to the loss function ¢ and the prior m, such
that R R
R(0,6%) = Ey(0,0%) = C,

for some constant C' > (. Then for any estimator é,

sup R(0,0%) = C = / R(6,6%)r(6)d0 < / R0, 8)7(6)d0 < sup R(6, ),
6co (€] ) 0co

where the inequality holds by the Bayes optimality of 6*. ([

The preceding lemma is only rarely useful, since the Bayes estimators with constant risks
are hard to find. The following variation is more applicable:

LEMMA 7cll. Let (m;) be a sequence of priors and 6% be the corresponding Bayes estimators.
If the Bayes risks converge to a constant

lim / R(0,0*)m;(0)do = C, (7¢2)
v Je

then for any estimator 6
sup R(0,0) > C.
0cO

20in particular, when the number of the sample grows any Bayes estimator will typically forget its prior
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ProOOF. For any estimator 9,

sup R(6, ) > / RO, 6)m(0)d0 > / R0, 6%)m:(0)d0 =5 C.
(ASC) (C] (€]

O

EXAMPLE 7cl12. In Example 7c3 we saw that the Bayes estimator of 6 from the sample
X1, ..., X, with X; ~ N(0,1) and the Gaussian prior N(0,c?) is given by

N*xo 1 -
0" =E(0|X) = 0_2+nZXi.
=1

The corresponding Bayes risk is
r(0%) =E(0 — 6*(X))? = Evar(0|X) = var(f) — cov(6, X)cov(X, X) Lcov(X, 0) =
a%/n

1/n+o0?

o —o’1" (I - 117)10% =

o2+n
Since limy_,o0 7(6*) = 1/n, for any estimator 6,

supEg(0 — )% > 1/n.
0cO

This bound is attained by the estimator X, which is therefore minimax.

d. UMVU estimator

In this section we shall explore theory of unbiased estimators in more details. Let us start
with a number of examples, recalling the definition of unbiased estimators.

EXAMPLE 7d1. Let Xi,..., X, be the ii.d. sample from N(u,oc?), where § = (01,0) =
(u,0%) € © = R x R, is the unknown paremeter. We saw that the MLE of x is given by the
empirical mean:

fn(X) = X,
Since Egfi, = E¢X,, = 1, the estimator /i, is unbiased. What about the MLE of ¢?:
. 1 ¢ -
ai(X) = EZ(XZ - X)? 7

i=1
Recall that Z; := (X; — p)/o ~ N(0,1) and hence

. 1o _ 1 & _

=1 1=1
1 n
o (Egﬁ > 2~ Eg(Zn)Q) - 02(1 - 1/n>.
=1
Since Eg62(X) # o2, it is a biased estimator of o with the bias

b(o?,62) = o? (1 - 1/n) —o?=—0%/n,

n
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which depends only on o2, A slight modification yields an unbiased estimator of o2:

~2 ~2 n o 1g o \2 - o \2
X) = &2(X (1—1 ): SN(X = X)) = X, - X,

Gp(X) = 6,(X)/ /n)=——— i:l( ) ;:1( )

1
n—1

EXAMPLE 7d2. For an i.i.d. sample X3, ..., X,, from U([0, #]) with the unknown parameter
6 € © = (0,00), the MLE of 6 is 6,(X) = max; X;. By (7b3), E¢0,,(X) =0
biased:

n .
et and hence 0,, is

. n
b(0,0,) =0 —0=-0 1).
(6.00) = 6" J(n+ 1)
Again, slightly modifying 0,, we obtain an unbiased estimator
~ 14 1
(X)) =" x) = P e x,
n n i

While unbiased estimators are often practically appealing, do not think they are always
available! The unbiased estimator may not exist, as the following example demonstrates:

EXAMPLE 7d3. Let X1, ..., X,, be i.i.d. coin tosses with probability of heads 6 € (0,1). We
want to estimate the odds, i.e. the ratio ¢(f) = 6/(1 — 6). Suppose T is an estimator of ¢(6),
then

EoT(X)= Y T(2)0°® (1 -0,
ze{0,1}™
where S(z) = >, x;. The latter is a polynomial of a finite order in . On the other hand, the
function ¢(#) can be written as the series:

0

a(0) = =6§9, Vo € (0,1),

where we used the formula for the sum of geometric progression. Since polynomials of different
orders cannot be equal, we conclude that E¢T'(X) # 6/(1 — 0) for some § € Ry. But as T' was
an arbitrary statistic, we conclude that no unbiased estimator of ¢() exists. |

It is convenient to decompose the quadratic risk into the variance and bias terms:

R(6,0) = Eg (0 — FgB(X) + Egf(X) — 0(X))* =

g (6 — Egf(X))* + By (BeB(X) — A(X))? = varg () + b2(6,0) (7d1)
where we used the property
2y (0 — EgH(X)) (Ef(X) — 0(X)) = 2(0 — Egf(X))Eg(EgH(X) — 0(X)) =
2(0 — Egf(X)) (

=0

In particular, the quadratic risk for unbiased estimators consists only of the variance term.
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DEFINITION 7d4. The Uniformly Minimal Variance Unbiased Estimator (UMVUE) 6* of 0
1s an unbiased estimator satisfying:

R(0,60%) = varg(6*) < varg(d) = R(6,0), V6 < ©,
for all unbiased estimators 6.
In words, the UMVUE is the optimal unbiased estimator.

REMARK 7d5. Note that the unbiased estimators may not be comparable. Moreover, the
UMVUE may be inadmissible?!, i.e. its risk can be improvable by another estimator (which, of
course, must be biased).

Of course, the UMVUE may not exist. For instance, unbiased estimators do not exist at all
in the Example 7d3. Even if unbiased estimators do exist, it may be still impossible to choose
UMVUE:

EXAMPLE 7d6. (Problem 19 page 130 from [8], solution by David Azriel)

Suppose X is a r.v. taking values {# — 1, 6,60+ 1} with equal probabilities, where § € © = Z
(signed integers) is the unknown parameter. We shall show that for any j € Z, there is an
unbiased estimator Tj(X), such that varg(7T;) = 0 for § := j. Suppose the UMVUE exists and
denote it by T'. Then vary(T') < varg(T;) for all # € © and since j is arbitrary, it follows that
varg(T) = 0 for all § € O, i.e., the parameter can be estimated precisely. Since this is impossible
(prove!), the UMVUE does not exist. This is the same argument we used to show that there is
no estimator, which minimizers the risk uniformly over all #’s.

To this end, note that EgX = 0, i.e. X is an unbiased estimator of §. For a fixed j € Z and
xe€{j—1,7,j+ 1}, define

1 z=j+1
gj(z) =40 x=j
1 z=j-1

and extend the definition to other z € Z by periodicity, i.e. 6;(z) := 6;(z + 3) for all x € Z
(sketch the plot). Note that for any 6 € Z,

Egé;(X) = é(aj(e ~1) 4550+ 056+ 1)) =0,

since the average over any three neighboring values of 0;(x) equals zero (look at your plot). Now
set T;(X) = X 4 6;(X). The estimator T;(X) is unbiased:

EoT;(X) = 0 + Eg6;(X) = 6.

Under distribution P;, X takes the valuesin {j—1, j, j+1} and T;(X) = j. Hence var;(T;(X)) =
0 as claimed.

Note that the crux of the proof is construction of a family of nontrivial unbiased estimators
of zero ¢;(X), j € Z. This is precisely, what the notion of completeness, to be defined below,

excludes. [
2Hf X4, ..., X,, is a sample from U([0,1]), T*(X) = 2+ max; X; is UMVUE (as we shall see in the sequel).

However, T is inadmissible: for example, the estimator T'(X) = Zif max; X; has better risk, i.e. R(6,T") <
R(6,T") for all § € © (check!)
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However, if UMV UE exists, it is essentially unique:
LEMMA 7d7. If T1(X) and To(X) are both UMV UEs, then T1(X) = T2(X), Py-a.s

PROOF. Suppose T and 15 are UMVUEs. Then
1 1 1 1 1 1 1
varg (§T1 + §T2) = zvarg(Tl) + §COV9(T1,T2) + ZV&T@(TQ) = Qvarg(Tl) + §COV9(T1,T2)
where the last equality follows from varg(77) = varg(T2) (as both 77 and Tb are UMVUE and
thus in particular have the same variance). By the Cauchy-Schwarz inequality, covg(Ty,T5)? <
vary (T} )var(Ty) = vary(T1)? and hence we obtain:

1 1
varg (QTl + iTg) < vary(T1).

But Eg(%Tl + %Tg) = %9 + %9 =4, i.e. %Tg + %TQ is by itself an unbiased estimator and hence
the latter inequality can hold only with equality (since 77 is UMVUE):

1 1
varg <§T1 + iTQ) = varg(T1).

Again opening the brackets, this implies covy (T}, Ts) = varg(17). But then
varg(Ty — Ty) = var(Ty) — 2cov(Ty, Ts) + var(Ty) = 0,

which means that T} = 15, Py-a.s.
O

One of the main tools in analysis of the unbiased estimators is the Rao—Blackwell theorem,
which states that conditioning on a sufficient statistic improves the MSE risk:

THEOREM 7d8 (Rao-Blackwell). Let (Pp)gco be a statistical model, X ~ Py, S(X) be a
sufficient statistic and T(X) an estimator of q(0) for some known function q, with EgT?(X) <
0o. Then the statistic

T*(X) = Eo(T(X)[S(X))
is an estimator of q(0) with the same bias as T'(X) and smaller MSE risk:

R(q(6),T*) < R(¢(6),T), Vb€ O, (7d2)
where the inequality is strict, unless T(X) = T*(X) Py-a.s.

PROOF. Note that since S(X) is sufficient, the conditional law of X given S(X) does not
depend on 6 and in particular, Eg(7T'(X)|S(X)) is only a function of X, i.e. a statistic indeed.
Moreover,

EoT™(X) = EoEo(T'(X)|S(X)) = EoT'(X),
i.e. T and T™ have the same bias function and, since MSE is a sum of the variance and the
squared bias, (7d2) follows if we prove that varg(7™) < varg(7T):

varg(T) = By (T(X) — BgT(X))? = By (T(X) — EgT*(X))* =

Eg(T(X) — T*(X) + T*(X) — EgT*(X))* =
B (T(X) — T*(X))? + 2By (T*(X) — BoT*(X)) (T(X) — T*(X))+

B (T*(X) — EgT*(X))".
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Note that T%(X) = E¢(T'(X)]S(X)) is a function of S(X) and hence by orthogonality property
By (T"(X) = ByT™ (X)) (T(X) = T*(X)) =
Ey (T"(X) — EgT* (X)) (T(X) — Eg(T(X)|S(X))) = 0.

~~

a function of S(X)

The two equalities imply
varg(T) = By (T(X) — T*(X))? + vary(T*) > vary(T*),
where the equality holds if and only if 7'(X) = T*(X), Pyp-a.s. O

COROLLARY 7d9. For unbiased T, the estimator T™* obtained by the R-B procedure, is unbi-
ased with improved risk.

The R-B theorem suggests yet another way to construct estimators: come up with any
unbiased estimator and improve it by applying the R-B procedure. Here is a typical application

ExXAMPLE 7d10. Let X; be the number of customers, who come at a bank branch at the
i-th day. Suppose we measure X1, ..., X, and would like to estimate the probability of having
no customers during a day. Let’s accept the statistical model, which assumes that X, ..., X,
are i.i.d. r.v.’s and X; ~ Poi(6), # > 0. We would like to estimate e~?, which is the probability
of having no clients under this statistical model.

An obvious?? unbiased estimator of e=? is T(X) = I(X; = 0): indeed, EyT(X) = Py(X; =
0) = e’ As we saw before, S(X) = 7 | X; is a sufficient statistic for this model. B-R
theorem requires calculation of

T*(X) =Eo(T(X)[S(X)) =Eg(I(X1 = 0)|S(X)) = Py(X1 = 0[S(X)).
To this end, for k € N,

—r) B(i=0XnL X =)
=k PH(ZL Xi= ’f)

Po(X1 = 0)Bg( X7y X5 = k)  =0e=(n=00 (5 — 1)9)* /R (-1 (i 1>k

Py (X1 =0|S(X) = k)

P, ( X = k) =0 (n0)* /k! nk n
where we used the fact that a sum of independent Poisson r.v.’s is Poisson. Hence the statistic
N 1\5(X)
T(X) = (1 - 5) , (7d3)

is an unbiased estimator of #, whose risk improves the risk of the original estimator T(X). Note
that if n is large, X, = % Yoy X &~ 0 (by the law of large numbers) and 23

rx)=(1- )= (- s e

22p0te that strictly speaking, I(X; = 0) cannot be accepted as a point estimator of e, since none of its
values, i.e. {0,1}, is in the range of e~% 6 € Ry. However, the claim of R-B theorem (and many other results
above and below) do not depend on this assumption

23recall that for oy, = (1 —1/n)", logay, = nlog(1 —1/n) ~ =1+ o(1/n), i.e. an ~ e "
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More precisely, T*(X) converges to e ? as n — oo in an appropriate sense. In fact, we shall see
below that 7%(X) is UMVUE ! [ |

REMARK 7d11. Applying the R-B procedure requires calculation of the conditional expec-
tation, which is often a serious practical drawback. Moreover, such standard estimators as the
MLE and the Bayes estimator cannot be actually improved using the R-B lemma, since both
are functions of the minimal sufficient statistic (see the next paragraph).

Clearly, for any fixed estimator T'(X), the actual quality of the R-B improved estimator
T*(X) will heavily depend on the choice of the sufficient statistic. For example, the whole
sample X, which is a trivial sufficient statistic, obviously won’t yield any improvement. On
the other hand, if S(X) is the minimal sufficient statistic, then Eg(7T'(X)|S(X)) cannot be
improved any further by no other sufficient statistic (why?). However, in general this will not
give the UMVUE, since Ey(7"(X)|S(X)) for a different estimator 77(X), may still give a better
estimator, even if S(X) is the minimal sufficient. Can the R-B procedure produce the optimal
(UMVU) estimator...? An answer to this question can be given in terms of the following notion
of completeness:

DEFINITION 7d12. Let (Pgp)pco be a statistical model and X ~ Py. A statistic T(X) is
complete if

Eog(T(X)) =0, V0e® = ¢(T(X)) =0, Ps—a.s. Vec®

REMARK 7d13. If T(X) and T'(X) are equivalent statistics and 7'(X) is complete, so is
T'(X). Indeed, let g be a function such that Eyg(T'(X)) = 0 for all § € ©. Since T'(X)
and T(X) are equivalent, there is a one-to-one function 1 such that 77(X) = ¥(T(X)). Let

9(u) == g(1(u)), then
Eog(T(X)) = Egg((T (X)) = Egg(T'(X)) = 0.

Since T is complete, we conclude that §(7T(X)) = 0 and thus g(7"(X)) = 0, Pg-a.s. which means
that T'(X) is complete.

Let’s see how this notion helps in finding the UMV UE.

LEMMA 7d14 (Lehmann-Scheffé). If the sufficient statistic S(X) is complete, then there is
at most one unbiased estimator, coarser than S(X).

PROOF. Suppose that T'(X) = g(S(X)) and T"(X) = ¢/(S(X)) are both unbiased, then
Eg(9(S(X)) — ¢'(S(X))) = Eo(T(X) — T'(X)) = 0,
and since S(X) is complete, g(S(X)) = ¢'(S(X)), i.e. T(X) =T'(X), Pp-a.s. O

This implies that R-B procedure applied to any unbiased estimator, using a complete suffi-
cient statistic, yields the unique and hence optimal unbiased estimator, i.e.

COROLLARY 7d15. If S(X) is the complete sufficient statistic, the R-B procedure yields the
UMVUE.

This suggests at least two ways of searching for the UMVUE:
(1) Rao-Blackwellize an unbiased estimator, using the complete sufficient statistic.
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(2) Find an unbiased estimator, which is a function of the complete sufficient statistic.

As we shall shortly see below, the sufficient statistic S(X) in Example 7d10 is complete and
hence the estimator (7d3) is UMVUE. The second approach is demonstrated in the following
example:

EXAMPLE 7d16. Suppose that X7, ..., X, arei.i.d. U([0,0]) r.v. with the unknown parameter
§ € R,. The minimal sufficient statistic M = max; X; has the density fy(z) = nz""1/0",
supported on [0,6]. Suppose that we know that M is complete and would like to find the
UMVUE of ¢(0), where ¢ is a given differentiable function. Consider the estimator of the form
(M), where v is a continuous function. If ¢)(M) is an unbiased estimator of ¢(f)

q(s) = Esp(M) = si" /OS nz" Yep(x)dr, s> 0.

Taking the derivative, we obtain

q(s) = —ps L /Os nm”_lw(x)dx + ns_lw(s) = —ns_lq(s) + ns_lw(s),

and
1
0(s) = -5q'() + as)
Hence taking ¢(6) := 60, we obtain the UMVUE of 6:

A 1 1
0X)= M+ M="7

n n

mzax X,

which we already encountered in Example 7d2. For ¢(f) = sin(#) we obtain the UMVUE
(X):= %M cos(M) + sin(M).

|

The main question remains: how to establish completeness of a sufficient statistic? The first
helpful observation is the following:

LEMMA 7d17. A complete sufficient statistic is minimal.

We have already seen (recall the discussion following the Example 7d10 on page 122), that if
R-B is carried out with a sufficient statistic, which is not minimal, UMV UE cannot be obtained in
general. In view of the L-S theorem, this implies that a complete sufficient statistic is necessarily
minimal. Here is a direct proof:

PROOF. Let T'(X) be a complete sufficient statistic and S(X) be the minimal sufficient
statistic. Since S(X) is sufficient, Eo(7'(X)|S(X)) does not depend on 0, i.e. Eo(T'(X)|S(X)) =
#(S(X)) for some function ¢. But as S(X) is the minimal sufficient statistic, it is, by definition,
coarser than any other sufficient statistic, and in particular, S(X) = ¢ (T'(X)) for some function
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. Hence Eg(T(X)|S(X)) = ¢(1/J(T(X))>. Let g(u) := u — ¢(¢(w)), then

Eog(T(X)) = By (T(X) — o((T(X)))) = Bg(T(X) — 6(5(X))) =
Eo (T(X) — Eg(T(X)|S(X)) ) = BT (X) — EgEy(T(X)|S(X)) =
EoT(X) — EgT(X) =0, Ve O.
But T'(X) is complete and hence ¢g(7'(X)) = 0 with probability one, i.e.
Eo (T(X)[S(X)) = T(X). (7d4)

By definition of the conditional expectation, Eg(T(X)[S(X)) is a function of S(X) and hence
(7d4) implies that T'(X) is coarser than S(X). But on the other hand, S(X) is minimal sufficient
and hence is coarser than 7'(X). Hence S(X) and T'(X) are equivalent and thus 7'(X) is minimal
sufficient. O

REMARK 7d18. A minimal sufficient statistic does not have to be complete and hence R-
B conditioning on the minimal sufficient statistic is not enough to get the UMVUE (revisit
Example 7d6).

The above lemma shows that the only candidate for a complete sufficient statistic is the
minimal sufficient. How do we check that the minimal sufficient statistic is complete? Sometimes,
this can be done directly by the definition, as the following examples demonstrate.

EXAMPLE 6a3 (continued) We saw that for n independent tosses of a coin with probability of
heads 6, S(X) = Y. ; X; is the minimal sufficient statistic. Let us check whether it is complete.
Let g be a function such that Egg(S(X)) =0, 6 € ©. Recall that S(X) ~ Bin(n, ) and hence

Epg(S Zg ( >HZ 1 - )" (1_9)n§g(i) <7Z> (130)1-
;g(i) <7Z> <&>Z =0, VOe(0,1)

or, equivalently, for any 6/(1—6) € R,. But since the left hand side is a polynomial in 6/(1—6),
we conclude that all its coefficients equal zero, i.e. g(i) = 0, and thus ¢(S(X)) = 0. Hence S(X)
is complete.

Now recall that X,, = S(X)/n is an unbiased estimator of §. The R-B procedure does not
change X,, and hence by completeness of S(X), it is the UMVUE.

Let us see, e.g. that the trivial sufficient statistic X = (X7, ..., X;,) is not complete. To this
end, we should exhibit a function g, such that Epg(X) = 0, but g(X) is not identically zero
(with probability one). A simple choice is g(X) = X; — Xy: clearly g(X) is not identically zero

Hence

Py(g(X) #0) =1 — Py(X1 = X2) = 1 — 62 — (1 — 9)?

However Epg(X) =6 — 6 = 0. Hence X is not complete. [ |
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ExXAMPLE 7d19. Let Xj, ..., X,, be a sample from U([0,6]), & > 0 distribution. As we saw,
M(X) = max;—1,., X; is the sufficient statistic. To check completeness let g be a function such
that Egg(M) = 0, for all § € ©. Recall that M has the density (Example 7b3)

n _
far(a) = g € (0,0)),
and hence

> 0
Egg(M) = / Q(S)H%Sn_lf(s € (0,0))ds = 971/ g(s)s" tds.
0 0
So Epg(M) = 0 reads
0
/ g(s)s" tds =0, VOcO,
0

which implies that g(s) = 0 for almost all s € [0,1]. Hence g(M) = 0, Pp-a.s., which verifies
completeness of M.

Recall that (1 +1/n)M(X) is an unbiased estimator of ; since M (X) is complete, it is in
fact the UMVUE by the L-S theorem. |

These examples indicate that checking completeness can be quite involved technically. Luck-
ily, it can be established at a significant level of generality for the so called exponential family
of distributions.

DEFINITION 7d20. The probability distributions (Pg)gco on R™ belong to the k-parameter
exponential family if the corresponding likelihood (i.e. either p.d.f. or p.m.f.) is of the form

k
L(z:6) = exp { 3" (O Ti(x) + d(6) + S(a:)}[(ac c€A), zeR™ (7d5)
i=1
where ¢;’s and d are © — R functions, T;’s and S are statistics taking values in R and A CR™
does not depend on 6.

REMARK 7d21. Clearly, if the probability distribution of X; belongs to an exponential family,
the probability distribution of X7, ..., X, also belongs to the same exponential family (check!).

REMARK 7d22. By the F-N factorization theorem, T' = (Ti(x),...,Tx(z)) is a sufficient
statistic.

ExaMPLE 7d23. The Bernoulli distribution belongs to one parameter exponential family:
p(x:0) = 0%(1 — 0)2I(x € {0,1}) = exp {xlog& + (1 —x)log(1l — 9)}[(1: € {0,1}),

which is of the form (7d5) with Ti(z) = z, c(f) = log 125, d(f) = log(1 — ), S(z) = 0 and
A={0,1}.

By the preceding remark, the distribution of an i.i.d. sample Xi,..., X,, from Ber(#), also
belongs to one parameter exponential family. |

EXAMPLE 7d24. Let X1, ..., X,, be an i.i.d. sample from N(u,o?) with unknown parameter
0 = (01,01) = (u,0%) € R x Rt. The right hand side of (6d5) tells that Py belongs to 2-
parameters exponential family with ¢1(0) = nf; /02, c2(0) = —1/2n1/02 and T\ (z) = Ty, Ta(z) =
22, d(0) = —1/2n6? /05 — nlog by and S(z) = —45log(2m) and A = R™. [ |
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EXAMPLE 7d25. Uniform distribution U([0,6]), 8 € R, does not belong to the exponential
family, since its support depends on 6 (no appropriate A can be identified). |

The following fact, whose proof is beyond the scope of our course, is often handy:

THEOREM 7d26. Let (Pg)pco belong to k-parameter exponential family of distributions with
the likelihood function (7d5). The canonical statistic

is complete, if the interior ** of the range {c(0),0 € O} of
6(0) = (61(0), o0y Ck(e))
18 not empty.
EXAMPLE 6a3 (continued) Let’s see how this theorem is applied to deduce completeness of the

statistic S(X) =Y ;" ; X; (which we have already checked directly). The likelihood in this case
is the j.p.m.f.:

L(z;0) = 05 (1 — )" 5@ = exp {S(SU) log + nlog(l — 0)}, z e€{0,1}",6 €[0,1].

0
1-6
Hence L(x;6) belongs to the one parameter exponential family with ¢(0) := log %. When 6
increases from 0 to 1, the function ¢(f) moves from —oo to +o00, i.e. {c(6),0 € [0,1]} = R, which
trivially has a non-empty interior (in fact any open ball, i.e. interval in this case, is contained
in R). Hence the statistic S(X) is complete. [ |

EXAMPLE 7d24 (continued) The sample X1, ..., X;, from N(u,0?) with the unknown parameter
6 := (u,0?) € R x Ry, has the likelihood:

n

1 1 x; — p1)?
L(xég):Wexp{—sz}:

i=1
1 — I - n
2 2 2
exp{ —n/2log(2r) —n/2logo _WZ;% +ﬁ2xi—wu }, z € R"
= i=

which belongs to the 2-parameter exponential family with:

T(x) = (Th(z), Ta(z)) = (ixz,iﬁ)

1=
and

c(0) = (c1(0), c2(0)) = (01 /65, 4/(202)).

24Consider the Euclidian space R? with the natural distance metric, i.e. |z —y| = \/2?21(9“ —y;)2. An

open ball with radius p > 0 and center z, is defined as B,(z) = {y € R? : ||z — y|| < p}, i.e. all the points which
are not further away from z than p. Let A be a set in R%. A point € A is an internal point, if there exists an
open ball with sufficiently small radius € > 0, such that B:(z) C A. The interior of A, denoted by A° is the set of
all internal points. A point x is a boundary point of A, if it is not internal and any open ball around = contains
an internal point of A. The set of the boundary points is called the boundary of A and is denoted by 9A. A set
A is closed if it contains all its boundary points.
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As (61,02) varies in R x Ry, ¢(f) takes values in R x R_, which obviously has a non-empty
interior (why 7). Hence T'(X) is a complete statistic.

By Remark 7d13, the sufficient statistic 7/(X) := ()_(n, LS (X - )_(n)Q), being equiv-
alent to T'(X), is also complete. But we have already seen, that 7’(X) is the unbiased estimator
of (i1,0%) and in view of completeness, the L-S theorem implies that 7"(X) is the UMVUE. B

Now we can explain why the estimator (7bl) is better than the estimator (7b2) and in which
sense. First of all, note that the estimator

~ 1 ¢ .
on(X) = n Z | Xi — Xn|
=1

is not a function of the minimal sufficient statistic (Z?Zl Xi, >y XZQ) and hence is inadmis-
sible, being strictly improvable by means of the Rao-Blackwell lemma. The estimator

=1

is the optimal one among the estimators with the same bias, since it is coarser than the minimal
sufficient statistic, which, as we saw, is complete.
Further,

G (X) = %Z(Xi - X0, % ),
=1 i=1

with Z; :== (X;—p)/o. Let Ca(n) :=Ey \/% S (Z; — Zy,)? and note that it does not depend on
0, as Z;’s are i.i.d. N(0,1) r.v.’s. Hence 6,(X)/Ca(n) is an unbiased estimator of o. Similarly
&n(X)/C1(n), where Cy(n) :=EgL 3" | |Z; — Z,| (again independent of ), is also an unbiased
estimator of 0. However, 6,(X)/Cy(n) is a function of the complete sufficient statistic and
hence is UMVUE. Thus the normalized unbiased versions of &,,(X) and &,(X) are comparable
and the former has better risk.

EXAMPLE 7d10 (continued) Let’s see that the unbiased estimator (7d3) is in fact UMVUE of
e, Since T*(X) is equivalent (why?) to S(X), by Remark 7d13 and L-S theorem it is enough
to check that S(X) is complete. To this end, note the likelihood for this statistical model:

n

—0pz; n
L(x;0) = H ¢ 9' = exp {—Hn +log6S(x) — Zlog(mi!)} ,
i=1

X
i=1 v

belongs to the one parameter exponential family with ¢(f) = log6. The range of ¢(6) over § > 0
is R and hence S(X) is complete by the Lemma 7d26. [ |

Finally, let us demonstrate that the “empty interior” part of the Lemma 7d26 cannot be in
general omitted:

EXAMPLE 7d27. Consider a sample X1, ..., X,, from N(6,0?), where § € R, is the unknown
parameter. Repeating the calculations from the preceding example, we see that L(x;6) still
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belongs to the 2-parameter exponential family, and

c(9) = (1/9,—1/(292)), -

The latter is a one dimensional curve in R x R_ and hence its interior is empty (sketch the plot
of ¢(#)). Hence L-S theorem cannot be applied to check completeness of T'(X) (as defined in
the preceding example).

In fact, the statistic is easily seen to be incomplete: take e.g.

G(T(X)) = —— 3 (X; - X,)?

n—14%
=1

which is a function of T(X) = (Y1, Xi, > iy X?) after a rearrangement of terms. We have

n
n+1

(Xn)?,

Egg(T(X)) = Eg— = 3 (X~ Ko)* = " Eg(X,)* =

2_ n
n—+1

(92 n %92) —0, VeR,.

However, it is obvious that g(T(X )) is a non-degenerate random variable (e.g. its variance is
noNZero). [ |

The notions of completeness and sufficiency are related to ancillarity:

DEFINITION 7d28. A statistic T is ancillary if its probability distribution does not depend
on 6 € 6.

While an ancillary statistic does not contain any information about the unknown parameter
on its own, it nevertheless may be very much relevant for the purpose of inference in conjunction
with other statistics. An ancillary statistic T” is an ancillary complement of an insufficient
statistic T, if (T,T") is sufficient. For example, if X; = 6 + U;, where U; ~ U([0,1]) are
independent, the statistic 77(X) = X; — X5 is an ancillary complement of the statistic T(X) =
X1 + Xo.

A statistic is called first order ancillary if its expectation is constant w.r.t. 6. Hence by defi-
nition, a statistic is complete if any coarser first order ancillary statistic is trivial. In particular,
it is complete if any coarser ancillary statistic is trivial. A deeper relation to completeness is
revealed by the following theorem

THEOREM 7d29 (D. Basu). A complete sufficient statistic and an ancillary statistic are
independent.

PROOF. Let S be complete sufficient and T ancillary. Then for a fixed x € R, ¢(x) :=
Py(T < x) doesn’t depend on #. On the other hand, by sufficiency of S

¢(x;5) :=Py(T < x[5)

also doesn’t depend on 6. Moreover,

Eg((x) — ¢(x; S)) = Eg (Pg(T <z)—Py(T < x|5)) ~0
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and by completeness of S, it follows that ¢(z;S) = ¢ (x) or
Py(T < z|S) = Py(T < ),
and the claim follows by arbitrariness of x € R. (]

The Basu theorem is typically used to establish independence of statistics. For examples, if
X;’s are i.i.d. N(6,1), then, as we saw, X is sufficient and complete and 62 = 1 3" | (X, — X)?
is ancillary. Hence by the Basu theorem, they are independent. Similarly, e.g., X and max; X; —
min; X; are independent. Various applications of the Basu theorem are surveyed in [5].

e. The Cramer-Rao information bound

In many practical situations, the optimal (in appropriate sense) estimator may not exist or be
too cumbersome to compute. Then typically a simpler ad-hoc estimator is used and it is desirable
to assess how good it is. Remarkably, it turns out that the risk of any estimator can often be
lower bounded by a quantity, depending only on the statistical model under consideration (and
not a particular estimator at hand).

THEOREM 7el (Cramer-Rao information bound). Consider the statistical model (Pp)gco
with one dimensional parameter space © C R, given by the family of p.d.f.’s f(x;6), 6§ € O,
x € R™. Let X ~ Py and T(X) be an estimator of 6. Assume that f(x;0) is differentiable in 6
and that the following derivatives and integrations are interchangeable:

0 0
90 o flz;0)dx = /n %f(x, 0)dx (Tel)
and
0 0
2 /n T(z)f(x;0)dx = /n T(x)%f(x, 0)dx. (7e2)
Then

Ry
varg(T) > (d}IEZ;)’ (7e3)

where (0) := EgT(X) and

5, 2 G, 2
1(0) :=Ey| =1 X; = —1 : ;
is called the Fisher information, contained in the sample X .

PROOF. Since [p, f(x;0)dx =1, by (7el)

0
- %f(:v, 0)dx = 0. (Ted)
Moreover, (7e2) reads:
9 .0 _ 9 Y,
| @) g @i 0)de = 000) = w'0). (7e5)
Multiplying (7e4) by 1(6) and subtracting it from (7e5), we obtain:

/n (T(x) - ¢(9))%f(:c; 0)dx = ' ().
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Hence, by the Cauchy - Schwarz inequality,

woy = ( [ @ —vo)Lrwow) = ([ @@ -vo) 58D 0 pw) <
([ @@ -veyrwow)( [ (W)gﬂx;em) — varg (T)I(6), (7e6)
which is the claimed inequality. 0

COROLLARY T7e2. Under the assumptions of Theorem 7Tel, the MSE risk of an unbiased
estimator T'(X) satisfies
1

1(6)
PRrROOF. Follows from (7e3) with ¢(0) = 6. O

R(0,T) = varg(T) > (7e7)

REMARK Te3. The Cramer-Rao bound is valid under similar assumptions for the discrete
models, for which the p.d.f. in the definition of the Fisher information in replaced by p.m.f. For
definiteness, we shall state all the results in the continuous setting hereafter, but all of them
translate to the discrete setting as is.

The multivariate version of the C-R bound, i.e. when © C R%, with d > 1, is derived along
the same lines: in this case, the Fisher information is a matrix and the inequality is understood
as comparison of nonnegative definite matrices.

REMARK 7ed. The estimator, whose risk attains the C-R lower bound, is called efficient.
Hence the efficient unbiased estimator is the UMVUE. However, it is possible that UMVUE
does not attain the C-R bound (see Example 7e10 below) and hence is not necessarily efficient.
In fact, the Cauchy-Schwarz inequality in (7e6) saturates if and only if

(1)~ (0))C(6) = 10 7 (a:)

for some function C(6), independent of . Integrating both parts, we see that equality is possible
if f(x;0) belongs to the exponential family with the canonical sufficient statistic T'(z) (the precise
details can be found in [16]).

The assumptions (7el) and (7e2) are not as innocent as they might seem at the first glance.
Here is a simpler sufficient condition:

LEMMA 7eb. Assume that the support of f(x;6) does not depend on 0 and for some § > 0,

/ |h(z)|  sup ‘E)agf(:v,u)’dw < oo, V€O (7e8)
n u€[0—5,6+6]

with both h(z) =1 and h(x) = T(x). Then (7el) and (7e2) hold.

The proof of this lemma relies on the classical results from real analysis, which are beyond
the scope of this course. Note, for instance, that the model corresponding to U([0,6]), 6 > 0
does not satisfy the above assumptions (as its support depends on 6).

Before working out a number of examples, let us prove some useful properties of the Fisher
information.
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LEMMA 7e6. Let X andY be independent r.v. with the Fisher informations Ix(6) and Iy (6)
respectively. Then the Fisher information contained in the vector (X,Y) is the sum of individual
informations:

Iny(e) = Ix(e) + Iy(@).
PRrROOF. By independence, fxy (u,v;8) = fx(u;0)fy(v;6) and

0 0 0
20 log fx v (u,v;0) = 20 log fx (u;0) + — 70 log fy (v;0).

Recall that E@% log fx(X;6) =0 and hence, again, using the independence,
9 2
Ixy(0) = (89 log fxv(X,Y; 9)) =
E g10 fx(X;8) 2+2E£10 f (X-H)Eglo fr(Y;0)+
eaggX, eaegxy aaagy,

2
B (108 5(¥30)) = Ix(60) + 1y (0),

In particular,

COROLLARY 7e7. Let X = (Xy,...,X,) be an i.i.d. sample from the p.d.f f(u;0) with the
Fisher information 1(0), then

Ix(0) = nI(6).

LEMMA 7e8. Assume that f x;0) is twice differentiable and

82
202 / f(a;0)d 8ggf( 0)dx (79)
then
2 2
I(0) = —Eeﬁlogf(X;f)) ==/ f(ﬂc‘;(?)ag2 log f(z;0)dx

PROOF. Denote by f'(x;0) and f”(x;6) the first and second partial derivatives of f(x;0)
with respect to #. Then

0 0 f'w:0) _ ['(@:0)f(x:0) — (f'(x:6))°
g2 108 (@0 = 56 gy = F2(2:0) ‘
The claim holds if EgL f”(()?(f)) = 0. Indeed, by (7e9)
f//(X50) _ 1" _ 82 . _
%,_/
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EXAMPLE 7¢9. Let X = (Xi,...,X,,) be a sample from N(6,0?), where ¢? is known. Let’s
calculate the Fisher information for this model. By Corollary 7e7, Ix(0) = nI(0), with

0?2 1 2 2 1 9?2
1) Eo 002 log 2mo? ¢ 202 Eo 002 ( %) 1/o”.

It is not hard to check the condition (7e8) in this case?® and hence for an unbiased estimator
T(X)

2
o
T) > —.
) varg(T) = )
Since X, is an unbiased estimator of § and varg(X,) = o2 /n, the risk of X,, attains the C-R
bound, which confirms our previous conclusion that X, is the UMV UE. |

EXAMPLE 7el0. Let X = (X1,..., X)) be a sample from Ber(#), 6 € [0,1]. The likelihood
for this model is the j.p.m.f. of X. The Fisher information of Ber(f) p.m.f. is

10)= (g ton (41 -07%) ) <o (251 ) =

1 1 1 1 1

A rwr Aol R wa Rl T w7y
Since Ber(#) random variable takes a finite number of values, the conditions analogous to (7el)
and (7e2) (with integrals replaced by sums) obviously hold (for any 7') and hence the risk of all
unbiased estimators is lower bounded by %0(1 —6). But this is precisely the risk of the empirical

mean X,,, which is therefore UMVUE. |

Here is a simple example, in which UMVUE does not attain the C-R bound:

EXAMPLE 7ell. Let X ~ Poi(6), 6 > 0. The Fisher information of Poi(0) is
0? 0%

and the C-R bound for an unbiased estimator T'(X) of e~ is
) 2
varg(T') > (¢IEG§) = e %,

On the other hand, the statistic §(X) = I(X = 0) is an unbiased estimator of e~?. Since the
Poisson distribution belongs to the one parameter exponential family, by Lemma 7d26 and L-S
theorem, #(X) is in fact the UMVUE of e~?. The corresponding risk is readily found:

varg(f) = varg (I(X=0)=e1-e").

Hence the best attainable variance is strictly greater than the Cramer-Rao lower bound (the
two curves are plotted on Figure 2). Note that this does not contradict Remark 7e4, since
T(X)=1(X =0) is not the canonical sufficient statistic of Poi(#).

)= —Egaa;(—e—i—XlogH) :EQ;(Q = %

25in fact, checking (7e8) or other alternative conditions can be quite involved in general and we shall not
dwell on this (important!) technicality. Note also that (7e8) involves T'(X) as well.
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UMVUE risk vs. the Creamer—Rao lower bound
0.25 T T T T T T

T
—— C-R bound
— UMVUE risk

@ U

FIGURE 2. The risk of UMVUE versus the Cramer-Rao lower bound

The quantity () is the “information” contained in the sample: if I(6) is small the C-R
bound is large, which means that high precision estimation in this model is impossible. It turns
out that the information, contained in the original sample, is preserved by sufficient statistic:

LEMMA 7el2. Consider a statistical model (Pg)gco, given by a p.d.f. fx(x;0) and let Ix(0)
be the Fisher information contained in the sample X ~ Py. Let T(X) be a statistic with the
p.d.f. fr(t;0) and Fisher information I7(0). Then

Ix(0) = Ir(0),

where the equality holds if T(X) is sufficient.

PrOOF. The proof hinges on the following key observation:

Eg(%log fX(X;0)|T(X)) = % log fr(T(X);6). (7e10)
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Indeed, for an arbitrary test function®8 h:

Eeaﬁlogfxu;e)h(T(X)) — [ g los @ O)n(T(@) fx(a:0)do

—fx(x O)h(T(x))dx = ae/w Fx(z;0)h(T(2))dz =

R 89
0 0 0
nOsrt 0= [ ) g (o

55 Eh(T(X)) =

Y 0
/mw) (1) 55108 Fr(t:6) ) fr(t; )t = By g o fr(T(X);6)h(T(X)).

which, by the orthogonality property (3a3) of conditional expectation, yields (7e10). Further,

2 2
Ee((%logfx(X 6) — (%long( (X )9)> :E9<§910gfx(X 9))

2
2E9<88010gfx(X 0)(;3910ng( (X )9)>+E9<§910ng( (X )9)> _

é)long( T(X);0)E (aaelongXG‘T )):

Ix(0) + I7(0) — 2Ky <69

a 2
1X<e>+fT<e>2Ea<aelong< (x >e>) — Ix(0) - I2(6).

As the left hand side is nonnegative, we conclude that Ix(0) > I7(0).
If T(X) is sufficient, then by the F-N factorization theorem fx(x;6) = g(8,T(x))h(zx) for
some g and h and hence
0 0 0
o (55 108 fx (X:0)|T(X)) = Eo( 55108 9(0. TCO)T(X) ) = 5108 9(6.T(X))
and hence by (7el10),

A o8 Fr(T(X);6) = £ 10g g(6, T(X)) = 17510 (9(6, T(X)A(X)) = 110 fx (X:6).

This implies Ix(6) = I7(0), which completes the proof. O

When the unknown parameter is location, i.e. the model is given by the p.d.f. f(xz + 60),
0 € R, the Fisher information is independent of 6:

- () e () o

In this case, the Fisher information satisfies various elegant inequalities, such as

LEMMA 7el3. (A.J.Stam) If X and Y are independent random variables with finite Fisher
informations Ix and Iy, then
1 1 1
Z T T
Ixyy — Ix Iy
where the equality is attained if and only if X and Y are Gaussian.

26e exchange derivative and integral fearlessly, assuming that the required conditions are satisfied
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PROOF. (see e.g. [7]) O

f. Equivariant estimators

Let X = (Xi,...,X,) be an i.i.d. sample from the density f(z — @), where § € R is the

unknown location parameter. An estimator 6(X) is equivariant if (X + s) = s + 6(X) for any
shift s € R.

DEFINITION 7fl. The estimator, minimizing the quadratic risk among all estimators, equi-
variant with respect to location shifts, is called the Pitman estimator.

PROPOSITION 7f2. The Pitman estimator is

6(X) = X — Eo(X]X — ) — JzLLim J(X — i (71)

fR H?:1 f(Xi —v)dv '

PROOF. Suppose that g(X) is an equivariant statistic, i.e. for all z € R™ and ¢ € R

g(z+c)—g(x) =c, (7£2)
which in particular implies,
g(x) =T+ g(z — ), VzeRL (713)

Conversely, any g, solving this functional equation, satisfies (7f2). Let S be the subset of
functions of the form z + ¢(x — z), x € R™ for some real valued ¢(-). Clearly any solution of
the above equation belongs to S. Conversely, a direct check shows that any function in S is a
solution of (7f3). Hence all the functions satisfying (7f3) (and thus also (7f2)) are of the form

g(z) =2+ ¢(xz — 7).

For such statistics
R(0.9(X)) = Eg(0 — X — 6(X — X))? = Eq(X + 6(X — X)) > Eg(X ~ Eg(X|X — X)),

where the equality is attained with ¢(z) = —Eo(X|X — X = 2 — Z), which verifies the first
equality in (7f1). )

Further, note that X — X and (Z1,..., Z,—1) = (X1 — X, ..., Xn—1 — X)) are equivalent
statistics: Z; = X; — X — (X, — X), i = 1,...,n — 1 and, conversely, X; — X = (1 — %)ZZ —

%Zk# Zk,i=1,...,n— 1. Hence
X-EX[X-X)=X,— (X, - X)-E(X|X - X) =
Xp —E(X + X, — X|X = X) = X, — E(Xu| X1 = Xy, Xn1 — X,)).
The vector V = (X1 — Xy, ..., X;,—1 — X, X)) has the p.d.f (under Py):

n—1

fr(r,vn) = fon) ] £0i+ vn)

i=1
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and hence
_ e vt O ITE F(Xs — X+ 0)dv
S @ ITS (X = X+ u)du
Je (G —0)f(Xn =) [ F(Xi —0)do_ fyolTi, £(Xi —v)dv
Ji FOG = ) TS f(X = w)du " RITL F (X —wdu
which verifies the second equality in (7f1).

E(Xo|X1 = Xy ooy X1 — Xon)

O

EXAMPLE 7f3. For X; ~ N(6,1), X is independent of X — X and hence the Pitman estimator
is X. For X; ~ U([#,0 + 1]), the Pitman estimator is (max; X; + min; X; — 1)/2 and for
X ~ exp(l), the Pitman estimator is min; X; — 1/n. [ |

g. Asymptotic theory of estimation

In many practical situations the amount of the available data can be as abundant as we
wish and it is reasonable to require that the estimator produces more precise guesses of the
parameter as the number of observations grows. The main object studied by the asymptotic
theory of estimation is a sequence of estimators and its goal is to compare different sequences of
estimators in the asymptotic regime, i.e. when the number of observations®” tends to infinity.

For example, we already mentioned several reasons for preferring the estimator (7bl):

over the estimator (7b2)

In particular, after appropriate normalization (7bl) becomes the optimal unbiased estimator.
However, even the optimal estimator may perform quite poorly if we don’t have enough data
(i.e. n is small, say 10 or so). Hence, the natural question is whether 6, (X) is getting closer to
the actual value of o, when n is large. The intuition, based on the law of large numbers, tells
us that this indeed will be the case. But, perhaps &, (X) is as good as 6,(X), when n is large ?
How do we compare the two in the asymptotic regime 7

These and many more questions are in the heart of the asymptotic theory and it turns out
that the answers are often surprising and counterintuitive at the first glance. In this section we
shall introduce the basic notions and explore some simple examples (which will hopefully induce
appetite for a deeper dive).

Let’s start with a simulation: a coin?® was tossed 500 times and X,, is calculated for n =
1,2,...,500. This was repeated three times independently (think of them as three different
realizations of X,,), and Figure 3 depicts the values of X,, as a function of n, in the three
experiments (of 500 tosses each). The actual value of the heads probability is 6y = 2/3.

28

275ther asymptotic regimes are possible: small noise asymptotic, etc.
28Well, a digital coin ;)
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The empirical mean in several experiments versus n
1 T T T T T

0.95 7| h

0.85[ q

0.8h b

0.75

0.6 b

0.55 I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500

number of samples

FIGURE 3. The empirical mean X, calculated in three experiments, is plotted
versus the sample size n. The actual value of the parameter (probability of heads)
is 0y = 2/3 = 0.666...

Observe that for small n, the estimator X, is quite unreliable: say at n = 50, the red
experiment produced an estimate, reasonably close to the actual value of the parameter 6y = 2/3;
however, this appears to be purely ‘good luck’, as the other two experiments generated very
bad estimates. On the other hand, all three experiments generated relatively good estimates
at n = 500 and it seems that increasing n would have improved the estimates furthermore.
Hence on the intuitive level we feel that for large values of n all three experiments will produce
arbitrarily precise estimates.

The picture is hardly surprising: after all X,, is a random variable and in different experi-
ments we obtain its different realizations. Note that varg(X,) = 16(1—6), which decreases with
n: for small n’s, X,, has a large variance and hence we obtained realizations, which are quite
dispersed; for larger n, its variance decreases and hence the obtained realizations were close to
each other.

Recall that EgX,, = 6 for all @ and all n, and hence as n increases, the distribution®” of the
random variable X,, concentrates around the true value of the parameter. In particular,

le varg(X,) =0, V0e€©=][0,1], (7gl)

which means that the sequences of estimators X,,, viewed as random variables, converges to the
true value of 6.

29%%hich in this case is just the normalized Bin(n, @), but this is not really important
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Note however, that the convergence in this probabilistic setting is very different from the
convergence of deterministic sequences of numbers. Recall that a sequence of numbers a,, con-
verges to a number a, called the limit of (a,),>1 and denoted a := lim,,_, ay, if for any € > 0,
there exists an integer N (e), possibly dependent on ¢, so that |a, — a| < € for all n > N(e).
That is, the entries of the sequence a,, starting from some N(e) are all in a small (2e-wide)
interval around a.

Hence, for an arbitrarily small € > 0, (7gl) implies that there is an integer N(e), such
that varg(X,) (which is a number) is not further away from zero than e. However, this does
not mean that X,, itself must be within the distance of ¢ from #: in fact, sometimes (i.e. for
some realizations) it won’t! After all, a random variable with small variance is not prohibited
from generating large values®’. Hence the convergence of random variables to a limit, either
random or deterministic, indicates that large deviations from the limits are improbable (though
possible!) for large n’s.

On the technical level, the difference between convergence of sequences of numbers and
random variables is even deeper. Convergence of sequences of real numbers, or more generally
of real vectors in R?, does not depend on the norm we choose to measure the distance between
the vectors. For example, if we measure the distance between two vectors x,y € R? by either
do(z,y) = V/2ioq(xi —i)? or deo(x,y) = max;—1,_q|z; — yi|, a sequence z, € RY either
converges or diverges in the two metrics simultaneously. One can show that for finite dimensional
linear spaces any two norms are equivalent in this sense.

The situation is radically different for sequences with entries in the infinite dimensional
spaces, such as e.g. functions. Since random variables are functions on €2, many nonequivalent
modes of convergence emerge, some of which to be discussed below.

Convergence of sequences of random variables. How do we define convergence for a
sequence of random variables (&,,),>1 on a probability space (Q, F,P)? To tackle this question, it
will be convenient to think of a realizations of (&,),>1 as deterministic sequences. Then a natural
obvious way to defined convergence is to require that all the realizations of (§,)n>1 converge to
a limit. This limit itself may and will in general depend on the particular realization, i.e. will
be a random variable on its own:

DEFINITION 7gl. A sequence (&,) converges pointwise to a random variable & if
lim &,(w) =¢(w), Ywe Q.
n—oo

It turns out, however, that this definition is too strong to be satisfied in a majority of cases.
Here is a simple demonstration:

EXAMPLE 7g2. Consider a sequence of i.i.d. random variables (X,,)n>1 with X,, ~ N(0,1)
and let Y, = X,,/n. Does the sequence (Y;,),>1 converge to a limit in the latter sense 7 Obviously
not: for example, the sequence (1,—-2,3,4+4,...) is a legitimate realization of (X, )n>1 and the
corresponding realization of (Y},),>1 is the sequence (1,—1,1,—1,...), which does not converge.
Thus (Y},)n>1 does not converge pointwise. On the other hand, it is intuitively clear that X, /n
will typically be very small for large n and hence in a certain weaker sense must converge to 0.
|

30e.g. N (0,0.001) can generate the value in [1000 : 1001] with small, but non-zero probability, which means
that we may observe this in an experiment
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DEFINITION 7g3. The sequence of r.v.’s (§3)n>1 converges®* in LP, p > 1 to a random
variable €, if E|E]P < oo and E|E[5, < oo for all n and

lim E[¢, —¢[° =0.
n—oo

EXAMPLE 7g2 (continued) Let’s check that the sequence (Y;,),>1 does converge to Y = 0 (viewed
as a constant random variable) in Ly. Indeed,

]. n oo
E(Y, —Y)? = E(Xp/n—0)? = SEX2 = 1/n* =250,
n

and hence, by definition Y,, L2,

But what if X,, has the él;{loghy distribution, rather than the Gaussian one ...7 In this case,
E(Y, —0)? = E(X,,/n)? = oo for any n > 1 and hence the convergence in Ly is lost. This means
that the Lo convergence is too strong to capture the intuition that X, /n still goes to zero as
n — oo: after all, X, is sampled from a probability density which is centered at zero and hence

we expect that for large n, X, /n will be typically small.
|

DEFINITION 7g4. The sequence (&,)n>1 converges in probability to a random variable £, if
for any e >0

Jim Bl € 2 <) =0

EXAMPLE 7g2 (continued)

Let (Xy)n>1 be ii.d. standard Cauchy random variables and again define the sequence of
random variables Y,, := X, /n. The sequence Y,, converges in probability to zero. Indeed, for an
e >0,

P(|Y, — 0] > &) =P(|X,| > en) =P(|X1| > en) =1 — Fx(en) + Fx(—¢n).
Since € > 0, en — 00 as n — 0o and lim,, o Fx(en) =1 and

lim Fx(—en)= lim Fx(en) =0,
n—oo n——o0

which implies:
lim P(|Y,|>¢) =0,

n—oo

as claimed.

This example shows that convergence in probability is generally weaker than in Lo, i.e. a
sequence may converge in probability, but not in Ls. The converse, however, is impossible:

LEMMA 7g5. Convergence in Lo implies convergence in probability.

3l e, (&n) converges as a sequence in the space of functions (random variables) with finite p-norm
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PROOF. Suppose that (&,)n>1 converges to £ in Lo, then by the Chebyshev inequality>? for
any € > 0
P(|n — €| > &) < e *E(&n — £) =0,

which verifies the convergence in probability. ]
Of course, a sequence may not converge at all:

EXAMPLE 7g6. Let &, a sequence of i.i.d. r.v.’s with the common p.d.f. f. Suppose that
&, — & in probability. Then for any € > 0

P(lén — &ns1l > &) =P(l&n — €+ € —bupa| 2 €) <
P(€n — €] > £/2) +P(I€ — ns1] > £/2) Z2 0.
On the other hand,
P(lén = &nial 2 €) = /RQ I(|s —t| > &) f(s)f(t)dsdt = 1 —/ I(|s — t| < &) f(s)f(t)dsdt,

R2
which is arbitrarily close to 1 for small € > 0. The obtained contradiction shows that &, does
not converge in probability. |

Here are some useful facts about the convergence in probability:

LEMMA Tg7. If &, LN ¢ and g is a continuous function, then g(&,) LN g(&) in probability.

PRrROOF. Recall that g : R — R is continuous if for any x € R and any € > 0, there is a
0z > 0, such that |x —y| < ¢, implies |g(x) — g(y)| < e. Note that 6, may depend on = (and on
¢). However, for any x € [~C,C], for any £ > 0, one can choose®® a 6 > 0, independent of
(!) and such that z,y € [-C,C] and |z — y| < § imply |g(z) — g(y)| < e. Hence3*

P(lg(&n) — 9(&)| > €) =P(lg(&n) — 9(&)] = &, [&al V€] < O)+
P(lg(én) — 9(&)] > €, 1| VIE] > C). (7g2)

Let 6¢ be as mentioned before, then

P(Itn — €] < b, 6l V 1€ < ) < B(lg(n) — 9(6)] < &, 6l V [E] < C)

and hence for any C > 0,

P(l9(n) — 9(6)] > &, Jeal v [£ < O) <
P(l6n — €] > 6. &l V1€l < C) <P(ln— €] > 6c) 50, (783)

32The Chebyshev inequality states that for a nonnegative r.v. 1 and a positive constant a, P(n > a) < En?/a?
for any p > 0 (if En? = oo, then the inequality is trivial). Proof: suppose En? < oo, then

En® =En"I(n > a) + En"I(n < a) > En”I(n > a) > a"I(n > a) = a’P(n > a),
—_———
>0

which is the claimed inequality after rearrangement. O
33Theorem: continuous functions are uniformly continuous on compacts.
34recall the notation a V b = max(a, b)
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where the convergence holds, since &, — £ in probability. On the other hand,

P(lg(&n) — 9(&)] > &, &l V€] > C) < P(|&a] V I§] > C) =
P({[énl > CYU{lE] > C}) < P(|éal > C) +P(I§] > C). (7gd)

Moreover, since |&,| < |6, — €]+ |¢], it follows {|&| > C'} € {|6, — &| > C/2} U{Jé| > C/2} and,
consequently,

P(|&n| > C) < P(I&n — & > C/2) + P(I¢] > C/2). (79)
Since &, — £ in probability, lim, . P(|{, — &| > C/2) = 0 and hence, combining (7g4) and
(7g5), we get:
P(l¢| > C/2) + P([¢] > C) < 2P([¢] > C/2). (7gb)
Substitution of (7g3) and (7g6) into (7g2) gives:
T P(lg(6) — 9(6)] > 2) < 28(¢] > C/2)

Taking C' — oo yields the claim, i.e. limnP(|g(§n) —g(&)] > 5) =0.

LEMMA 7g8. If &, LN & and ny, LN n, then

(1) &+ 1 = €4
(2) c&n E>c§ for any c € R

P
(3) &nmn = &
PROOF. To check (1), let € > 0, then

n—oo

P(lén +mm — & —nl =€) <P(|6n — €| 2 €/2) + P(jnn —n| =2 /2) —— 0.
Other claims are proved similarly. ([

REMARK 7g9. Be warned: various facts, familiar from convergence of real sequences, may or
may not hold for various types of convergence of random variables. For example, if &, — £ in Lo,
then, depending on the function g, g(&,) may not converge to g(§) in Lo, even if g is continuous
(if e.g. & = X,,/n with i.i.d. N(0,1) sequence (X,,)n>1, then for g(z) = e Eg?(&,) = oo and
hence the convergence in Ly fails.)

A completely different kind of convergence is the convergence in distribution (or weak con-
vergence3d):

DEFINITION 7g10. A sequence of random wvariables (&,)n>1 converges in distribution to a
random variable &, if

lim P(§, < z) =P < x),

n—o0

35the term “weak” comes from analysis
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for all v € R, at which Fg(x) = P(¢ < x) is continuous®.

REMARK 7gll. Note that the convergence in distribution is convergence of the c.d.f.’s of
&,’s, rather than &,’s themselves®’.

EXAMPLE 7gl2. Let (§,)n>1 be an i.i.d sequence. As we have seen, (&,) does not converge
in probability. However, (&,) trivially converges in distribution:

Fe, () = Fe, (x), VreR.
for all n > 1. [ |

Before considering much more convincing examples of the weak convergence, let’s explore
some of its useful properties.

LEMMA 7gl3. If &, — & weakly and au, is a sequence of numbers, oy, — 00, then &, /oy, 5o.

PROOF. Let F,(x) and F(x) be the c.d.f.’s of &, and £ respectively, then (w.l.o.g. a;, > 0 is
assumed)
P([én/am| =€) =P(&n = ean) + P(§n < —ean).

Let ¢ > 0 be a continuity point of F' and let n be large enough so that —ea,, < —¢, then
P&, < —eay) = Fp(—eay) < F,(—c) < ‘Fn(—c) — F(—c)‘ + F(—c¢) nzee, F(—c).

Since F' can have only countable number of discontinuities, ¢ can be chosen to make the right
hand side arbitrarily small. Hence lim,, P(§, < —eay,) = 0. Similarly, lim, P(§, > eay,) = 0 is
shown and the claim follows. U

The following lemma, whose proof we shall omit, give an alternative characterization of the
weak convergence

THEOREM 7gl4. [part of the Portmanteau theorem] The following are equivalent

. d

(i) &n — ¢
(ii) Eg(&n) — Eg(ﬁ) for any bounded continuous function g
(iii) Ee'&n — Ee' for alP®t € R

36the convergence is allowed to fail at the points at which the target c.d.f. F is discontinuous, simply because
requiring otherwise may yield an unreasonably strong notion of convergence. For example, by the law of large
numbers X,, := 1 _1 Xi converges in probability to X = 0 if X;’s are ii.d. N(0,1) r.v.’s. However, the c.d.f.
of X,, fails to converge to the (degenerate) c.d.f of 0 at z = 0:

P()‘(ngo):%¢1:1p>(xgo).

It would be embarrassing not to say that X, — 0 is distribution, if X, — 0 in probability, as the latter should
be expected to be stronger. Hence by definition, the convergence in distribution excludes convergence at the
discontinuity point 0 from consideration.

37§n may be even defined on different probability spaces

38@5(15) := Ee®, where i is the imaginary unit, is called the characteristic function of the r.v. £. It resembles
the definition of the moment generating function with ¢ replaced by it. This seemingly minor detail is in fact
major, since the characteristic function is always defined (unlike the m.g.f. which requires existence of all moments
at least). As the m.g.f. function, the characteristic function also determins the distribution (being it’s Fourier
transform). If you’re not familiar with complex analysis, just replace characteristic function in any appearance in
the text with m.g.f., and pay the price, losing the generality.
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This theorem has a number of useful corollaries.
COROLLARY T7gl5. If &, LA &, then g(&,) LA g(&) for any continuous function.

PROOF. By the preceding lemma, we have to show that E¢(g(&,)) — E¢(g(§)) for any
bounded continuous function ¢. This holds, since z — ¢(g(x)) is continuous and bounded and

&S ¢. O

Example 7g12 shows that (&,) which converges weakly, may not converge in probability. The
converse, however, is true:

LEMMA 7gl6. &, 5 & implies &, - €.

PROOF. Let ¢ be a bounded continuous function, then by Lemma 7g7, ¢(&,) — ¢(€) is

probability and since ¢ is bounded 3° E¢(&,) — E¢(¢), which by Theorem 7gl4 implies &, LA
£ O

LEMMA 7gl7 (Slutsky’s theorem). If &, LA for a constant ¢ € R and n, KN n, then 40
(&nsMn) i (¢,mn) and in particular:

(1) & +mn icﬁ-n
(2) &nn S en
(3) T/En S nfc, ifc#0

PRroOF. To prove (&,,7,) L\ (¢,mn) we shall check that*! for arbitrary bounded continuous
functions ¥ : R+— R and ¢ : R — R

Et(&n)¢(mn) “= 1 (c)E(1).
To this end,

B () () — 9 (c)Ed(n)| <
B (60)d () — Y()EG(na)| + [()Ed (1) — ¥(c)Ed(n)| =
El¢(1n)||1(&n) — ¥(0)] + ¥(c)|[Ed(nn) — Ee(n)| == 0,

where the first term on the right hand side converges to zero by Lemma 7g7 as &, LA (think
why) and the second term converges to zero by Theorem 7gl4. Now the claims (1)-(3) follow,

since &, LA implies &, LA (by Lemma 7g16) and (z,y) — x + vy, (x,y) — xy are continuous
functions on R? and (w,y) — x/y is continuous on R\ {(x,y) : y # 0}. O

39£n — £ in probability does not necessarily implies E&, — E£. For example, this fails if &, = X/n, where
X is Cauchy r.v. However, Lebesgue’s Dominated Convergence theorem states that if there exists a r.v. ¢ with
E¢ < oo, such that |£,| < ¢ for all n and &, L &, then &, 2 ¢ and E¢, — E£ < oco. In particular, the latter holds
if |€,| < M for some constant M > 0.

Oconvergence in distribution of random vectors is defined similarly, as convergence of c.d.f’s (think, how the

discontinuity sets may look like)

41you may suspect that taking bounded continuous functions of the ‘product’ form h(s,t) = ¢(s)¢(t) is not
enough and we shall consider the whole class of bounded continuous functions h : R? — R. In fact, the former is
sufficient, but of course requires a justification (which we omit).
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REMARK 7gl8. Beware: the claims of the preceding lemma may fail, if £, converges in
probability to a non-degenerate r.v., rather than a constant (can you give an example ?)

Here is another useful fact:

LEMMA 7g19. Suppose that &, ’s are defined on the same probability space and &, A ¢, where

. P
c is a constant. Then &, — c.

PROOF. Since ¢ is constant, we can consider ¢ = 0 without loss of generality (think why).
Let F), be the c.d.f.’s of &,, then for € > 0

P(¢n| 2 €) = Fa(—¢) +1 = Fu(e) 0,
since the F,(z) — F'(x) = 1,>0) for all z € R\ {0}. O

n—0o0

Limit theorems. One of the classical limit theorems in probability is the Law of Large
Numbers (LLN), which can be stated with different types of convergence under appropriate
assumptions. Here is a particularly primitive version:

THEOREM 7g20 (an LLN). Let (Xp)n>1 be a sequence of i.i.d. r.v. with E|X1? < oco.
Then the sequence X, = %Z?:l Xi, n > 1 converges to p := EX; in Ly (and hence also in
probability).

ProOOF. By the i.i.d. property:

E(lix )21iE<X 2 = V) moee
i3 T i=1 T 7
which means that 2 37 | X; converges to p in Lo. O

The latter, perhaps, is the most naive version of the LLN: it makes a number of strong
assumptions, among which the most restrictive is boundedness of the second moment. The
more classical version of LLN is

THEOREM 7g21 (The weak*? LLN). Let (Xn)n>1 be a sequence of i.i.d. r.v. with E|X;| < co.

Then the sequence X, = + Yo, X, n > 1 converges to p:=EX in probability.

n

PROOF. Let us show that X, 4 tt, which implies the claim by Lemma 7g19. Since E|X;| <
00, the characteristic function ¢ (t) = Ee?*1 is continuously differentiable (check). Hence by
Taylor’s theorem

e = ura/) = (00 + L0/(0) -
(1+ 20+ L@ -v)) = (14 Linsn)

where |fn] < t and
Inra| = [t][¥ (£,) — ¥/ (0)] 2= 0,

42ip fact under the assumptions of the weak LLN, one can check that the empirical mean converges to EX;
in a much stronger sense, namely with probability one. This stronger result is called the strong LLN
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by continuity of ¢’. Hence
Eeit)_(n noo, ity
and the claim follows by Theorem 7gl14. O

Do not think, however, that the empirical mean always converges:

EXAMPLE 7g22. Let Xi,..., X, be iid. standard Cauchy r.v.’s. Since E|X;| = oo, the
expectation of X; doesn’t exist and the LLN doesn’t apply. This does not necessarily excludes
convergence of X,, to some limit. However, it can be shown*® that X,, also has standard Cauchy
distribution. Hence X,, at least does not converge to a constant in any sense (in fact, it doesn’t
converge to a random variable either, think why) |

The weak LLN states that the empirical mean X,, — u converges to zero. Can we quantify the

speed of convergence? If X,, — i converges to zero, then there might be a sequence «, increasing
in n, such that «, (X, — u) ceases to converge to zero. For example, let’s try a,, = nl/3:

= 1
var<n1/3(Xn - ,u)) = n?3 var(X;) 2225 0,
n

i.e. X, — p converges to zero, faster than n'/3. The above hints that n'/2 might be just the
right rate:

var (nl/Q(X'n — u)) = n%var(Xl) = var(X),
which means that n'/2(X,, — p) does not converge to zero in Lo any more (and, on the other
hand, has a bounded variance uniformly in n). Remarkably, much more can be claimed:
THEOREM 7g23 (Central Limit Theorem). Let (Xp)n>1 be a sequence of i.i.d. r.v.’s with
p:=EX; and 0? := var(X1) < co. Then \/ﬁXn —

random variable, i.e.

a converges weakly to a standard Gaussian

X, —
lim IP’<\/E r x) — &(z), VzeR, (7¢7)
n—oo o

where ® is the c.d.f. of N(0,1).

PROOF. The r.v.’s Y; := (X; — p)/o are i.i.d. with zero mean and unit variance and (7g7)
is equivalent to

n—o0

lim P(\/lﬁ zn;Y < x) — ®(z), VzeR (7g8)

Let ¢ (t) = Ee™ and 1, (t) = Eexp {ztﬁ Sy YZ} By the i.i.d. property
Unlt) = U (t/v/m), tER.

Since EY? < oo, the characteristic function v (¢) is twice continuously differentiable (think why)
and hence by the Taylor theorem
1 1

2 n n
0ult) = (000 + =00+ 30 ) = (50) - G 1+ G () - v 0))

43the easiest way is by means of characteristic functions (note that m.g.f.’s are useless in this case)
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where |t,| < |t| and ' (0) = iEY; = 0 and 9" (0) = —1. By continuity of 1", it follows
lm e, (t) = e 2, teR,
n

which by Theorem 7gl4 proves the claim.
O

Back to statistics. Now we are ready to introduce the basic notions of the asymptotic
theory of point estimation:

DEFINITION 7g24. A sequence of estimators (én), n > 1 is called consistent, if 6, — 0 in
Pg-probability, i.e. for any e > 0
lim Py(|6, 0] =) =0, voceo.

n—oo

In words, this definition means that large estimation errors are getting less probable as the
sampling size increases. More qualitative information on the convergence is provided by the
following notion:

DEFINITION 7g25. A consistent sequence of estimators (én) 1s said to have an asymptotic
(error) distribution F, if there exists a sequence of numbers o, ,* oo such that the scaled
estimation error converges to F in distribution: for any 0 € O,

lim Py (an(én — 0) < x) = F(z;0),

n—oo

for all x, at which x — F(x;0) is continuous.

REMARK 7g26. If F(x;0) in the latter definition is Gaussian, the sequence (6,,) is called
asymptotically normal (AN).

ExXaMPLE 7g27. Let X, ..., X, be a sample with unknown mean 6 = E¢X: € R and finite

variance Eng = ¢2. Then by the LLN the sequence of estimators én = X, is consistent and
by the CLT

Vb, —0) % N(0,0%), 6eo.
This means that the sequence of estimators (én) is consistent and asymptotically normal with

rate y/n and variance o?. Remarkably, this result holds without any further assumptions on the
c.d.f. of X7, other than finiteness of the second moment. |

Though the rate \/n and the asymptotic normality frequently emerge in statistical models,
do not think that this is always the case:

EXAMPLE 7b3 (continued) Let us revisit the problem of estimating 6 from the sample Xy, ..., Xy,
where X ~ U([0,6]), 0 > 0. We considered the MLE 6,,(X) = max; X; = M, and the estimator
0,(X) = 2X,, and calculated the corresponding risks in (7b4) and (7b5). As we saw, the risks
are comparable for any n > 1 and the estimator én(X ) has smaller risk than the estimator O, (X )
(and hence the latter is inadmissible).

Since everything is explicitly computable in this example, there is no need to appeal to the
asymptotic theory. Still it will be instructive to analyze this example asymptotically. First of
all, note that both sequences of estimators are consistent, since R(6, én) =Ey(0 — 6,, (X)?2—=0
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and R(0,0,) = Eg(0 — 0,(X))2 — 0 as n — oo, i.e. both 6, and 6, converge to 6 in Ly and
hence also in Py-probability for all § € © = R,..

Now let’s find the corresponding asymptotic error distributions. By the CLT, v/n(2X,, — )
converges in distribution to N (0,4varg(X1)), i.e. to N(0,6%/3). Hence 6, is asymptotically
normal with rate /n and variance 62/3. What about the MLEs 0,7

Note that X; — 6 has uniform distribution on [—6,0] and hence M,, — 6 has the c.d.f.

0 < —0
Fo(z) =< (z/0+1)" z€[-6,0)
1 x>0

Note that

which means that én —0 £> 0 under Py and hence, by Lemma 7gl9, én -0 Iﬁ 0. This verifies

consistency of (6,,).
Further, let (ay,) be an increasing sequence of positive numbers, then for x € R,

Py (o (M — 0) < ) =Po(My, — 0 < z/on) = Fy(z/an) =

0 /oy, < —0 0 x < —Ooy,
(3z+1) s/ancl-0,0) =4 (3&+1)" @€l-0a,0).
1 x/o, >0 1 z>0

A nontrivial limit is obtained if we choose «,, := n

e/ g€ (—o0,0)
lim F,(z) = T = F(x).
n n ) {1 x>0 (z)
Since F'(x) is a continuous non-decreasing function with lim,_,_~ F(x) = 0 and lim,_,~ F'(x) =
1, we conclude that n(M,, — #) converges in distribution to a random variable with c.d.f. F(x),
which has the density
L 20
f(z;0) = éex/ lzcoy, z€R
This is readily recognized as the density of —n, where 7 is exponential r.v. with mean 6. Hence
the sequence (6,,) is consistent with rate n, which is much faster than the consistency rate of
v/n offered by the sequence of the estimators (6,,): roughly speaking, the accuracy attained by

0,, for n = 900, can be attained by 6,, with only n = 30 samples! |

Asymptotic error distribution of point estimators is often used in practice for construction
of approximate confidence intervals. In this regard, the following lemma proves handy.

LEMMA 7g28 (the Delta method). Let 0, be a consistent sequence of estimators, which
is asymptotically normal with the rate \/n and variance V(0). Then for a continuously dif-

ferentiable function g, the sequence of plug-in estimators g(0,) is consistent for g(0) and is
asymptotically normal with the variance (g’(ﬂ))QV(Q),
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PROOF. Being differentiable, g is continuous and g(6,,) is a consistent sequence of estimators
for g(f) by Lemma 7g7. Further, the Lagrange formula for the reminder in the Taylor expansion
yields:

9(0n) = 9(0) = ¢'(9) (0 — 0) + (9 (1) — 9'(0)) (6 — 6).
where |1, — 0] < |0 — 0,,|. Multiplying both sides by v/n, we get
Vi(9(Bn) — 9(6)) = g/ ©O)v/n (B — 0) + (' (1) — 9'(6) )/ (60 — 6) (789)

The first term on the right hand side converges weakly to the Gaussian r.v. with zero mean and
variance (g’(Q))QV(G) by (2) of Slutsky’s Lemma 7gl7. Similarly the second term converges to
0 in probability by continuity of the derivative ¢’ and the claim follows from Slutsky’s Lemma
Tgl7. O

The following example demonstrates a number of approaches to construction of confidence
intervals (recall Section 5, page 65), based on the limit theorems and the Delta method.

EXAMPLE 7g29. Let Xj,...,X,, be a sample from the distribution Ber(f) where § € © =
(0,1) is the unknown parameter. We would like to construct a confidence interval (shortly c.i.)
with the given confidence level 1 — « (e.g. 1 — a = 0.95), i.e. find an interval of the form
I(X) :=[a—(X),a4+(X)], such that

P, (0 € la_ (X),a+(X)]> >1-a, VocO. (7¢10)

The exact solution of this problem is computationally demanding, though possible (think how).
When n is large, the limit theorems can be used to suggest approximate solutions in a number
of ways.

The pivot method

Consider the sequence of random variables:

X —

Y, = vn—— " o .
Xn(l = Xn) + 1, e01))

By the law of large numbers lim,, X,,(1— X,,) = 6(1 —0) and lim,, 1ix,=13 =lmp 15 gy =0in

Py-probability and hence, by the CLT and Slutsky’s lemma Y, 4N (0,1) under Py. The weak
limit of the pivot random variables (Y},) suggests the confidence interval:

a_(X) =X, — zl,a/anl/Q( Xo(1 - Xy) + 1{Xne{o,1}}> (7a11)
g
ar(X) =X, + zl,a/gn’lﬂ( Xp(1—=Xn) + 1{)’@6{071}})

where 21_, /9 is the (1 — a/2)-quantile of the standard Gaussian distribution, i.e. ®(21_4/2) =
1 — /2 and hence

Py (9 € [a,(X),a+(X)]) =P (Yn € [21_a/2: Z1—ay2]) ® 1= 2(1 = ®(21_q/2)) = 1 — o,
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as required in (7gl0), where the approximate equality ‘replaces’ the convergence if n is large
enough 4. Note that for smaller o’s, larger z;_, /2 emerges, i.e. wider c.i.’s correspond to more
stringent requirements. On the other hand, for a fixed «, and large n, we get narrower c.i.’s, as
should be expected.

Variance stabilizing transformation

Alternatively, the confidence interval can be constructed by means of the variance stabilizing
transformation as follows. Let g : (0,1) — R be a continuously differentiable function, then
applying the Delta method of Lemma (7g28) we have

= d IRy
Vi(g(Xa) = 9(0)) — N (0, (4'(0))*0(1 — 0)), Vo €.
Now, if we choose g so that ¢'(6) = L__  the asymptotic variance will equal 1, irrespectively

\/0(1-6)
of 6. If in addition, g is increasing and invertible on (0, 1), the following c.i. can be suggested:

1(X) = g7 (9(%n) = 21-0p2/V ) s 97 (9(Xn) + 210j2/V/7) | - (7g12)
Indeed,
Py(6 € 1(X)) = Py (9(6) € g(I(X))) =
Po(9(6) € [9(X0) = 21-a/2/ Vit 9(Kn) + 21/ V7)) =
Pg(\/ﬁ(g()zn) —9(9) € [~21—a/2, zl_a/2]> P 2B(—2y_gpe) = 1 —

Of course, the question now is whether we can find an appropriate function g, referred to as
the variance stabilizing transformation. In our case

- /09 Ve

does the job, since the integral is well defined. Clearly, it is continuously differentiable on (0, 1),
increasing and invertible. A calculation yields g(f) = 37 + arcsin (20 — 1) . Since we required
only a particular form of ¢’, we may omit the constant and just take g(6) := arcsin (26 — 1).

Wilson’s method

As we saw above, by the CLT

~1-—a.

muf[vi | <)

H“UHow large n should be to support firmly such a belief ...7 Clearly, to answer this question we must know
more about convergence in the CLT (e.g. the rate of convergence , etc.). Applied statisticians usually use various
rules of thumbs, which often can be justified by a considerable mathematical effort (see Example 8a4 below)
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Note that

X A)2
{’\F\/T 1—a/2} = {nm < z%_a/Q} =
{( n—0)?<n7lz 001 - 9)} -
{20+ 22 po/m) = 002K, + 21 /m) + X2 <0} = {a_(X) <0< as (1)},

where
X, + %%zg + 21_a/9 \/%Xn(l - X)) + 41223
a/:t(X) T 1 + lZQ )
nca
and hence the confidence interval I(X) = [a—(X), a4 (X)] has the coverage probability close to
1 — a when n is large. |

The asymptotic risk of estimators is often easier to compute than their exact risk for a fixed
sample size. In this regard, the Delta-method is the main tool:

EXAMPLE 7g30. Let X1,..., X,, be a sample from Ber(f) with § € (0,1) and consider the
MLE 6,(X) = X,. Since Eg|X;| = 6 < oo, by the weak LLN, the sequence 6,,(X) converges
to 6 in Py-probability for any § € ©. Hence én(X ) is a consistent sequence of estimators.
Furthermore, as varg(X;) = 0(1 — 0) < oo, by the CLT
lim P(\/ﬁﬂ < x) — ®(z), VreR,

0(1—06)

or equivalently (replace x by z/+/6(1 —6)),
lim IP’(\/H(Xn _9) < x) = O(x/\/0(1—0)), VzeR,

n—o0

where ®(z) is the standard Gaussian c.d.f. Hence the sequence 6, (X) = X,, is asymptotically
normal with the limit variance 6(1 — 6).
Now consider another sequence of estimators:

[n/2]
~ 1
On(X) = ] ; Xoi—1X2;.

Y; = X2;Xo; 1,1 =1,...,[n/2] are i.i.d. Ber(?) r.v’s and hence again by the weak LLN

[n/2]

= ZXm 1X2; 49

n/2]

. . . . ~ P . ~.
and since u — /u is a continuous function, 6, (X) -4 V62 = 0, ie. the sequence 6, is also
consistent.
Note that by the CLT,

/2] (éi(X) - 92) 4 N(0,6%(1 - 6%), n— o
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Asymptotic variances versus 8
0.5 T T T
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FIGURE 4. asymptotic variances of 8, and 6, versus 6

Now we can apply the Delta method with g(u) = v/u to the sequence 62 (X):
V2 (9(82(X) - 9(6%)) =

V2 (02(X) = 8) 5 N (0, (9/(6%)%0%(1 ~ 6%)) = N(0, (1~ 6%)/4).
Finally, [n/2]/n — 1/2, we conclude (why?)

Jn (én(X) - 0) 4 N(0,1 - 6%)

In this example, one can calculate the risks of 6, and 6,, for each fixed n and check whether they
are comparable. However, computing the risk of 6,, does not appear to be an easy calculation.
Hence considering the estimators in the asymptotic regime, i.e. through the asymptotic risks,
often leads to a more tractable problem.

In this example, the competing sequences of estimators have the same rates, and moreover,
are both asymptotically normal: hence, we can try to compare them by the asymptotic variance.
Indeed, we see that the asymptotic variance of 0, is uniformly smaller than the variance of 0,
(see Figure 4). Hence we conclude that 6, is asymptotically inferior to 6,. Of course, just as in
the non-asymptotic case two sequences of estimators may not be comparable by their asymptotic
variances. |

Two sequences of estimators do not have to be comparable, even if they have the same rate
and the same limit type of distribution (e.g. asymptotically normal): it is possible that the
asymptotic variances, being functions of @, satisfy opposite inequalities on different regions of
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© (similarly to Example 7b10). Note that a sequence of consistent estimators (6,), which also
converges in L, must be asymptotically unbiased 4°:

limEyf, =6, V0 € O.

Thus there still may exist* a sequence of estimators (é:‘l), which attains the Cramer-Rao infor-
mation bound for unbiased estimators, asymptotically as n — oo:

A 1
limnEy(0: — 0)% = o) fco. (7g13)

Guided by the intuition from the finite sample setting, we may think that no sequence of esti-

mators can yield asymptotic risk, smaller than this bound and hence regard (0}) asymptotically
efficient (optimal). The following example shows that asymptotic optimality is a more delicate
matter!

ExAMPLE 7g31 (J.Hodges). Consider an i.i.d. sample X;, Xs,... from N(6,1) distribution,
where # € R is the unknown parameter. As we already saw, the empirical mean X, is the
estimator, which has various optimality properties: it is the UMVUE, attaining the Cramer-
Rao bound for unbiased estimators, as well as the minimax estimator for each fixed n > 1.
Hence it is tempting to think that X, is asymptotically optimal, in the sense that if (6,,) is a
sequence of asymptotically unbiased estimators, then

limn 'Ey(0, — )2 > limn'Ey(X, —0) =1, V0eR. (7g14)
n n

Remarkably, this is not the case! Consider the sequence of estimators

~ o X, |Xn|>n"V4

Then under Py,
V(O —0) = Vn(Xp = 0) 15, j5n-1/) — VIOl (5, | cpm1/ay =
=V (Xn = O) 1) (%, —)+vaoznt 4} — VIO (R, o)+ yiao|<nl/} =
L Z1 24 iy = V0L 74 oj<nt i)
where 2 stands for equality in distribution and Z ~ N(0,1). Hence for § = 0,
Egn(0n — 0)* = Bo 2?1y ys sy < VEeZ4/Po(|Z] > n1/4)
where we used the Cauchy—Schwarz inequality. For 6 # 0,

~ 2 2
Eon(0n —0)" <Eo (2124 gz iy ~ VIOLyz roenirsy) =

2
Eg(Z —(Z+ \/59)1{‘Z+ﬁ9|<n1/4}) =1+,

n—oo

45sometimes7 this is referred as approximately unbiased, while the term “asymptotically unbiased” is reserved

for a slightly different notion
4Gjust like in the UMVUE theory: not all unbiased estimators are comparable, while the optimal unbiased
estimator can be found through R-B if the minimal sufficient statistic is complete!
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with the residual satisfying
7 = ’Ee (22(2 +/nb) + (Z + \/59)2) 14|74+ bl <nt/a}

8B (121 + Vl0) 2Ly 4 gy corrsy < 6/ Ea(1Z]2 + n62)?\[B4(1Z + /] < 1)),
For § > 0 and all n > (2/6)*

Po(|Z + /nb]| < n/4) < Py(Z < n'/* — \/nb) < Py (Z < —g\/ﬁ) — <1>( - Q\/ﬁ),
where ®(z) is the c.d.f. of N(0,1) distribution, which for < —1 satisfies
x 1 x
O(x) = / Soe v Py < — / ye V' 2y = e/,
Plugging these bounds back, we see that r, — 0 for 8 > 0 and, similarly, for § < 0. To recap,
1 040
0 =0

<

lim nEg(6,(X) —0)% = { (7g15)
which shows that (7gl4) fails for the sequence (6,) at the point # = 0. Hodges’ estimator
is superefficient, e.g., in the sense that its asymptotic variance is better than the asymptotic
Cramer-Rao bound for unbiased estimators!

This is of course no paradox: Hodges’ estimator is biased for each fixed n and hence doesn’t
have to satisfy the Cramer-Rao bound for unbiased estimators. The relevant Cramer-Rao bound
for 0,, is

20,0, +1)°
1,(0)

where b(6,6,,) = Egf, — 0 is the bias and I,,(f) = n is the Fisher information in the sample. A

calculation reveals that nb2(6,0,) — 0 for any 6 € ©, but lim,, %b(&, 0, = —1 and hence

R(6,6,) = varg(T) + b*(0,6,) > ( +0%(6,0,) =: CR,(0),

)|9:o
nCRn(Q)’0:0 —0

which agrees with (7gl5). [ |

This example shows that a sequence of consistent and asymptotically normal estimators,
satisfying (7gl3), can be outperformed. Hodges’ example can be modified so that the set of
points in O, at which the estimator is superefficient, is infinitely countable. Remarkably, a
theorem of L.Le Cam shows that the set of such points cannot be essentially larger: more
precisely, it has zero Lebesgue measure (‘length’). This allows to define the following local
minimax notion of asymptotic efficiency:

DEFINITION 7g32. A sequence of estimators (é;;) is asymptotically efficient with rate \/n if

lim lim sup nEg(d, —60)*> > lim lim sup nEy(d; —0)% Vo € O,
SN0 =00 |0—0p| <6 SN0 =00 |0—0| <6

for any other sequence of estimators (6y,).
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Note that in this sense, Hodges’ estimator is not better than X,, anymore, since nEgy(X,, —
§)? =1 for all n and # € R and
lim lim sup nEg(én — 0)2 > 1.
N0 n—00 |§—0p| <6
On the other hand, we saw in Example 7c12 that X,, is minimax for any fixed n if © = R.
However, X,, is no longer minimax on small bounded intervals: for example, for the trivial
estimator § = 0
sup Eg(f — 0) = 6
0e[—6,9]
which is smaller than
sup Ep(X,—0)=1/n
0€[—5,0]
if § is small enough. Nevertheless, it can be shown that X,, is asymptotically efficient in the
sense of definition (7g32) (see Theorem 7g34 below).

REMARK 7g33. We already saw that Hodges’ estimator is superefficient: it performs as
well as the asymptotically efficient estimator X,, at all points of ©® and outperforms it at the
superefficiency point 0. Hence it is tempting to think that Hodges’ estimator is asymptotically
efficient as well. Again, counterintuitively, it is not and, moreover, its local minimax risk is
infinite! To see why, let 6,, := C'/+/n with a positive constant C' > 0. Then

~ 2 2
Eg,n(0n — On)” =B, (Z L2+ m0n 2014} — \/HH”I{IZJr\/ﬁOnKn”‘*}) =

n—o0

2
Egn (Z]'{\Z—‘rC'\an/‘l} — Cl{\Z+C\<n1/4}) —_— CQ.
Since for all n large enough,
sup nBy (6, — 6)> > Eg,n (0, — 0,)°
0]<d

we conclude that ~
lim sup nEy (0, — 0)* > C?
n16|<é

and, since C' is arbitrary, B

lim lim sup nEq(f, —6)% = cc.

SN0 n—00 |0—09| <5
Roughly speaking, this means that Hodges’ estimator may perform very poorly at the points
close to the superefficiency point for large n.

Finding asymptotically efficient estimators is an interesting problem, which is beyond the
scope of our course. Remarkably, the sequence of the MLE’s often turns to be consistent,
asymptotically normal and asymptotically efficient:

THEOREM 7g34. " Let X1, ..., X,, be a sample from the probability density™® f(x;0), 6 € ©

A~

and let (6y,) be the sequence of MLE estimators:
0n(X) € argmaxyeg L(0; X),

4Tadapted from [2]
48¢he theorem holds also for the discrete case with appropriate adjustments
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where L(X;0) =[], f(X;,0) is the likelihood of the model.
Assume that
(Ac) © = (a,b) for some —oc0 < a < b < 0
(Ag) the model is identifiable, i.e. for any 01 # 02, f(x;01) # f(x;62) for all x € J, where
J is an open interval in R.

(R) \/f(x:0) is continuously differentiable and the Fisher information

()
I@%—A f@ﬁ)d$

is finite and strictly positive on ©.
Then (8y) is consistent *°. If in addition to the above assumptions,

(RR,,) the function ¢(x;0) = log f(x;0) is twice continuously differentiable in 6. The function
|0"(z;6)| is majorized by a function h(zx) independent of 0, i.e. |0"(xz;0)| < h(zx), for
which

/ h(z)f(z;0)dr < co, VO €O
R

(RRy) the differentiation under the integral is valid:
/ f(z;0)dx =0, V9€©
R

then () is asymptotically normal
Vb, —0) % N(0,1/1(0)), 6¢€©°
and asymptotically efficient, moreover™, the moments of all orders converge.
EXAMPLE 7g35. Let X, ..., X, be a sample from Cauchy density with the location parameter

0 € © = [—c, c] (for some constant ¢ > 0):

1/7
0) = ———.
Note that the empirical mean X,, is not consistent for @ in this case (see Problem 7.58). The
MLE 6,, cannot be found in an explicit form beyond n > 2 and hence the maximization of the
likelihood is to be done numerically®!. The assumptions (A.) and (Ag) obviously hold. The
function \/ f(z;0) is continuously differentiable and

2
1 2(z —0) 1 oL 4(z — 6)? e s
I<0)_7T/<(1—|—(m—9)2)2> 1+(x—9)2d w/(1+(x—e)2)3d =

%n fact, even stronger result holds under these assumptions, namely ‘F(én —0) 59, 0 for any unbounded

n
an

4

sequence of numbers (ar).

50recall that convergence in distribution guarantees convergence of expectations for continuous and bounded
functions, but not necessarily for polynomials, i.e. moments

5lGince the likelihood L, (z;0) decreases as |#] — oo, the MLE exists and is one of the roots of the score
function %L(X; 0). However, the number of roots of the score function grows with n and hence deciding which
root is the MLE may be a challenge (remarkably, the set of roots converges to a Poisson process on R after an
appropriate rescaling, see the paper [10])
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is positive and bounded for any # € ©. Hence by Theorem 7g34, the sequence of MLE’s is
consistent for . By checking further assumptions, we may be lucky to be able to conclude that
(0,,) is also asymptotically normal (try!). [ |

The mathematical tools for proving, or even, sketching the ideas, leading to this remarkable
conclusion are far beyond the scope of our course, but we shall briefly demonstrate what kind
of difficulties, arise in establishing e.g. consistency of MLE.

The asymptotic analysis is usually straightforward if the MLE is given by an explicit formula
(as in Examples 7b3 and 7g30) or as the unique root of some equation (see Problem 7.57).
However, in the majority of practical situations, the MLE is found numerically for the concrete
sample at hand and its asymptotic analysis should be based directly on its definition as a
maximizer. A number of different approaches have been developed for this purpose, and we
shall sketch one of them below.

Suppose that we sample X = (Xi,...,X,) from a p.d.f. f(z;6). Then the corresponding
log-likelihood is given by

log Ly ( Zlogf:vl, , xeR" He0O.

The MLE is defined as a maximizer of log L, (X;0):
0,(X) = argmaxycg log L,(X; 6).

Denote by 6y the actual value of the parameter (unknown to us) and note that the very same
0,(X) is obtained if we maximize a different quantity, more convenient for the purposes of
analysis:

. 1
0, (X) = argmaxycg— log (Ln(X; 0)/L,(X; 00)>.
n
Now if Eg,|log f(X1;6)| < oo for all 6y, € O, then by the strong LLN

%log< (X;6)/ Ly X90> Zl 2,9@0 P:::O

f(X1;0) fla:0) . .
Eg, log F(X100) /Rlog f(:n;@o)f(x’ Oo)dz =: H(0,0).
The quantity —H (6, 60p) is called the Kullback-Leibler relative entropy (or divergence) and it is
not hard to see 2 that it is nonnegative and has the properties, similar®® to those of a distance
between the p.d.f.’s f(x;0) and f(x;6p). If the statistical model is identifiable, then 8 — H (6, 6)
has a unique maximum at 6y, i.e. H(6,0) < H(6p,6p) = 0 for all 0 # 6.

Thus we have a sequence of (random) functions

Hoy(0: 0) = %log (L(X:0)/L(X:00))

converging to H (0, 6y), which has a unique maximum at 6 := . It is tempting to conclude that
for each fixed 6y, the maximizer of H,(6;60y) over 6 converges to the maximizer of H (0, 6p), that

52us.ing the Jensen inequality

53The K-L divergence is not a true distance, since it is not symmetric
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is 0,, — 6 and thus 6,, is consistent. Unfortunately, this does not have to be the case®® and for
the latter to hold, a stronger - uniform over © - convergence is required in general. Establishing
such convergence is harder and can be done under appropriate assumption. Once consistency is
established, one can study the asymptotic normality, essentially using Taylor’s expansion.

Exercises

Methods of point estimation.

PRrROBLEM 7.1. Consider a population made up of three different types of individuals occur-
ring in the Hardy-Weinberg proportions 62, 20(1—6) and (1—6)?, respectively, where 0 < 6 < 1.

(1) Show that 75 = N1/n + Na/2n is a frequency substitution estimator of 0

(2) Using the estimator of (1), what is a frequency substitution estimator of the odds ratio
0/(1—0)?

(3) Suppose X takes the values 1,0, 1 with respective probabilities p1, p2, ps given by the
Hardy-Weinberg proportions. By considering the first moment of X, show that T3 is a
method of moment estimator of 6.

(4) Find the MLE 0f § and compare to the other estimators, obtained so far.

PROBLEM 7.2. Consider n systems with failure times X1, ..., X;, assumed to be independent
and identically distributed with exponential exp(A) distributions.

(1) Find the method of moments estimator of A based on the first moment.

(2) Find the method of moments estimator of A based on the second moment.

(3) Combine your answers to (1) and (2) to get a method of moment estimator of A based
on the first two moments.

(4) Find the method of moments estimator of the probability P(X; > 1) that one system
will last at least a month.

(5) Find the MLE of A

PrROBLEM 7.3. Let Xi,...,X,, be the indicators of n Bernoulli trials with probability of
success 0.

(1) Show that X,, is a method of moments estimator of 6.

(2) Exhibit method of moments estimators for varg(X;) = (1 —0) first using only the first
moment and then using only the second moment of the population. Show that these
estimators coincide.

(3) Argue that in this case all frequency substitution estimators of ¢(f) must agree with
q(Xy).

(4) Find the MLE of 0

PROBLEM 7.4. Suppose X = (X1, ..., X,;) where the X; are independent N (0, ?)
(1) Find an estimator of o2 based on the second moment.

54think of a counterexample: a sequence of (even deterministic) functions f,(z) — f(z) for all z, where f,
and f have unique maxima z;, and z*, but z;, /A x*
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(2) Construct an estimator of o using the estimator of part (1) and the equation o = Vo

(3) Use the empirical substitution principle to construct an estimator of o using the relation

E|Xi| = ov2m.

PROBLEM 7.5. An object of unit mass is placed in a force field of unknown constant intensity
0. Readings Y71, ..., Y, are taken at times t¢1,...,t, on the position of the object. The reading Y;
differs from the true position (6/ 2)sz2 by a random error ;. We suppose the g; to have mean 0
and be uncorrelated with constant variance.
(1) Find the least square estimator (LSE) of 6.
(2) Can you compute the MLE of 6 without additional assumptions ? The method of
moments estimator ?

PROBLEM 7.6. Let Yi,...,Y, be independent random variables with equal variances such
that EY; = az; where the z; are known constants. Find the least squares estimator of a.

PROBLEM 7.7. Suppose Y1, ..., Y, +n, are given by

0L +e, i=1,...n
Yi = .
Oy +¢e;, i=n1+1,...n

where €1, ..., €n, +n, are independent N (0, 0?) variables.
(1) Find the LSE of 0 = (01,92)
(2) Find the MLE of #, when o2 is known
(3) Find the MLE of 6, when o2 is unknown

PROBLEM 7.8. Let X3, ..., X, be a sample from one of the following distributions. Find the
MLE of 6.

(1) f(z;0) = e % 2 > 0,0 > 0 (exponential p.d.f.)

(2) f(x:0) =6 *9“) ,x > ¢, c>0and 6@ >0 (Pareto p.d.f.)

(3) f(x;0) = chz=(tD 2>0, ¢ >0, 0 > 0 (Pareto p.d.f.)

(4) f(x:0) = VO2V0=1 2 €10,1],0 >0 (3(+0,1) p.d.f)

(5) f(z;0) = (/6?) exp{ 2%/260%}, x > 0, 6 > 0 (Rayleigh p.d.f.)
(6) f(x;0) =0ca“texp{ —0z°}, 2>0,¢>0,0>0 (Weibull p.d.f.)

PROBLEM 7.9. Let Xi,..., X, be a sample from N(u,0?). Find the MLE of § = (u,0?)
under the assumption that p > 0.

PrROBLEM 7.10. Let X3, ..., X, be a sample from the p.d.f.
Lo—(@=m/o x>y
- {3 12
< p
where ¢ > 0 and ¢ € R.
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(1) Find the MLE of 6 = (u, 0?)
(2) Find the MLE of Pyp(X; > ¢t) for t > p.

PROBLEM 7.11. Let X; ~ N(u,0?%). Show that the MLE of § = (i, 0?) doesn’t exist.

PROBLEM 7.12. Let Xi,..., X, be independent r.v. with X; ~ N(60;,1), 6; € R

(1) Find the MLE for 6 = (64, ...,0,)
(2) For n =2, find the MLE of #, under the constraint 6; < 6

PROBLEM 7.13. Let X, ..., X} be a sample from Geo(1 — 6). The observations are given by
Y; = min(X;,r + 1), where r is a positive integer. If X;’s are interpreted as times, then they can
be observed only till certain known time r (this is known in statistics as censored observations).

The p.m.f. of Y7 is?®
-1 (1-0), k=1,..r
k}; 0) — ’ A
p(k;f) {m, k=r+1

Let M be the number of Y;’s, such that Y; = r + 1. Show that the MLE of 6§ is given by:

PROBLEM 7.14. Let X4, ..., X,, be a sample form the Cauchy distribution with the location
parameter 0, i.e.
f(gn'ﬁ):l/i7T zeR,0eR.
9 1 + ($ — 9)27 9
(1) Show that if n = 1, then the MLE is § = X,
(2) Show that for n = 2, the equation %f(xl,xg;ﬁ) = 0 has several roots and find the
MLE

PROBLEM 7.15. Let X7, ..., X,, be a random sample from p.d.f.
f(x;0) = 02° 1 (x € (0,1)), 6> 0.

(1) Show that EgX; = 9/(9 + 1)

(2) Find the method of moments estimator 6

(3) Compute the maximum likelihood estimator of 6
(4) Find the maximum likelihood estimator of Eqg

55note that Po(X1>7r)=0"
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Optimality.
PROBLEM 7.16. Let X be the p.m.f. of a Poisson r.v., conditioned to be positive>C:

e 00k /k!
p(k;0) = 1 _e 0

It is required to estimate ¢(f) =1 — e~% and for this purpose the estimator

{o X is odd

ke{1,2..}, 6>0.

T(X) = .
(X) 2 X is even

Show that 7™ is an unbiased estimator of ¢(#). Is it a good estimator ...7

PROBLEM 7.17. Let X ~ N(6,1) and consider the estimators of 6 of the form Tj,(X) =
aX + b, where a,b € R.

(1) Calculate the MSE risk of Tg,

(2) Compare the MSE risks of T} /59 and T19 = X (the “natural” estimator) as a function
of 6. Show that none of these estimators is better than the other for al 6 € ©.

(3) Is there an estimator of the form Ty, with the MSE risk, better than that of 779 = X
forall € © 7

(4) Show that T7 ¢ is the only unbiased estimator among Tg, a,b € R.

PROBLEM 7.18. Let X1, ..., X,, be a sample from N (u,0?) with unknown 6 = (i, 0?). It is
required to estimate o2.

(1) Calculate the MSE risk of the estimators

n

1 _ - 1 n _
S2 = X; — X,,)? d §?.= X, — X,,)?
n—lZ;( )" an n+1Z;( )

(2) Show that the MSE risk of S? is greater than of 52 for all € © (i.e. S? is inadmissible).

Bayes estimation.

PROBLEM 7.19. Prove Lemma 7¢8 in the case of countable parametric space ©.

PROBLEM 7.20 (The sunrise problem of Laplace). ”What is the probability that the sun
will rise tomorrow?” is the question which P-S. Laplace addressed in the 18-th century. He
suggested that at the beginning of the world (he has literally taken the date from the Bible), the
probability of the sun to rise was completely uncertain, which he expressed by assuming that
p was sampled form U(]0,1]). Further, he assumed that the sun rises each day independently
with the same conditional probability of success p. More precisely, if X; takes value 1 if the sun
rises on the i-th morning, then X,,, n > 1 forms a sequence of i.i.d. Ber(p) r.v.’s, conditioned
on p. Prove the rule of succession :

s+1

P(Xn+1 = 1|X1—|——|—Xn = S) = nro

56j ¢. the conditional p.m.f of Y given {Y > 0}, where Y ~ Poi(6).
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PROBLEM 7.21. Let (Py)gco be a statistical model with © being a discrete set of points.
Show that the Bayes estimator of 6 with respect to the prior 7 and the loss function:

lo(0,m) = 1(6 # ),
is given by the mazimum a posteriori probability (MAP)
0*(X) = argmax, coP(6 = 7| X).

Explain, why the MAP estimator minimizes the probability of error in guessing the value of 6,
given the observation X.

PROBLEM 7.22. Show that 8 distribution is conjugate to the likelihood of n i.i.d. Ber(f),
6 € [0,1] r.v.’s Find the corresponding posterior parameters and deduce the Bayes estimator
under MSE.

PRrROBLEM 7.23. Prove that Pareto distribution with the p.d.f.

Q

ac
flx;e,a) = xaHI(xZC)’ c>0,a>0

is conjugate to the likelihood of the sample X = (X7, ..., X},) of size n from U([0,0]), 6 € R,.
Show that the posterior distribution has the Pareto density with parameters max(c, max; X;)
and a + n. Check that the Bayes estimator under MSE is given by:
a+n)max(c, X1, ..., Xp)

a+n-—1 ’

PROBLEM 7.24. Let X1, ..., X, be a sample from Poi(6), § > 0. Assume the prior I'(«, ).

(1) Find the Bayes estimator of 6 with respect to the loss function £(6,7) = (6 — n)?/60
(2) Find the Bayes risk of the Bayes estimator

PROBLEM 7.25. Let X = (X1, ..., X};,) be a sample from the exponential distribution exp(6),
6 > 0. Assume the prior I'(a, 8).

(1) Find the conditional distribution of 6 given X. Is the prior conjugate to the likelihood
‘?

(2) Find the Bayes estimator of # with respect to the loss function £(6,7) = (6 — n)?.
(3) Find the MLE of ¢
(4) Calculate the risk functions of the estimators in (3) and (2) and compare
(5) Calculate the Bayes risk of the estimaets in (3) and (2) and compare
PROBLEM 7.26. Show that Bayesian estimator with respect to quadratic loss is biased, if
the posterior is non-degenerate (i.e. the posterior variance is positive with positive probability)

PrOBLEM 7.27. Find the minimax estimator for § € Ry, given the sample Xi,..., X, ~
Poi(0)

PROBLEM 7.28. Show that the naive estimator # = X is minimax in Stein’s example 7b8.
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Unbiased estimation.

PROBLEM 7.29. Argue that an estimator, which is not a function of the minimal sufficient
statistic, is inadmissible with respect to the quadratic risk.

PROBLEM 7.30. Let X1, ..., X;, be a sample from a p.d.f. with unknown mean y and variance
02, Define T(X) =Y | ¢; X;.
(1) Show that T is an unbiased estimator of y if and only if > 7" | ¢; = 1.
(2) Show that X,, is the UMVUE among all estimators of the above form.

PROBLEM 7.31. Let X1,..., X,, be a sample from N(u,1). It is required to estimate P, (X1 >
0) = @(p)
(1) Show that T'(X) = I(X; > 0) is an unbiased estimator
(2) Apply the R-B theorem with the sufficient statistic X, to obtain an improved estimator.
Hint: note that (X1, X) is a Gaussian vector.
(3) Show that the obtained estimator is UMVUE

PROBLEM 7.32. Let X1, ..., X, be a sample from U([0,0]), 6 > 0 and let M, (X) = max; Xj.
(1) Show that T*(X) = “ELAf, (X) is an unbiased estimator of .

(2) Let T(X) = 22 M, (X). Show that

R(6,T) < R(0,M,), and R(0,T)<R(0,T"), V€O
and conclude that both M,, and T* (which is the UMVUE!) are inadmissible.

PROBLEM 7.33. In each one of the following cases, show that ¢ is an unbiased estimator of
the parameter of interest, find a sufficient statistic and improve ¢ by means of the R-B procedure.
(1) X1, X2 is a sample from Geo(8), ¢(X) = I(X; = 1) is an estimator of 6
(2) Xi,..., Xy, is a sample form Ber (), ¢(X) =[], X; is an estimator of 6"
(3) Xi,...,X, is a sample form Ber(6), ¢(X) = X; — X1 X> is an estimator of §(1 — 0)

PROBLEM 7.34. Let X1 ~ Geo(6). It is required to estimate 6/(1 + ) and the estimator
T(X) = e ¥ is considered.
(1) Is T(X) unbiased ?
(2) Let X3 be an additional sample from Geo(#), independent of X; and define S = X;+ Xo.
Find the conditional distribution of Xy, given S.
(3) Apply the R-B procedure with®” S from (2), to improve the estimator from (1)

PROBLEM 7.35. Let X1, ..., X;, be a sample from Ber(f). Show that S(X) = 71" | X; is a
complete statistic, if © contains more than n points. Argue that X, is the UMVUE of 6.

57check that S is sufficient
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PROBLEM 7.36. Let Xji,..., X}, be a sample from U ([0, 62]), where 8 = (01,602) is the un-
known parameter.
(1) Specify the parametric space ©.
(2) Show that T'(X) = (min; X;, max; X;) is a sufficient statistic.
(3) Assuming that T is complete, argue that (77 + T2)/2 is the UMVUE of the mean
(01 +02)/2

PROBLEM 7.37. Consider N = (Ny,..., Ny) ~ Mult(n;6), where 0 = (61,...,0;) € 8¥71 =
{z € RFL . 2 > 0, Zle x; = 1} is the unknown parameter. Show that N is a complete
sufficient statistic and find the UMVUE of 65 — 6.

PROBLEM 7.38. Let X1, ..., X,, be a sample from N (u,c?).

(1) Show that if x in unknown and o2 is known, then X,, is the UMVUE of p.
(2) Show that if x is known and o2 is unknown, then X >°" | (X; — u)? is the UMVUE of

9 n
g~.

PROBLEM 7.39. Let X1,..., X, be a sample from I'(p, \), where § = (p,\) is the unknown
parameter. Find the UMVUE of p/\.

PROBLEM 7.40. Let X ~ Bins(n,#) be a sample from truncated Binomial distribution:
<Z> 6k (1 — g)"*
k;0) =

p(k:0) 1—(1—-om

(1) Show that X is a complete sufficient statistic for 6.
(2) Show that EgX = nﬁ. Conclude that X/n is the UMVUE of ¢(0) = EgX.

kEed{l,..,n}.

PROBLEM 7.41. Let X ~ Bin(n,6). Show that X g’;;f)) is the UMVUE of 6(1 — ).

PROBLEM 7.42. Let (Py)pen be the family of uniform distributions on the first 6 integers
U({1,...,0}).
(1) Show that X ~ Py is a complete sufficient statistic
(2) Show that 2X — 1 is the UMVUE of ¢
(3) Let (Py)geny = {Poen} \ Pk, where k is a fixed integer. Show that X’ ~ P} is not
complete. Hint: Calculate Ejg(X") for

0, 1 £k k+1
g(i) =<1, 1=k
1, =kl
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(4) Show that 2X’ —1 is not UMVUE of 6 for P;. Hint: Consider the estimator T'(X') =
°0X' 1, X'¢{k.k+1}
2k, X' e{k,k+1}

PROBLEM 7.43. Let X = (Xy,..., X;,) be a sample from the 3(0,1) p.d.f.

fla;0) = 02" I(z € (0,1)), 6>0

and consider the estimator T'(X) = —% i log X;.

(1) Show that EgT'(X) = 1/6 and varyg(T) = —5

nb?-
(2) Show that the Fisher information is given by 1(8) = 1/6? and that T'(X) is the UMVUE
of 1/6.

PROBLEM 7.44. Solve the previous problem for the Weibull p.d.f.
f(;0) = cx10e 9 I(z > 0),
0 > 0,c > 0 and the estimator 7'(X) =1 3°" | X¢.

PROBLEM 7.45 (Best Linear Unbiased Estimator). Let X = Af + ¢, where § € R? is the
unknown parameter, A is a known n X d matrix and ¢ is a random vector in R™ with Ege = 0
and the covariance matrix I' := cov(e, &) > 0.

An estimator T'(X) is linear if T'(X) := BX + v for some d x n matrix B and a vector v.

(1) Show that any unbiased linear estimator of 6 is of the form 7T'(X) = BX, where BA =1
(2) Show that the MSE risk of an unbiased estimator is given by

Eo||60 — T(X)|* = tr (BI'B")

(3) Assuming that I' is an identity matrix, show that the linear estimator with the minimal
MSE risk (the BLUE) is given by

TH(X) = (ATA)1ATX
Hint: Note that for any B, satisfying BA = I,
BBT = (B—-B*)(B—B")T +(ATA)™

where B* = (ATA)"1AT.
(4) Derive the formula for the BLUE, when I" > 0 is a diagonal matrix.

Asymptotic theory.

PROBLEM 7.46. Prove that if (§,) converges to a constant ¢ weakly, then it converges to ¢
is probability.
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PROBLEM 7.47. Let (X,),>1 be a sequence of ii.d r.v. with the common distribution
U([0,1]) and let M,, = max;<, X;. Introduce the sequences
Y, = vn(l — M,)
Zn =n(l — M,)
W, =n%(1 — M,).

Check whether each one of these sequences converges in probability ? in distribution ?

PROBLEM 7.48. Let (X,,)n>1 be a sequence or r.v. with the p.m.f.

ﬁ k=mn

= k=2
P(X,=k) = i”_l b3

0 otherwise

(1) Does (Xy)n>1 converge in probability ? If yes, what is the limit ?

(2) Does EX,, converge 7 Compare to your answer in (1)

(3) Answer (1) and (2) if “k = n” in the first line of definition of X,, is replaced with
“k — 177

PROBLEM 7.49. Prove that X,, ~ Bin(n, p,) with p,, satisfying
lim np, = A >0

n—oo

converges weakly to X ~ Poi(\).
Hint: check that P(X,, = k) — P(X = k) for all k and argue that this implies the result.

PROBLEM 7.50. Let X,, ~ Poi(n), show that (X,, — n)/y/n converges weakly to N (0, 1).

PROBLEM 7.51. Let X1, ..., X,, be a sample from U ([0 —1/2,0 4+ 1/2]), where 6 € R.

(1) Show that the MLE 6, of  is not unique
(2) Show that any choice of #,, yields a consistent sequence of estimators

PROBLEM 7.52. A beuro of statistics wants to choose a sample, so that the empirical pro-
portion of voters for a particular candidate will be less than 50% with probability 0.01, when
the actual proportion is 52%. Suggest how to choose the sample size on the basis of CLT ?

PROBLEM 7.53. Let X1, ..., X;, be a sample from N (p, 02), where both y and o2 are unknown.
Show that S2(X) := 1 3" | (X; — X,,)? is a consistent and asymptotically normal estimator

of 2. Calculate its limit variance.

Hint: use the particular properties of the distribution of S2(X) and apply CLT.
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PROBLEM 7.54. Let X ~ HG(N, NO,n), where § € © = (0,1). Suppose that n = ¢(N) for
an increasing function ¢ (i.e. the size of the sample n grows with the population (shipment,
etc.) size N). Find conditions on ¢ so that the sequence of estimators O (X) = X/n = X/¢(N)
is consistent.

PROBLEM 7.55. For the sample X7, ..., X,, from each one of the following distributions, find
the sequence of MLEs as n — oo, show that it is consistent and find the asymptotic error
distribution (under appropriate scaling)

(1) Poi(f), 0 >0
(2) Ber(9), 6 € [0,1]
(3) Geo(1/60),6 >0

PrROBLEM 7.56. Construct confidence interval estimator for the parameter A of the i.i.d.

Poi(A) sample X7, ..., X,
(1) Using the CLT and Slutsky’s theorem
(2) Using the corresponding variance stabilizing transformation

PrROBLEM 7.57 (MLE in exponential families). Let Xi,..., X,, be an i.i.d. sample from the
density, which belongs to the 1-exponential family

f(@;0) = exp (c(0)T(X) + d(0) + S(z)), z€R,HeO.

Assuming that ¢(f) is a one-to-one function, the natural parametrization of the exponential
family is defined by 1 := ¢(0) with n € ¢(©):

flasn) = exp (nT(X) +d(n) + S(x)), z€R, necO),
where d(n) := d(¢(n)).

(1) Show that d'(n) = —E,T(X;) and d"(0) = —var,(T(X1)).
(2) Show that the MLE 7, is the unique root of the equation

1 n
dn)=—-=>Y T(X;).
==, 270X
(3) Using the LLN, conclude that the MLE (7)) is consistent
(4) Show that the MLE 6,, of 6 is consistent

Hint: recall that the MLE is invariant under reparametrization

(5) Apply the A-method to show that the MLE (7,) is asymptotically normal with the
rate y/n and find the corresponding asymptotic variance (compare with the Fisher
information).

(6) Apply the A-method once again to derive the asymptotic variance of the MLE (én)

PROBLEM 7.58. Let X" = (X1,..., X;,) be a sample from the Laplace density
1
f(z;0) = 56_‘96_9', zeR

(1) Argue that the statistics X,, form a consistent sequence of estimators for the location
parameter 6
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(2) Show that the MLE of 6 can be taken to be the sample median med(X") := X(f,/2))
where [n/2] is the smallest integer greater or equal n/2 and Xy, ..., X(,) is the order
statistic of X".

Hint: note that the MLE is not unique for even n.
(3) Prove consistency of med(X™)

Hint: note that e.g.

{med(X”) >0 +5} = {Z Lix,—6>c} = ”/2} :
1=1

The Cauchy density with the location parameter § € R and the scaling parameter v > 0

is
1 1

fl@0,7) = ————

()

(4) Let X" = (Xy,..., X;,) be a sample from Cau(¢,v) density with the unknown location
parameter 0§ and v = 1. Is X,, consistent 7 Is med(X"™) consistent ?

Hint: It can be shown that the characteristic function of the Cauchy random
variable is given by:

©(t;0,v) = / e f (30, y)de = M,
R

(5) Suggest yet another consistent estimator of 6, using the substitution principle method.



CHAPTER 8

Hypothesis testing

In contrast to parameter estimation (either point or interval), which deals with guessing
the value of the unknown parameter, we are often interested to know only whether or not the
parameter lies in a specific region of interest in the parametric space. A typical instance of such
a problem is signal detection, frequently arising in electrical engineering. A radar transmitter
sends a signal in a particular direction: if the signal encounters an object on its way, the echo of
the signal is returned to the radar receiver, otherwise the receiver picks up only noise. Hence the
receiver has to decide whether the received transmission contains a signal or it consists only of the
background noise. How to formalize this problem mathematically 7 How to construct reasonable
test procedures 7 How to compare different test procedures ? Is there a best procedure 7 All
these questions are addressed within the statistical framework of hypothesis testing, which we
shall explore below.

a. The setting and terminology

Let (Pp)geco be a statistical model and suppose © = Oy U O1, where the subsets ©p and ©
do not intersect. The value of the parameter 6 is unknown and our goal is to decide whether 6
belongs to Og or to O, given a sample X ~ Py. Using the statistical language, we want to test
the null hypothesis Hy : 6 € ©g against the alternative Hq : 6 € ©1, based on the sample X ~ Py.
If ©¢ (or/and ©1) consists of a single point, the null hypothesis (or/and the alternative) is called
simple, otherwise it is referred as composite.

EXAMPLE 8al. In the signal detection problem!, a reasonable statistical model is an i.i.d.
sample X = (X1, ..., X,,) from N(6,0?), where o2 is the known intensity (variance) of the noise
and 6 is the unknown parameter. The null hypothesis is then Hy : § = 0, i.e. ©¢ consists of a
single point {0} and we want to test it against the alternative Hy : § # 0, i.e. ©1 = © \ {0}.
Thus we want to test a simple hypothesis against composite alternative.

If we know that the signal may have only positive (but still unknown) value, then we may
consider testing Hy : 0 = 0 against Hy : 0 > 0. If, in addition, this value is known, say 6y, then
the problem is to test Hy : 8 = 0 against Hj : 6 = 0g, i.e. testing a simple hypothesis against a
simple alternative. n

REMARK 8a2. While technically the roles of the null hypothesis and the alternative are
symmetric, it is customary to think about Hy as some “usual” theory/state/etc., which we want
to reject in favor of the alternative theory/state.

Lit is convenient to think of this problem to memorize the terminology: e.g. null hypothesis can be thought
of as absence of the signal, etc.

169
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Given a sample X ~ Py we have to reject or accept the null hypothesis. Suppose for def-
initeness that the sample X takes values in R”. Then any? test can be defined by specifying
the region of rejection (or critical region), i.e. a set C' C R™ such that the null hypothesis Hy is
rejected if and only if the event {X € C} occurs. The complement R™ \ C' is called the region
of acceptance (of the null hypothesis). This can be equivalently reformulated in terms of the
critical function (or test function) §(X) := I(X € C), i.e Hy is rejected if and only if {§(X) =1}
occurs. Usually the test function can be put in the form 6(X) = I(T(X) > ¢), where T(X) is
the test statistic, i.e. a function from R” to R, depending only on the sample, and c is a real
constant, called the critical value.

EXAMPLE 8al (continued) If we want to test Hy : € = 0 against H; : 6 # 0, intuitively we
feel that we shall reject the null hypothesis Hy if the empirical mean is far from zero: in terms
of the objects defined above we use the test statistic 7(X) = X,, and reject Hy if and only if
{|X,| > ¢}, where c is the critical value to be chosen (see below). This kind of tests are called
two-sided (or two-tailed) as they reject if the test statistic takes values on “both sides” with
respect to the null hypothesis.

Now suppose that we know that the signal value is positive, i.e. Hg: 0 = 0 is to be tested
against Hy : @ > 0. In this case, the one-sided (one-tailed) test {X,, > c} appears as a reasonable
choice, as it rejects Hy for large enough values of X,. |

How do we measure performance of a test? Note that a test can produce two types of errors,
namely, we may either reject Hp, when actually Hy is true: this is the so called type I error
(or a-error or the false alarm error or false positive error); or we may accept Hy, when Hj is
true: this is the type II error (or B-error or detection error or false negative error). Both types
of errors are conveniently expressed in terms of the power function:

7(0,0) :=Epd(X) = Pp(T(X) > ¢).

Note that for § € Oy, the power function 7(¢,0) is the a-error of the test (at a specific §) and
for § € ©1 is the probability of correct acceptance of the particular alternative 6. The a-error
of a test is defined as the highest probability over ©g of erroneously rejecting Hy:

a = sup Pp(T(X) > ¢) = sup 7(0,9), (8al)
[AS(S]} 0€0g

and the S-error is the highest probability over ©1 of erroneously accepting Hy:

B = sup Pp(T(X) <¢)=1— inf 7(0,9).
6cO, 0€©

Let’s try to get a feeling of how ¢ affects these three quantities (it may be helpful to think of

the signal detection again). For large critical values ¢, we shall rarely reject Hy and, in particular,

shall rarely reject erroneously, and consequently shall get small a-error. On the other hand, for

exactly the same reason we shall get little power at § € ©1 (and hence large S-error). Conversely,

small ¢ will cause frequent rejections and hence higher false alarms, however will yield higher

2in fact, we may also consider randomized tests, i.e. those in which the decision is taken not only on the
basis of the sample realization, but also on an auxiliary randomness. More specifically, §(X) is allowed to take
values in the interval [0, 1] (rather than in the set of two points {0,1}) and a coin with probability of heads §(X)
is tossed: Hj is rejected if the coin comes up heads. It turns out that this general framework is more flexible and
convenient in certain situations (see Remark 8b6)
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values of power at § € ©;. This tradeoff is the key to the optimality theory of tests: we would
like to make small false alarm errors and simultaneously have large power at the alternatives
(or, equivalently, to make small errors of both types simultaneously).

If a test erroneously rejects Hy with probability less than a > 0 for all 8§ € Og, then it is
said to have the level of significance a. Clearly a test of level « is also of level o/ is o/ > a. The
smallest level of the test is referred to as its size (which is nothing but the definition (8al)).

EXAMPLE 8al (continued) Let’s calculate the power function of the test 6(X) = {X,, > c} of
Hy: 0 =0 against H; : 0 > 0:

7(0,0) = Py(X, > ¢) = Pg(\/ﬁ()‘(n —9)/o > (e — 9)/0) —1- CIJ(\/E(C - 9)/0),

where ® is the c.d.f of a standard Gaussian r.v. and we used the fact that ¢ := \/n(X, —0)/o ~
N(0,1). Note that m(6,9) is an increasing function of # (why ?). The size of the test is

o = sup 7(6,0) =7(0,6) =1 — ®(v/nc/o).
[ZSSH)

Hence if we want our test to have the size «, we shall choose

c(a) =o® (1 - a)/vn.

For larger values of n, ¢(a) gets smaller, which agrees with the fact that X,, is closer to 0 under
Hy. For the critical value corresponding to the size a, the power function reads

7(0,8) =1~ <I><\/ﬁ(a<1>‘1(1 —a)/vn - 9)/0) —1- <1>(<1>—1(1 —a)— \/ﬁe/a)), (8a2)

Pay attention (see Figure 1) that for small values of the alternative § € ©;, the power is
close to a (which is of course anticipated as the power function is continuous in this case). On
the other hand, for any 6 € ©4, the power tends to 1 as n — oo, i.e. the test makes small errors
of both types. In particular, we can choose n large enough to force arbitrarily small S-errors at
any value of 6 from the alternative. |

REMARK 8a3. This example shows that the power of the test is close to a at 0’s close to
the null hypothesis, which of course confirms the fact that close values of the hypothesis and
alternatives are hard to distinguish. Hence often the practical requirement is formulated in terms
of the size of the test a and the minimal power of the test outside some indifference region of
length A, where good testing quality cannot be expected. For instance, in the previous example
one can require level & = 0.01 and minimal power 0.9 outside the indifference region [0, 1] (i.e.
A = 1). The corresponding n is easily found, using monotonicity of 7(6,d) and the formula
(8a2).

Another practically useful notion is the p-value of the test. Suppose a simple null hypotheses
is tested by means of a test statistic 7'. The p value is defined as the probability of getting the
values of the test statistic more extreme than the actually observed one:

p(t) = Poy(T > 1), teR.

Large p-value indicates that the observed value of the test statistic is typical under the null
hypothesis, which is thus to be accepted. If T has a continuous increasing c.d.f., then the
random variable p(7') has uniform distribution, irrespectively of Py, (think why). Hence the
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The power function 11(6,3) for testing HO:S:O against H1:e>o given a sample N(e,cz)

T T T T T
1k
0.8 al
0.6~ al
— n=20
— n=50
n=100
0.4 =
a=0,01
0.2 n
0 i
1 1 1 1 1
-1 -0.5 0 0.5 1 15 2

FIGURE 1. 7(0,9) for the test in Example 8al

test, which rejects the null hypotheses if and only if the p-value is less than « € (0, 1), has the
significance level .

The p-value formalism of the statistical hypothesis testing is preferred by some practitioners,
since in addition to acceptance/rejection decision, it provides a quantitative information of how
firmly the null hypothesis is supported.

Here is an example with a more practical flavor:

EXAMPLE 8a4. Suppose we toss a coin n times and would like to test the hypothesis that
the coin is fair. Assuming the i.i.d. Ber(#) model, we are faced with the problem of testing
Hy : 6 = 1/2 against Hy : 0 # 1/2 on the basis of the outcome of n tosses X = (Xi,..., Xp).
Since the empirical mean X, is close to the actual value of @ (at least for large n’s), the two-sided
test 6(X) = {| X, — 1/2| > ¢} appears reasonable. The power function of this test is given by:

= n _
m(0,0) =Po(|Xn —1/2| = ¢) = <k> 0k (1 —0)"F,
k:|k/n—1/2|>c
The critical value of the test of level « is the minimal ¢ satisfying the inequality
n
r(1/2,0)<a — > <k> < 2"q,
k:lk/n—1/2|>c

which can be found numerically. For large n, such calculation can be difficult and, alternatively,
one can use the CLT to construct an approximate test. Assuming that n is large enough (to
justify the approximation) and adding the subscript n to ¢ to emphasize its dependence on n,
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we get:

m(1/2,0) = Py o (1 X0 — 1/2] > cn) }P’W(‘f 1/2

’ > 2cnf> n0 9 (- 22),

where the convergence holds, if ¢, := z/y/n is chosen with a constant z. Now, we shall choose
z to meet the size requirement, i.e. 2®( — 2z) = a or z := —3®~!(a/2). To recap, the critical
value
cn(@) = —2\7‘1) Ha/2),

yields a test, whose size is approximately «. The approximation is justified on the basis of CLT,
if we believe that n is large enough to regard the limit as a valid approximation for a fixed n.

In fact, the approximation can be treated more rigorously using the following refinement of
the CLT:

THEOREM 8ab (Berry-Esseen). Let (&) be a sequence of i.i.d. random variables with zero
mean and unit variance. Then the c.d.f. F,(x) =P (ﬁ Y& < m) satisfies

Cmg
|Fr(z) — ®(z)] < T

reR, n>1,

where mg 1= E|& |3 and C is an absolute constant with value less than 0.4784
Xi—Eqi0X; .
For the problem at hand & := ———— = 2(X; — 1/2) and with ¢, := z/y/n,
Var1/2(Xz‘)

Pl/g(‘f /2‘ >2cnf> ((\}ﬁig 22z) =1 F(22) + Fo(—22).
i=1

By the B-E theorem,

CEl&L* _ C

vnoon

|F,(£22) — B(£22)] <

and for z* := —%Q_l(a/Q)
P1/2<‘f

1/2

)>22>—a‘<

2:7) — X ‘—
z 20{—

n~ /2 < L

Fo(—22%) = ®(—22%)| < NG

1— Fp(22%) — (1 - @(zz*))

Let us stress that the latter inequality holds for any n and not just asymptotically. Hence for a
given «, one can choose an n, which yields the approximation of the required quality.

Application of the limit theorems must be done with care. For example, suppose that we
want to calculate the power of the obtained test at a particular value of alternative (e.g. at an
end point of an indifference region, say at 6, := 3/4):

77(3/4’ 5) = IP)3/4(|)_(n - 1/2| > Z*/\/ﬁ)
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Note that this time the critical value is already fixed. Let’s try to implement the same approach
as above:

Byya(1Xn —1/21 2 2*/v/n) = Pyya (\/ﬁX%/iM > \/ﬁz*/\/\/?%/jﬂl) +

X, —3/4 z*/vﬁz+-1/4) ( X, —3/4 z*-1/4vﬁz>
P n—-———< —yn——— | =P n > +
X, —3/4 *+1/4 *—1/4 *4+1/4
Pm<ﬁz” / g—z+/‘m>=1—ﬂ<z/‘m>+ﬂ<—z+/”ﬁ>
V3/4 V3/4 V3/4 V3/4
Note that F,(-) in the latter expression is evaluated at points, which themselves depend on n
and hence CLT is not informative (or applicable) anymore: this expression converges® to 1 as

n — oo. In particular, pretending that e.g. F, (%) ~ O (%) cannot be easily

justified (though often done in practice).
Finally, let’s demonstrate how p-value is calculated for this problem. Suppose that we toss
the coin 50 times and obtain 35 heads. The p-value is then given by:

= 50
Py o (| Xs0 — 1/2] > [35/50 — 1/2]) = Py 5 (| S50 — 25| > 10) =2 ) | <k) (1/2)* = 0.0066...
E>35
which indicates that the obtained sample poorly supports the hypothesis Hy (or in other words

this outcome is not typical for a fair coin). |

b. Comparison of tests and optimality
From the decision theoretic point of view, it makes sense to compare tests of the same size:
DEFINITION 8bl. Let § and § be tests of size aw. The test & is more powerful than &, if
7(0,8) > 7(6,0), V0 €O,

DEFINITION 8b2. A test 6* of size av is uniformly most powerful (UMP) if it is more powerful
than any other test & of size .

As in the case of the point estimators, two tests of size o do not have to be comparable
in the sense of the latter definition and the UMP test does not have to exist. When both the
hypothesis and the alternative are simple, the UMP* test can be found explicitly:

THEOREM 8b3 (Neyman-Pearson lemma). Consider the statistical model (Py)gco with © =
{600,01}, X ~ Py and let L(z;6y) and L(x;01) be the corresponding likelihood functions. Then
the likelihood ratio test>:

of size a < 1 is MP.

3again, by the Berry-Esseen theorem (check!)
4n fact it is MP (most powerful) test, since the alternative is simple
5A better way to define the test is

() = 1100 2 LX),
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REMARK 8b4. The test is not counterintuitive: if the sample X comes from Py, then
L(X;60y) will be typically greater than L(X;#;) and hence the test statistic in ¢* is small, i.e.
Hy is rarely rejected. This also provides the heuristic grounds for the so called generalized
likelihood ratio test, which is the main tool in more general hypothesis testing problems (see
Section ¢ below).

REMARK 8b5. Note that if S(X) is the minimal sufficient statistic for 6 € ©, then by the
F-N factorization theorem the likelihood ratio test depends on the sample only through S(X).

PROOF. We shall give the proof for the continuous case, when the likelihoods are in fact
p.d.f.’s on R™ (the discrete case is treated similarly). We have to show that if § is a test of level
a, ie. Eg,0(X) < «, then

Eg, 6" (X) > Eg,0(X). (8b1)
To this end
Eg, 0(X) = - O(x) f(x;01)dx =
c(a) §(z) f(x; 6p)dx + d(z) (f(a; 01) — c(a) f(x; 6?0))dx = (8b2)
R" R"
() 8(X) + [ 8a) (Fla60) o) fasbo) ) do
Further,

[ 3@ (76300 = o) 00 ) i &

o

/n 5(x)l(f(w; 01) — c(a) f(x;60) > 0) (f(m; 01) — c(a) f(z; 90))651» %
/nl(f(x;el)—c(a f(x;6p) > )( (x;61) — c(a )f(g;;@o))dx:

[ 8@ (£(2:61) — () (w3 60) ) o = By 87 (X) — c{a) oy (X) =
Ep, 6" (X) — ¢(a)a,

where 1 holds since §(z) > 0 and { is true as §(z) < 1. Plugging the latter inequality into (8b2)
yields

Ep, 0(X) < () (Eg,(X) = ) + Eg, 8 (X) < By, 6*(X),
where the last inequality holds, since ¢(a) > 0 (otherwise o = 1) and Eg,0(X) < a. O
REMARK 8b6. If the likelihood ratio does not have a continuous distribution, as will typically
be the case if X is discrete, then it might be impossible to find the critical value ¢, so that the
N-P test has the precise level «. In this case, the UMP test exists in the more general class of

randomized test. In practice, if a randomized test is undesirable, one can switch to the largest
achievable size less than .

which does not run into the problem of division by zero (in case, the likelihoods do not have the same support)
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EXAMPLE 8b7. Suppose that we observe the outcome of n independent tosses of one of two
coins with the head probabilities 0 < 0y < 61 < 1 respectively. We want to decide which coin
was actually tossed, i.e. test Hy : = 6y against H; : 0 = 6; given the sample X = (X7, ..., X,,).

The likelihood ratio statistic is

L(X;00) (617 (1—g,\" @
L(X;00)  \ 6o 1— 6

where S, (X) =Y ; X;, and the N-P test rejects Hp if and only if
Sn () _ n—Sp(x)
ﬁ 1-06, > c,
90 1- 90 N
— 1\ 5n(@) _ n
1/60 — 1 L (1=t
1/(91 -1 - 1-—6;

0"(X {S ) > c/},

where the critical value ¢ is to be chosen to match the desired level a. The power function of
this test is

or, equivalently,

Since 0y < 01, the N-P test is

n(0,6%) =Y (Z) 0 (1 — 0", 6 e {6,0:}.

k>c’

If « is in the range of 7(6p,d*) considered as a function of ¢/, then the corresponding critical
value is the unique root of the equation

> (2=

k>c*(a)

which can be found either numerically. The MP test of level « is now

= {8,(X) > ¢*(a)}. (8b3)
|

ExXAMPLE 8b8. Consider the signal detection problem, when we know the exact value of the
signal to be §; > 0. We observe n i.i.d. samples from N(6,02), # € © = {0,6,} where 02 > 0
is known and would like to decide whether the signal is present. Put into the above framework,
we are faced with the problem of testing Hp : 8 = 0 against the alternative Hy : 8 = 6. The
corresponding likelihood is

Ln(x;e):(\/;?)nexp< 212”: ; — 0) ), reR"HeO (8b4)

and the likelihood ratio test statistic is

Ln(X;6) 1 o f1
Il 250 _ x2| = AN X —n/2),
L,(X;0) ( Z 0)* i ; ! P\ 52 ; n/

=1
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and the N-P test rejects Hy (i.e. decides that there is a signal) if and only if

01
exp ((72 ZXi — n/2> > c,
i=1

for a critical value ¢ to be chosen to meet the level specification. Note that the above is equivalent
to the test suggested in Example 8al on the intuitive grounds:

X, >d,
where ¢ is related to ¢ by a one-to-one correspondence, which is not of immediate interest to

us, since we shall choose ¢ directly to get a test of level . To this end, note that under Hy,
X, ~ N(0,0%/n) and hence the level of the test is given by

P(](Xn > c’) = Po(\/ﬁXn/o— > \/ﬁcl/a) =1- @(\/ﬁc'/o') = q,

which gives ¢ = an)_l(l — «). Thus the MP test of level « is then

S

5 (X) = {Xn > %@*1(1 - a)} . (8b5)

= > — — = _— > — =
(01, 6%) ]P’91<Xn_\/ﬁ<1> (1-a)) =Py, (VA=" L 2071 (1 - a) U/\/ﬁ)
~N(0,1) (8b6)
01
1-3 (07 (1—a)- .
(ea-a-277)
As n increases, the power at 61 approaches 1, while the level remains «. |

Note that the test (8b5) is most powerful against any simple alternative §; > 0 and does
not itself depend on #;. Hence we can use §* to test Hy : § = 0 against Hy : 8 = 61, without
knowing the value of ;! Let 6(X) be an arbitrary level « test of Hy : € = 0 against H; : 6 > 0,
i.e. Egd(X) < a. Then by the N-P lemma for any fixed 0; € ©1,

(01, 8%) > (61, 5),
and since 6 is arbitrary alternative, we conclude that §* is UMP:
7(0,6%) > w(0,5), VOe€ O;. (8b7)

Of course, independence of the test 6* of the alternative parameter value 7 was crucial and, in
fact, in general will not be the case.
Furthermore, note that the power function (8b6) of 0* is continuous and monotonically

increasing in #;. Consider ¢* as a test for the problem
H : 6>0 ( )

Clearly, 0* has size « in this problem

sup7(6,6") = w(0,6") = .
0<0
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Now let 0 be another test of size a, i.e. supy<(7(0,d) < , and suppose that
7(0',8) > n(0',5%) (8b9)
for some 6 € ©;. Consider the tests § and 0* for testing the simple problem
H() :0=0
H1 . 9 == 9/.
Again by N-P lemma 6* is MP in this problem, which contradicts (8b9), since 7(0,d) < a. Thus
we conclude that ¢* is the UMP test for the more complex problem (8b8).
To recap, remarkably the N-P likelihood ratio test, which, at the outset, is optimal only

for testing simple hypothesis versus simple alternative, is in fact UMP test in the two latter
examples. It turns out that this is a somewhat more general phenomena:

DEFINITION 8b9. A family of probability distributions (Pp)gco, © C R with the likelihood
L(z;0) is said to be a monotone likelihood ratio family in statistic T'(X), if for any 6y < 01, Py,
and Py, are distinct and L(x;61)/L(x;60) is a strictly increasing function of T'(z).

THEOREM 8b10 (Karlin-Rubin). If (Py)pco is a monotone likelihood ratio family with respect
to T(X) and T(X) has a continuous distribution under Pg,, then T(X) is the optimal test
statistic® for testing

Hy: 0 <6
Hy:0 > 6

and the corresponding power function is increasing.

(8b10)

REMARK 8b11. ‘Strictly increasing’ in the above definition can be replaced with nondecreas-
ing and continuity of the distribution in the Theorem 8b10 can be omitted, if randomized tests
are allowed, or alternatively, some levels are forbidden.

ProOOF. By the assumption
R(x;61,600) := L(x;61)/L(x;600) = ¢(T'(x);61,600),

where t — ¢(t,01,00) is a strictly increasing function for any 6; > 6. Hence for any ¢ in the
range of ¢

{ﬁﬁi?g? = C} = {T(x) = 67} (c101,00) }.

In particular, this is true for the critical value ¢4 (6o, 1), which yields the level a at 6y, i.e.

L(x;61)
P (o

> calbh, 90)) =aq,

and it follows that
]P)go (T(X) Z d)_l (Ca(el, 90); 91, 00)) = .

6i.e. the a level {T(X) > ¢(a)} is UMP
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Since T'(X) has a continuous distribution under Py,, the latter can be solved for ¢ (6p) :=
gb_l(ca (61,00); 01, 90), which does not depend on 6;. Hence we conclude that the level « likeli-
hood ratio test for the simple problem

Hy:0=20
H1:9:01

with 61 > 6 has the form {T'(X) > ¢/}, where ¢, does not depend on 6;.

We shall prove shortly that the power function of this test 7(6,0*) = Epd*(X) is strictly
increasing in 6. Then supy<y, 7(6,6*) = 7(0o, ") = a, i.e. 0" is a level « test for the problem
(8b10).

Let’s repeat the arguments from the discussion, preceding Definition 8b9, to show that ¢*
is in fact UMP for the problem (8b10). Suppose that this is not the case and there is a test §
with supg<g, 7(0,9) < a, such that

7(0,8) > 70, 6%), (8b11)

for some ¢ > 6y. Now consider the problem of testing two simple hypotheses

Hy:0 =20,
H1:9:0’.

Note that 7(6p,d) < « and hence (8bl1) contradicts the statement of the N-P lemma, which
shows that §* is UMP for the problem (8b10), as claimed.

To complete the proof, it remains to check that the power function 7 (6,6*) is strictly in-
creasing in . To this end, we shall show that for an nondecreasing function v, the function
0 — Egyp(T(X)) is increasing: in particular, with” 1(u) := I(u > ¢(c)) this implies that the
power 7(0,0%) = EgI(T(x) > ¢(«)) increases in 6.

"I(u > ¢(e)) is a nondecreasing function of u: it jumps from 0 to 1 as u increases
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Recall that L(x;0) = f(x;6) and let § > 6, then

B (T(X) ~ Bop(T(X)) = | (T @) (f(@:8) = Fla:6))dn =

~——
=R(x;0’,0)
[ ) (B d0) - 1) S o)
R(z;60",0)>1
>0
/ (T (x)) (R(l‘; 0,0) — l) f(x;0)dx >
R(x;0',0)<1 _zfo_/
:Jc:R(xi;%/f,O)>1w(T(x)) /R(:c;é’,e)>1 (R(2;0',0) — 1) f (23 0)dx+
sup  U(T@) [ (R(z:0',6) — 1) f(; 0)d =
z:R(z;0’,0)<1 R(z;0',0)<1
(ol i, T) [, )= S0

where in the last equality we used the identity:

0= /n (f(a;0") = f(a;0))dz = / (R(;0',0) — 1) f (2;0)da: =

n

/ (R(x;0,0) — 1) f(x:0)dar + / (R(x;0/,0) — 1) f(x: 0)de.
R(z;0',0)<1 R(x;60",0)>1
Note that
/ (f(2:0) — f(w;0))da >0
R(z;6",0)>1
and it is left to show that
inf  G(T@) > sup  (T().

z:R(z;0',0)>1 @:R(z;0,0)<1
The latter holds, since 1 is an nondecreasing function and R(z;6’,0) is increasing in T'(z). O
Here is a frequently encountered instance of the monotone likelihood ratio family
LEMMA 8b12. One-parameter exponential family (see (7d5)) (Pg)oco with
L(z;8) = exp (c(H)T(X) +d(9) + S(a:))](:c € A),
where ¢(0) is a strictly increasing function, is monotone likelihood ratio family in T(X).

PROOF. Since ¢(f) is an increasing function, for 6; > 6y, c(61) — c¢(6p) > 0 and thus the
likelihood ratio

L(x;61)

L(; 6o)

= exp ((c(61) = c{00)) T(X) + d(6r) — d(60) ) I(w € A),
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increases in T'(x). O

COROLLARY 8bl13. The conclusion of Theorem 8b10 holds for one-parameter exponential
family as in Lemma 8b12 (if T(X) has continuous distribution).

EXAMPLE 8b8 (continued) The likelihood function (8b4) belongs to the one parameter ex-
ponential family:

La(@it) = (=) e (- 572 §< ~0p) =

1 0 < n
2 2 2
exp ( —n/2log(2mo*) — W;xi + 02;:@- - 2729 ),
with ¢(f) = /02, which is an increasing function. Hence by Corollary 8b13, it is also monotonic
likelihood ratio family and hence by K-R Theorem 8b10, the level « test (8b5) is UMP in testing

Hp: 0 <0 against Hy : 6 > 0. |
EXAMPLE 8b7 (continued) The likelihood

0
L(@;0) = 05 (1 = 0)"=5(%) — exp { S, () log g +nlog(1- 0)}
belong to the exponential family with ¢(6) = log8/(1 — @), which is strictly increasing. Hence
the test (8b3) is UMP in testing Hy : 6 < 6y against Hy : 6 > 6. [ |

Unfortunately, K-R theorem does not easily extend to hypothesis testing problems with a
more complicated structure: e.g. it doesn’t appear to have a natural analog in the case of
multivariate parameter space or when the alternative is two-sided. In fact, UMP test may fail
to exist at all. To see why we shall need a result, converse to the Neyman-Pearson lemma:

PROPOSITION 8bl4. Let § be a test of Hy : 0 = 0y against Hy : 0 = 01, with both types of
errors less than those of the N-P test. Then the two tests coincide, except perhaps on the set on
which the likelihood ratio equals the critical value of the N-P test.

PROOF. Let 0* be the N-P test, then under the assumptions of the proposition
Eg,6(X) < Eg,6"(X)
and
Eg, (1 —6(X)) < Eg, (1 —0°(X)).
The first inequality reads
() fx (x;00)dr < [ 6%(x) fx(2;00)dx
R” R
and the second one:

- 0(x) fx(z;01)dx > . 0" () fx (x; 61)dx.
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Let ¢ be the critical value of the N-P test (w.l.o.g. ¢ > 0), then multiplying the former inequality
by —c and adding it to the latter, we get:

/n o) (fx(x;Hl) - CfX(5C§90)>d$ > /Rn 6" () (fX(x;c91) — CfX(:c;Qo))dx,
and
/n (5(%) - 5*<$)) (fX($§91) — Cfx(a:;eo))dx >0

Let D:={x € R": fx(z;61) — cfx(x;00) > 0}, then the latter reads:

/D (5(x) — 1) (fx(x; 1) — cfX(x;60)> dx + / ((5(x) — O) (fx(x;ﬁl) — cfX(x;00)> dx > 0.

DC

=0 >0 20 <0
The latter inequality is possible if and only if

5(X) . 1 fX(x;Hl) — Cf)((x;@o) >0
|0 fx(m61) — efx(a;60) <O,

i.e. 6(x) coincides with §*(x) as claimed.

Here is a typical example, in which UMP doesn’t exist:

ExXAMPLE 8bl15. Let Xi,..., X,, be a sample from N(0,1), 8 € R distribution and suppose
we want test the problem

H0:9:90
Hli@?éa(],

where 6 is known. Suppose 0* is the UMP test of level . In particular, this implies that 0* is
MP for the problem

H() S 90
H1 (0= 0/,
for some 6’ > 6y. By Proposition 8bl14, 6* coincides with the level a@ N-P test for the latter

problem, i.e. 6*(X) = {X > c,} for an appropriate critical value c,. But on the other hand, §*
is MP for the problem

H0:9:00
H1:9:—9’,

and hence must have the form 6*(X) = {X < ¢, }. This contradiction shows that the UMP test
does not exist for the two-sided problem. |

The UMP test may not exist even for the one-sided problem of testing Hy : § = 0y against
Hj : 0 > 0g, as the following example demonstrates.
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ExaMPLE 8b16. Let X be a single sample from the Cauchy density with the location pa-
rameter § € © = R:

1/7
) = ———= R.
f(;6) 1+ (z—0)?’ re
The likelihood ratio is )
L(x; 1 —
R(x;01,60) == (:61) _ L+ (= o)

L(z;00) 1+ (z—61)%
For fixed 0, > 6, this ratio is not monotonous in z: take e.g. 6y = 0 and #; = 1, for which

lim R(z;1,0) =1 and R(1;1,0) =2.

xr—*+00

Hence this model is not monotonic likelihood ratio family.
Does the UMP level « test exist for testing Hy : 0 = 0y against Hy : 0 > 0p7 Suppose it does
and call it 6*. Then 6* is the MP test for

H0:¢9:90
Hy:60 =04,

for any 61 > 6y. Since the likelihood ratio statistic has continuous distribution, by Proposition
8b14 ¢* must coincide with the N-P test for the latter problem. But since 6; is arbitrary and
0* does not depend on 61, this is possible only if the level a N-P test does not depend on the
value of the alternative 6.

Let 6y = 0 for definiteness, then the N-P test is given by

(it = ~{==ar =

It is easy to get convinced® that for different 61, the « level test has different critical regions.
|

c. Generalized likelihood ratio test

While the N-P test is not applicable in the general hypothesis testing problem, it motivates
the following heuristic approach. Suppose we sample X frgm Py, and we would like to test
Hy : 0 € ©p against Hy : § € ©1, where Og W 01 = O. Let 6y(X) be the MLE estimator of 6,
under hypothesis Hy

0o(X) = argmaxycg, L(X;0)
and similarly
01(X) = argmaxycg, L(X;0).
With enough data at hand (e.g. in the large sample asymptotic regime), we expect that 61 will

be close to the actual value of the parameter, when Hj is true, while 6y will be far from it (as
it is forced to be in Og). Hence the test statistic
L(X:0,(X L(X:0
)\(X) — ( 1( )) SUPgco, ( )

- L(X;60(X)) " supgee, L(X:0) (5l

8c.g. a calculation reveals that the likelihood ratio has a global maximum at 01/2 + 1/(01/2)%? + 1, whose
value increases with 6;. Hence for small o we shall get even nonintersecting critical regions
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will yield large values and hence the test {)\(X ) > c}, with an appropriate critical value ¢ will
tend to reject the null hypothesis correctly. Conversely, when Hj is true, the null hypothesis
will be correctly accepted with large probability.

This test is called generalized likelihood ratio test (GLRT). While the test statistic (8cl)
is not guaranteed to produce optimal tests, it nevertheless typically does lead to good tests in
many problems of interest and thus is used as the main test design tool in practice. Moreover,
the critical value of GLRT can be efficiently approximated®for large n (see Theorem 8c6 below).

REMARK 8cl. If the likelihood L(z;0) is continuous in 6 and ©( has a smaller dimension
than ©1 (which itself has the dimension of ©), then (8cl) reads:
Supge@ L(X, 9)
SUppeo, L(X; 9)
Such situations are typical in applications and hence this latter form is sometimes called GLRT.

In this context, the maximizers over ©g and ©1 are referred to as restricted and unrestricted
MLESs respectively.

AX) =

Below we shall explore a number of classical examples.

EXAMPLE 8b7 (continued) A coin is tossed and we want to decide whether it is fair or not,
i.e. test Hy: 0y =1/2 against Hy : § # 1/2. The GLRT statistic in this case is given by

AX) = sUPpe (0,1)\1/2 L (X 0) _ SUPpe(o,) §5(X)(1 — g)n=Sn(X) )
sUPge(1/2y L(X;0) 1/2)"

2n(Xn)S”(X)(1 _ Xn)nfSn(X) — Qn(Xn)an(l _ Xn)n(len)’

and thus
log \(X) = nlog2 + nXn log Xn + n(1 — X,)log(1 — X,,) = n(h(1/2) - h()‘(n)),

where

h(p) = —plogp — (1 —p)log(1 — p),
is the Shannon entropy of the Ber(p) r.v. It is easy to see that h(p) is maximal at p = 1/2 and
symmetric around it. The GLRT rejects Hy if and only if

6(X) = {h(Xn) < e},

ie. if the ‘empirical’ entropy is small. Note that this is a two-sided test and, in fact, it is
equivalent to our original suggestion {|X,,—1/2| > ¢} (why?). To get an « test, we have to choose
an appropriate ¢, which for large n can be done approximately, using normal approximation. ll

EXAMPLE 8c2. (matched pairs experiment)

Suppose we want to establish effectiveness of a medicine, whose effect varies, depending on
the weight, sleeping regime, diet, etc. of the patient. To neutralize the effect of different habits,
a pair of patients with the similar habits is chosen, one of them is given a placebo and the other

90ne of the major difficulties in constructing practical tests is calculation of the critical value for the given
size a. This basically reduces to finding the distribution of the the test statistic, which can be a complicated
function of the sample.
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one is treated by the medicine. The responses are recorded and the experiment is repeated
independently n times with other pairs. In this setting it is not unnatural to assume that the
differences in responses X1, ..., X,, is a sample from N (u, 0?), where both p and o2 are unknown.
We want to test Hy : u = 0 against Hy : u # 0. In this problem, § = (u,0%) € © = R x R,
Under hypothesis Hy, the value of j is known to be 0 and the MLE of o2 is given by

. 1
63(X) = 3 PP
=1

Under Hi, the MLE of p and o2 are given by!°

/ll = An
A2 1 " e 2
o1 = (Xs — Xn)
=1
The GLRT statistic is:
sy LK)
L(X;06p)

52(X)) "2 11 & _ 11 & 52(X)\"™/?
WGXP{ — gz 2 (Xi = Xa) g s DO XT } = (73( )> .
(&(2)(X)) 2 o1 (X) i=1 2 90 (X) i=1 01 (X)

——
=né7(X) =né3(X)
Note that

. X CoHX)+ X2 X2 X, \2
A0/t = iR =1 s =14 <X)) ,

and hence the GLRT test rejects Hy if and only if
X
(i =)
o7(X)
which is the familiar two sided test. By Proposition bal,

vn— 1L ~ Stt(n — 1),

o7 (X)

under Hy and « level test is obtained with the critical value ¢ solving the equation
a=2Fgum-1)(—c) = cla)= —FS;é(n_l)(a/2).

The obtained test may not be UMP, but is still convenient and powerful enough for practical
purposes. |

ExXAMPLE 8c3. If the medicine in the previous example does not depend too much on the
patients’ habits, the experiment can be performed in a simpler manner: a group of m patients
is given a placebo and another group of n patients is treated with the drug. Assuming that
the responses X7, ..., X;, and Y1, ..., Y, of the first and the second groups are independent, with

10pay attention that we are maximizing with respect to p over R\ {0}, but this leads to the usual estimator,
since the likelihood is continuous in 6 - recall Remark 8cl.
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X; ~ N(po,0?) and Y; ~ N(p1,0?), where ug, p1 and o are unknown, we would like to decide
whether the medicine has had any effect, i.e. to test the hypothesis Hy : po = p1 against

Hy :po # 1.
In this setting, § = (uo, t1,0%) € © = R x R x Ry and Oy is the hyperplane pg = p1. The
likelihood is

1\ 1 — 1 <
L(z,y;0) = <\/W> exp(— @Zm — o)* — 252 2 —u1)2>~
Under Hy, the MLE of u = ug = p1 is
. 1 - - n o - m -
H= n—{—m(;yi_'—;Xj) - n+mYn+n+me

and the MLE of o2 is

The corresponding GLRT statistic is

AX,Y) = (Zé)nm exp < - ;‘%)(Z(XZ —Xm)?+ > (Vi Yn)Z)

1

This statistic is equivalent to

52 S (Vi o e X) +S (X - Y i K)
ot St (Y = Vo) o+ 07 (X — Xin)?
Note that
- n o - m = \2 - - — n - m S \2
;(Yi_n—i-myn_n—i-me) :i:1 (E_Y"+Y"_n+myn_n+mxm> -
~ _ m - - 2 = = .9 m \2,5 =\ 2
;(Y;_Yn—i_n—i—m(yn_Xm)) :;(Y;_Y") —|—n<n+m) (Y"_Xm)
and similarly
n mo oo \2 = = 12 2 S = (2
Z( T n4m nin—I—me) :Z(XZ Kon)™ + (n—l—m) (YniXm)
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Then
m 2 n 2 _ _ 2
(3'(2) s (n(ner) +m(n+m> )(Y"_Xm) 14 nﬂ%(Yn—Xm)Q
&% a Z?:l(yl - Yn)Q + Z;n:l(Xz - Xm)Q ; Z?:l(Yl - Yn)2 + Z}nﬂ (Xi - Xm)Q

Hence the GLRT rejects Hy if and only if
S S \2
{ (Yo — X)) - C}
22;1(}/5 - Yn)2 + ZT:l(Xi - Xm)2 )
Recall that by Proposition 5al the r.v.’s X,,, ZT:1(Xz‘ — Xm)?% Y, and Y0 (Y — Y,,)? are
independent. Moreover, under Hy, X, ~ N(p0,0%/m) and Y, ~ N(p1,0%/n) with po = p1 and
hence X,, =Y, ~ N(O,a2(1/m + 1/n)) The denominator has x? distribution, and hence the
test statistic has Student distribution with explicitly computable parameters (see Proposition

5al (4)). The level « test is now readily obtained, by choosing the appropriate critical value c,
expressed via the Student distribution quintile. |

REMARK 8c4. If the unknown variances of the two populations in the preceding problem
are not assumed equal, the MLEs of the parameters cannot be found explicitly anymore and
consequently the GLRT statistic does not admit a closed form. In fact, even its numerical
computation turns to be quite challenging. This variant, often referred in the literature to as
the Behrens-Fisher problem, generated much research and a number of alternative solutions
have been proposed over the years. A classical approach due to Behrens and Fisher is to use
the standardized difference of the empirical means as the test statistic:

X-Y
T = o)

where X = L5 X, V' =15 |V, and 6%(X) and 6%(Y) are the corresponding estimators
of the variances. A nontrivial issue is to find or approximate the distribution of 7(X,Y) under
Hj to be able to find an appropriate critical value, etc.

ExXAMPLE 8ch (Test of independence). Given two samples X7, ..., X, and Y7, ..., Y,, we would
like to test whether they are independent or not. If the samples are Gaussian, the question of
independence translates to the question of lack of correlation. Assume that the pairs (X;,Y;)
are i.i.d. and have bivariate Gaussian j.p.d.f. (2bl):

1 exp{_l 1 <($—u1)2_2p(w—u1)(y—uz)+(y—uz)2>}
201094/ 1 — p? 21— p? U% 0102 U% ’
where all the parameters = (ui, p2,01,09,p) are unknown and vary in the corresponding

subspaces. We want to test the hypothesis Hy : p = 0 against H; : p # 0. The corresponding
likelihood function is

f(z,y) =

Lewif) = Qh)
P S i )]
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Under both Hy and Hq, the MLE estimators are

/ll = Xn
ﬂ2 = ?n
1 n
o=~ > (Xi - Xp)?
=1
1 @ _
6% = - Z(}q —-Y,)?

@
Il
—

Under H;, the MLE of p is
1

715'162

p= Z(Xz - Xn)(yz - Yn)'
=1

A direct calculation reveals the GLRT statistic:
log \(X,Y) = 7% log(1 — p2).
Hence the GLRT rejects Hy if and only if
{Ipl = ¢}
Recall that X; = (X; — pu1) /o1 and Y; = (Y; — pg) /o2 are N(0,1) r.v.’s and thus it is easy to see
that the distribution of p depends only on p and not on the rest of the parameters. Further, it

can be shown that
Vn—2p

V1= p?
has Student distribution with n — 2 degrees of freedom. Now the level « test can be readily
obtained, by choosing an appropriate critical value. |

Th(X)

Potentially we may encounter two difficulties when trying to apply the GLRT: first, as
calculating the GLRT statistic reduces to an optimization problem, it can easily be quite involved
technically and be challenging even numerically; second, even if a closed form statistic can be
found, its distribution under Hy might be hard to find and, consequently, it is not clear how to
choose the critical value to achieve the required significance level.

Wilks’ theorem resolves the second difficulty asymptotically as n — oo:

THEOREM 8¢6. Let X1, ..., X,, be a sample from the density f(x;0), satisfying the assump-
tions of Theorem 7934 (consistency and asymptotic normality of MLE, page 155) hold. Let
An(X) be the GLRT statistic

supgece Ln(X;0)
Ln(Xa 00) ’

An(X) =
for testing

H0:¢9:90
Hi : 0 # 6y,
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where Oy is an interior point of the closed interval © C R. Then'' under Ps,
2log A (X) 4 X2

PROOF. (Sketch) Since © is closed and the likelihood is continuous in 0, suppeg L n(X;0) =
L,(X;0,), where 0,, is the MLE of 6. Expanding into powers of 0,, — 6y around 6, and using
the continuity of the second derivative, we get

21og An(X) = 2log L, (X;0,) — 21og Ly, (X ;00) =

o R R 2
2%10g L, (X;0,)(0, —0y) — 50

where 7, (X) is the reminder term, converging to zero in Py -probability as n — oo (fill in the
details!).
If 0,,(X) € ©° (the interior of ©), then %Ln(X; 0,) = 0, and hence

d 5 9 )
g Ln(Xin) = 55 Ln(X:00)1 15 se0)-

log L (X;00)(0n — 00)% + ra(X), (8¢2)

Consequently,

9 L
%logL n(X50,) (0, — 00) = L, é@o (Z[’ X;: 6, >

1{én€@o}(én — o) (Z V(X3 60) + Zf'/(Xi; 0) (61 — 90))
i=1 i=1

where (z;0) = log f(x;6) and where |6, — 0| < |6, — 6|. Recall that [¢/(z,0)| < h(x) for some

h(x), satisfying Eg,h(X1) < oo, hence by Slutsky’s theorem

Zgll(XiQén)(én_eo)Q Sl{énQGO ( Zh ) 9 —90)) ﬂ)O,

i=1
where the convergence holds, since the second term converges in probability to a constant by
LLN, the third term converges weakly since (6,,) is asymptotically normal with rate y/n and the
first term converges to zero in probability, since 6,, converges to 6y, which is in the interior of ©.
Similarly,

1 — )
i / Z 0
L5, ¢001( ZE Xi;0o) \/ﬁ;“xﬂo) —0

where the convergence holds by Slutsky’s theorem (note that Eg ¢'(X;;6p) = 0 and the CLT is
applicable as I(fy) < 00). To recap, the first term on the right hand side of (8c2) converges to
zero in Py -probability.

Finally, we have

Lo, ¢00)

L6, eeo}f‘e

n

l0g L (X 00) (5 — 00)° = - ( o > X 9@) (VAT 0 — 00)) 4 3.

I(60) n <=

2
062

fo is the y-square distribution with one degree of freedom
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where the convergence holds, since the first term converges to 1 by the LLN and \/ﬁ(én —6o) 4
N(0,1/1(6p)). O

Wilks’ theorem extends to the multivariate case as follows. Suppose that we are given a
sample from the p.d.f. f(z;6), § € © C R*, dim(©) = k and we want to test
H() : R(G) =0

where R : © — R” with r < k is a continuously differentiable function of full rank, so that the
relation R(f) = 0 defines (k — r)-dimensional manifold ©y. The GLRT statistic is

supgce Ln(X;0)
Supgee, Ln(X;0)’

where L,(X;60) =[], f(X;;6). Under appropriate technical conditions, under Py,

(8¢3)

An(X) =

2log A (X) 4, X%,

where x2 is the y-square distribution with r degrees of freedom. Hence the number of degrees of
freedom of the limit distribution is the dimension of the parameter space minus the dimension
of the constrained space under Hy.

Wald’s test and Rao’s score test. Consider the problem of testing a simple null hypoth-
esis Hy : 0 = 0y against two-sided composite alternative Hy : 8 # 0, given the the i.i.d. sample
X" = (Xq,...,Xp). Wald’s test statistic is

Wi (X™) i= nl(6,) (6, — 60)°

where 6, is the MLE of  and I(0), 6 € © is the Fisher information in X;. Since under appro-
priate conditions the MLE is asymptotically normal with variance 1/1(6), W, (X™) converges in
distribution to the x? random variable as n — oo, if I(f) is a continuous function of 6.
An alternative is Rao’s score test statistic
(09 log L(X™; 90)) 2

=T e

where L, (X™;0) is the likelihood function of the sample. Under appropriate conditions on the
density f(z;6), Egdlog f(X1,0) =0 and Eg(9log f(X1, 9))2 = I(#) and hence by the CLT

n 2
Sn(X") = | —m==—= ) _0plog f(Xi;0) | —— xi.
(1/[(00)\/75; n—oo 1
Both tests generalize to the setting (8c3). Wald’s test statistic is
~ ~ A ~ -1 ~
Wa(X") = R (6,) (VT RO)L, (B.)VET(B)  R(0n),

where 0, is the unrestricted MLE of @ (i.e. the maximizer of the likelihood over ©), VR() is
the gradient matrix of R and I,,(0) = nEgV log f(X1;0)V T log f(X1; ) is the Fisher information
matrix.
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Rao’s score test statistic is
Sn(X) := V' log L, (X" 00 1,1 (0 V log L, (X" 0)),

where 6 is the restricted MLE of 6 (i.e., over Op).

It can be shown that both statistics converge in distribution to x? random variable under
Hy, just as the GLRT statistic. Note that Wald’s and Rao’s tests require calculation of only
unrestricted and restricted MLEs respectively, while the GLRT test requires both.

d. Some classical tests

Pearson’s x? test. Suppose we observe the outcome of S, ~ mult(n,p), where p =
(p1, ..., px) is the vector of probabilities and would like to test

Hy:p=gq

Hy :p+#q, (8d1)

for a known vector q.

The GLRT statistic is
Sn(1) Sn (k)
SUpPpesk—1 P D)

Sn(1 Sn(k
O

An(X) =
q
The supremum can be found by the Lagrange multipliers: the Lagrangian is

k k
A(p,A) =) Su(i)logpi + A (1 - Zm) ;
i=1

i=1
and taking the derivatives w.r.t. p; and equating them to zero gives:

Summing up over ¢ gives A = n and hence the MLEs are given by (check the conditions for
maximum)

i = Su(i)/n = Xn(d)
Hence (on the event N¥_ {X,, (i) > 0})
k
log )\n(X) =-n Z Xn (Z) (log qi — log Xn(z)) :

i=1

_ P _
By the LLN, X, 0 q under Hy and expanding the latter expression into power series of X,, — ¢
around X,, we get

k k
2log An(X) = =20 Xn(i)Xl@ (g — Xn(d)) + nZXn(Z')X;(i) (gi — X)) + 7.
i=1 n i=1 n

The first term on the right vanishes, since Y, X,,(i) = 3. ¢; = 1, and the residual term can be
seen to converge to zero in probability under Hy. Since

k
@:Sk_l = {QEquZZO,ZQz—l}y

i=1
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dim(©) = k—1 and hence by the multivariate Wilks’ theorem the second term converges weakly
to Xzfl distribution. For large n, the second term is the dominant one and hence it makes sense
to use it as the test statistic for the problem, ignoring other terms.

To recap, the so called Pearson’s x? statistic

20y N (Su(i) = ngi)®
SCOEDD 0] (8d2)

=1
can be used to test the problem (8d1) and the critical value of the level « test can be approxi-

mated, using the limit x?(S,,) 4 X%_, under Hy.
Here is the first classical application of the Pearson’s x? test:

EXAMPLE 8d1l (Goodness of fit test). Consider the problem of testing whether a sample
comes from a particular distribution or not. More precisely, given a sample X1, ..., X, from a

c.d.f. F, test

H():F:FO
H{:F +# Iy

Formally, the parametric space © here is the space of c¢.d.f’s, which is infinite dimensional, unlike
all the examples we have seen so far. Such statistical models are called nonparametric and their
study require a different theory and tools, than those covered in this course.

However, a reasonable test can be constructed using the following idea. Partition the range
of X1 into k disjoint sets I, ..., I, (usually intervals if the range of X7 is R) and consider S, (i) =
I 1¢x,.erys @ = 1,...;k. The vector S, has multinomial distribution with probabilities
pi = Pp(X1 € L) = fIi dF. This reduces the problem to (8d1) with ¢; = Pg, (X1 € I;), to
which the x2-test is applicable. Of course, strictly speaking, the obtained test is not suitable for
the original problem, since two different distributions may assign the same probabilities to all
I;’s. However, under appropriate restrictions on the set of alternative distributions it is known
to give very reasonable powers and is widely used in practice. The choice of the intervals I; is

another practical issue to be addressed.
|

For the next application, we shall need the following variation on the Pearson’s x? theme.
Suppose we want to test

Hy :p=1(p)
Hl Y 75 17[}(]))’

given the mult(n, p) counts S,, as before, where v is a fixed known function and the relation p =
¥ (p) defines a d-dimensional submanifold on the k — 1 dimensional simplex 8§*~1 of probability
vectors.

The GLRT statistic is

i Sn (1)
s = [ S

n)~n
i=1 (ﬁz‘)sn(z)
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where p; is the MLE of p; under Hy. Hence

2log Ap(Sy) = 2 Z Sn(i)(log Sy (i) /n — log p;) =

_22 (i)/n — p;) +ZS’ )/n—pz) + rp.

As before, the first term vanishes and the residual term converges to zero in probability under
Hjy. Moreover, since under Hy Sy, (i)/n — p; = (Sn(i)/n — pi) + (pi — pi) — 0 in probability,

E o (vn(Sn(i)/n —ps b —nz2
S /n—Pz)QZZ( & o i’ ) Z (Snl0) = np)” + 7,
i=1 Sn

i=1

with a residual term 7/, converging to zero. Hence by Wilks’ theorem the dominant term

k . ~\2
sy =y B rn) (33)

no:
i=1 i

converges to X%k—l)— o distribution under Hy. The main application of this version of the Pear-

son’s y>-test is testing independence in contingency tables.

EXAMPLE 8d2. Suppose we want to test whether smoking and lung cancer are related. For
this purpose, we may survey n individuals from the population for their smoking habits and
the disease history. If the individuals are assumed i.i.d., the sufficient statistic is the vector of
counters of each one of the four cases, which can be conveniently summarized in the following
contingency table:

] smoking/cancer \ no \ yes \

no Soo | So1
yes S1o | S

Denote by p;j, i,j € {0,1} the corresponding probabilities (e.g. pgo is the probability that
an individual doesn’t smoke and didn’t develop cancer, etc.) and by p;. and p,; the marginal
probabilities (e.g. p1.« = p1o+p11 is the probability that a sampled individual smokes). We want
to test

Hy : pij = pispsj, foralli,j e {0,1}

Hy : pij # Pispsj, for some i,j € {0,1}.
More generally, we may consider testing the above hypotheses for the contingency table of the
form

1 X2 ... T |total
yi | St Si2 . Sie| Six
y2 | S21 S22 ... Soc | Sa

y,,- ST‘]. ST’Z ves ‘S’T‘C Sfr-*
total | Sx1 Si2 ... Ske n
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where ¢ and r are the numbers of columns and rows respectively, and S, = Z;zl S;j and Sy =
S0 Sij. A calculation reveals that the MLE of p;; under Hy equals X X, := (Six/n)(Ssj/n)
and the statistic (8d3) reads

o (Sij_nXi*X*j)2

The dimension of the constrained subspace under Hy is (r — 1) + (¢ — 1) and the dimension of
the whole parameter space is rc — 1, hence the statistic converges in law to x-square distribution
withre—1—r—c+2=(r—1)(c— 1) degrees of freedom. [ |

Goodness of fit tests: Kolmogorov—Smirnov and Cramer—von Mises. Suppose we
observe the sample X1, ...,X,, and would like to decide whether it comes from a particular c.d.f.
Fy or not, i.e. to test

HO F = FO
H1  F 75 F[).

This is the goodness of fit problem, briefly introduced in Example 8d1 as an application of
Pearson’s y2-test, which has an appealing simple structure, but also has both practical and
theoretical limitations. In particular, it is not immediately clear how to choose the intervals to
construct the appropriate multinomial distribution. Moreover, since the vector of corresponding
counts do not in general form a sufficient statistic, it is clear that Pearson’s y2-test inevitably
discards some statistical information, contained in the sample.

Alternative solutions to the problem are based on the empirical distribution of the sample.
Let F}, be the empirical distribution of the sample, i.e.

(8d4)

R 1 —
i=1

Clearly, F,isa legitimate discrete c.d.f., which is random due to its dependence on the sample.
By the LLN,

Fo(z) 25 F(z), VzeR,

where Pr denotes the probability law of the data, corresponding to the c.d.f. F'. Remarkably, a
stronger, uniform over x, result holds

THEOREM 8d3 (Glivenko Cantelli). Assume X, ..., X,, are i.i.d., then
sup | B (z) — F(z)] =5 0.
zeR

Even more remarkably, the convergence above can be quantified as follows:

THEOREM 8d4 (Dvoretzky-Kiefer-Wolfowitz inequality). For i.i.d. r.v.’s Xi,..., X, and an
e >0,

Pr (sup |y (z) — F(z)| > E) < 22,
z€R

These results, whose proof is beyond our scope, hint to uniform over z € R version of CLT:
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THEOREM 8d5 (Kolmogorov Smirnov). Assume X, ..., X, are i.i.d. with continuous dis-
tribution, then

Visup | By (z) — F(x)] 25 &

rz€R
where Kk is a random variable with the Kolmogorov distribution:

P(E<az)=1-2) (1) e
i=1

The latter theorem can be applied to test (8d4): given the sample, calculate'? the statistic
Dn(X)=+/n sup |Fo () — Fo(z)]
S

and reject Hy if D,, > ¢(«r), where ¢(«) is chosen as the a-quantile of the Kolmogorov distribu-
tion.

REMARK 8d6. It is not hard to find the distribution of D,, for any fixed n, however, for large
n the computations become quite involved and the Kolmogorov-Smirnov asymptotic is often
preferred.

A computationally appealing feature of the statistic D,, is that its limit distribution does
not depend on Fy, i.e. it is asymptotically distribution-free. This property should be expected
and, in fact, the statistic D,, is distribution-free for each n > 1. To see this, recall that if F'is a
continuous distribution on R and X; ~ F, then F(X;) ~ U([0,1]). Hence

sup | By () — Fo(z)| = sup |~

sup sup Z 1ix,<ey — Fo(z)| = Slelg - Z L py(xi)<mo@) — Fo(x)| =
sup 1 u) — U| = sup 1 ”
uel0,1] | T Z {Fo(Xy<u} ue0,1] |1 Z {Uigu} =

which shows that the distribution of D,, is independent of Fj.

Let us see how the particular form of the limit distribution emerges. Note that we can
restrict our consideration to Fy(z) = x, x € [0,1] corresponding to U([0,1]). To this end, for
any fixed € [0,1], 321" 11y,<z} ~ Bin(n,z). Hence by the classical CLT,

V(B () — Fo(x)) S N(0,z(1 — ).

The statistic D,, is a functional of \/ﬁ(ﬁ‘n(m) — Fo(ac)), z € R, i.e. it depends on this
expression at all points x simultaneously. Hence we shall need the multivariate version of the
CLT:

THEOREM 8d7. Let (X,,) be an i.i.d. sequence of random vectors in R% with EX| = pu and
the covariance matriz S = cov(Xy, X1). Then

V(Xn — ) % N0, S).

12calculating supremum is easy in this case since x — Fy(x) increases and F,(x) is piecewise constant
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The proof of this theorem is similar to the Proof of the scalar CLT.
Consider now the random vector (Fn(xl), Fn(xg)) for 0 < 1 < x9 < 1. As before we have

IEFOFTL(%) = x; and Varpo(ﬁ'n(xl)) = %xz(l —x;) for i =1,2. Also

- - 1
COV(Fn(.’L'l), Fn(xg)) = EEFO Z 1{U¢§x1}1{Uj§a:2} — T1T2 =
i?j
1 2
3 ((n —n)xixy +n(xy A xg)) — T1X9 = 1/n((:c1 Axg) — xla:Q).
Hence by the multivariate CLT,

Vi(Fu(x1) = Fo(w), Bn(wa) — Fo(z2)) % N(O, C(a1, x2))7

where

SL‘1(1 — :L'l) r1 N\ T — T1T2
C(xth) - (131 N\ XTo — X1X2 l‘Q(l — {L‘Q) > ’
Similarly, one can check that the vector with entries \/ﬁ(ﬁ’n(x) — Fo(z)), z € {21, ...,z } con-
verges weakly to a zero mean Gaussian vector with the covariance matrix with the entries
i Nxj — x5, 4,7 € {1,...,n}.

More sophisticated mathematics, namely functional CLT, shows that the whole function
\/H(Fn(a:) — Fy(z)), x € R converges weakly'® to a zero mean Gaussian process V (z) with the
correlation function EV(2)V(y) = x Ay — zy, =,y € [0,1]. The process with this correlation
function is called Brownian bridge and the Kolmogorov distribution is the one of sup ¢ 1V (2),
which can be found using appropriate techniques.

Similarly, it can be shown that the Cramer—von Mises statistic

Hy=n /R (Bo(x) — Fo(x))2dFo(x)

converges weakly to the random variable

1
H= / V2 (x)dz,
0
whose distribution is also independent of Fyy and can be found explicitly.

e. Testing multiple hypotheses

Familywise Error Rate. When a new medicine is being considered for use, the decision
is based not only on its direct efficiency, but also on the presence of side-effects. Suppose we
know what the possible side-effects are and we want to detect them, using appropriate statistical
tests. Even if the false positive probability of each test is small, the probability of getting at
least one false positive result can be large by ‘pure chance’, if the number of tests is large.

More precisely, consider m hypothesis testing problems in which the null hypotheses Hy; are
tested against the corresponding alternatives Hi;, ¢ = 1, ..., m and assume that in each problem
a size « test 9; is used. The familywise error rate (FWER) is defined as the probability of
rejecting at least one of Hy;’s erroneously. In the medicine example, FWER is the probability
of erroneous detection of at least one side-effect.

13weak convergence should and can be defined for random processes
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Note that it is the type I error of the test 6 = max;—1, . ,, d; in the problem

Hy : (01,...,9m) € Oy =091 X ... X Oy
H1 : (01,...,9m) §Z @0 = @01 X ... X @Om

where ©g; and O1; are the parameter subspaces, corresponding to the null hypothesis and the
alternative in the i-th problem. If the samples in the problems are independent, then for 8 € O,

FWER = Eg¢d = Egmaxd; = 1 — Ey H(1 —0)=1—(1—a)™.

If FWER is required to be less or equal than & € (0, 1), then the size in each test must satisfy
I-(l-a)"=a = agl—(l—@)l/m,

and hence the sizes of the individual tests are to be corrected to achieve the desired control over
the FWER. The latter simple formula is called Sidak’s correction. For example, if m = 20 and
a = 0.05 is needed, then a < 0.0026 must be chosen. Requiring such small sizes in the tests
may significantly decrease their powers and consequently in the familywise power.

If the samples are dependent, the Bonferroni correction suggests to replace the individual
sizes with &/m, in which case

m
FWER = 1P>9< Ut = 1}) < mEgd; = ma,/m = a.
i=1
Note that if the samples are in fact independent, the Bonferroni correction yields smaller indi-
vidual sizes and hence worse overall power. More sophisticated approaches to controlling the

FWER exist.

False Discovery Rate. Suppose we want to identify the genes, which are related to certain
disease. For a single given gene such relation can be tested, e.g., by Pearson’s x? test as in
Example 8d2. In practice, a very large number of genes is screened and it makes sense to seek
for a screening procedure, which makes as few erroneous detections as possible. To this end,
consider the quantities, summarized in the following table

# of true Hy;’s | # of false Hy;’s | total
# of rejected Hy;’s A\ S R
# of accepted Hy;'’s U T m-R
total mo m— my m

TABLE 1. The standard terminology of FDR

Note that the random variables V', S, U and T are not observable, while R is. The false
discovery rate (FDR) is defined as the expected ratio of false discoveries (erroneous rejections of
the null hypotheses) over the total number of discoveries:

1%

.
FDR = E—1 —F—.
R=Eplire0 = EpTy
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Here E is the expectation with respect to the probability P, under which mg out of m null

hypotheses are true'®.

REMARK 8el. Note that if mg = m, i.e. all the null hypotheses are true, V = R and
FWER =P(V > 0) = P(R > 0). Hence in this case

R
FDR=E—— =P(R > 0) = FWER.
rvi EE>0)
The following algorithm, proposed by Y.Benjamini and Y.Hochberg, controls the FDR at
any desired level a € (0, 1).

(1) Order the p-values p; of the individual tests in the increasing order and denote the
ordered sequence by p(;), i =1,....,m

(2) For a fixed number find the integer
k = max {z 1Py < ioz},
m
where max{(0} = 0.
(3) Reject Hy; if and only if i <k (if £ = 0, then none is rejected).

PROPOSITION 8e2. If p;’s are independent and uniformly distributed on the interval [0, 1],
then the FDR of BH procedure is less or equal than «.

REMARK 8e3. The assumptions of the proposition are satisfied if the tests are based on
independent samples and the test statistic in each test has continuous distribution.

To prove this assertion we shall need some additional tools from probability theory. Let
us start with some basic definitions. An increasing sequence of o-algebras F; C JFji1, j € Z4
is called filtration (of o-algebras). For example, if (X;) is a sequence of random variables on
a probability space (Q,F,P), then the o-algebras EF}X = 0{X1,...,X;} form a filtration, called
the natural filtration of the process (X;). The filtration should be thought of as an increasing
collection of events, which become certain as time evolves. For the natural filtration of the
sequence (X;), this means the collection of events revealed by observing the sequence up to
current time.

A process (X;) is adapted to the filtration (JF;) if X; is measurable with respect to (i.e.
determined by) J; for all j’s. A process (M;) is a martingale with respect to filtration (J;) if it
is adapted to it and for j > 1

E(M;|F;) = M;.
A random variable 7 with nonnegative integer values is called stopping time if {r < j} € F;
for all j’s, i.e. the event {7 < j} becomes certain if JF; is observed. For example, if (X;) is an
adapted process, then the first passage time of a € R

Ta:min{j:Xj Za}

Mihere are (;: > such probabilities, corresponding to the combinations of indices of the true null hypotheses,
0

but this will not play a role in the calculations to be presented below due to independence



E. TESTING MULTIPLE HYPOTHESES 199

is a stopping time. Indeed, {7, > j} = N_;{X; < a} and since (X;) is adapted to (F;), we
have {X; < a} € J; for all i« < j and hence {7, > j} € F; and hence {7, < j} € F; for all
j’s. Convince yourself, that, for example, the last passage time s, = max{j : X; > a} is not a
stopping time.

EXAMPLE 8e4. Let (&;) be a sequence of i.i.d. equiprobable random signs, i.e. P(§; = £1) =
1/2 and define the simple random walk

J
Si=Y & Ji>1
=1

and Sy = 0. Since for each 7, all §’s with ¢ < j can be recovered from Si, ..., S; and vise versa,
the natural filtrations of (¢;) and (S;) coincide. Denote this filtration by F;. The sequence (&;)
is not a martingale w.r.t. (J;) since for j > i, E(&;|F;) = E&; = 0 # &. However (S5;) is a
martingale w.r.t. (F;)

J

l=it+1
|

The martingale property implies that EM; = EM, and one may expect that EM, = EM,
holds for Markov times as well. This is true, at least for martingales on finite intervals:

THEOREM 8eb (a rudiment of the Optional Sampling Theorem). Let (M;), j =0,1,...,n be
a martingale with respect to a filtration (F;) and let T be a stopping time with values in {0, ...,n}.
Then

EM, — EM.
PROOF. Since Y ;" Loy =1,

EM; = EMoli_op + B> Mlp_y =EMoli_gp +E> Mi(l<y — Lipay) =
i=1 i=1

EMol{r—oy + Z (EMilpr<iy — EE(M1 < 1y|Fi1)) =
i=1

EMol(r—oy + ) (EMilr<iy — BlgiyE(MilFia)) =
=1

n
EMoli—oy + Y (EMil<yy — EM; 11(;<;_1y) = EMy1(, <,y = EM, = EM.
=1
O

REMARK 8e6. The Optional Sampling Theorem remains valid under more general conditions.
For example, if 7 is a stopping time with E7 < co and (M}) is a martingale with

E(’Mj+1—Mj}‘?j) SC, IP’—a.s.Vj,
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then EM, = EMj. Do not think, however, that the latter property holds without appropriate
assumptions. For example, if (S;) is the simple random walk as above and

7 =inf{j > 0:5; =1},
then obviously S;, = 1 and thus ES;, # ESp = 0. It can be seen that E7; = oo in this case.

In the proof to follow, we shall need similar results and notions for continuous time processes,
i.e. families of random variables indexed by real numbers, rather than sequences of random
variables indexed by integers. While the analogous theory is similar in spirit, it is much more
technically involved.

PROOF OF PROPOSITION 8E2. Let I be the set of true null hypotheses, |I| = my, and for
any t € [0, 1], define the total number of hypotheses, rejected at level ¢
r(t) =#{i:p; <t}
and the number of erroneously rejected hypotheses at level ¢
v(t)=H#{iel:p <t}
Let fdr(¢) be the (random) proportion of false discoveries:

v(t)

t
fdr(t) = Ql{r(t)>0} = VT

(t)

Y t €10,1]
,

Note that r(p(i)) = ¢ and hence

{i 1Py < %a} = {7, : %p(i) < a} = {z : T(;T(Zi))p(i) < a} =

(8el)

where
t €0,1].

Define 7 = sup {t € [0,1] : Q(t) < @}, and note that

k= max{i 1Py < %a} = max{i 1 Q(pa)) < 04} = max {1 1Py < Tats

where the latter holds since Q(t) has negative jumps at p(i)’s and increases otherwise (sketch a
plot). Since both r(¢) and v(t) are constant between p;)’s, it follows that v(p)) = v(74) and
7(P(k)) = 7(7a). For the BH procedure (with p(y) := 0)

|4 _ v(p(k)) _ 'U(Ta) _ U(Ta) Q(Ta) < ’U(Ta)g
RAT  r(pgy) V1  r(1a) V1 Ta M ~ Ta m
and hence
FDR = E—'— < 2EM(r,) (8¢2)
~ TRA1 " m an

where we defined M (t) = v(t)/t. Let (F;), t € [0,1] be the filtration of o-algebras generated by
the events {p; < t}. Since p;’s are independent and p; ~ U([0,1]) for i € I, for s <tand i€ I

E<1{pi§8}|§t) = E<1{Pi§5}|1{pi§t}> =P(p; < slps < t)l{piﬁt} = il{piﬁt}
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and hence 1

E(M(s)|F,) = EG > Lpsali) = 2D Ty = M),
i€l iel
Clearly M (t) is measurable with respect to F; for all ¢ € [0, 1], and hence M (¢) is a martingale
in reversed time. Moreover, in reversed time, 7, is the first hitting time of the level o by the
process Q(t), which is adapted to the time reversed filtration and hence is a stopping time with

respect to the time reversed filtration. Then by the appropriate Optional Sampling Theorem
EM(1q) =EM(1) = Ev(1)/1 = my.
Plugging this equality into (8e2), we obtain the required claim. ([

The recent text [4] is a good starting point for further exploration of the large scale inference
problems.
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Exercises

PROBLEM 8.1. Consider the problem of testing the hypothesis Hy : p = 1/2 against the
alternative Hy : p > 1/2, given a sample X1, ..., X,, from Ber(p) (n independent tosses of a coin).

(1) Suggest a reasonable level « test, using the CLT approximation

(2) Calculate the power of the test at p = 3/4

(3) For n =30, a = 0.05 find the critical region C' of the test and evaluate your answer in
the previous questions

(4) Find the approximate value of n so that the power in (2) is greater than 0.99

(5) Argue why the approximation in (1) is well justified by CLT, while (2) is not (consult
the footnotes in Example 8a4)

PROBLEM 8.2. Let x ~ exp(f). It is required to test Hy : 6 = 1 against H; : # = 2 and the
following critical regions are suggested:

Ch = [0,1), 02:[1,00), 03:[0,1/2)U(2,00), C4IR\{1}.

Calculate the level and find the power functions of the corresponding tests.

PRrROBLEM 8.3. In each one of the following problems, find the N-P test based on the i.i.d.
sample X = (X7,..., X,;) and simplify it as much as possible:
(1) Hp: X ~ N(0,1) against Hy : X ~ N(2,1)
(2) Hy: X ~ X%z) against Hy : X ~ X%ﬁ)
(3) Ho: X ~ exp(2) against Hy : X ~ exp(3)

Find the power of corresponding level @ = 0.05 tests.

PROBLEM 8.4. Let X; ~ N(60;,1) i =1,...,9 independent r.v.’s.
(1) Find the NP level « test for the following problem:

H[) : 91 :O,V’L
1
Hl : 91 = §7i = 1,...,5 and (91 = —1/2,’i :6,...,9

(2) Specify the test for @ = 0.05 and calculate its power

PROBLEM 8.5 (Slope detection problem). Let X; ~ N(i0,1), i = 1,...,10 be independent
r.v.’s. Find the level oo N-P test for testing Hp : 6 = 0 against H; : § = 1.

PROBLEM 8.6.
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(1) Find the N-P level « test, based on a single sample X for
Hp: X ~exp(1)

Hy: X ~ f(z)= %exp(—ﬁ/?)[(x € (0,00)).

(2) Does the test with the critical region C' = (0.8, 1.2) yields maximal power in the above
problem. Find its power and level.

PRrROBLEM 8.7. Let X be a single sample from the c.d.f.

0 x <0
Flx)=< 1(z—0)? z€[0,0+2), Ok
1 r>0+2
(1) Find the most powerful level « test for the problem:
Hy:0=20y
Hi:0=0;

with 61 > 6y.
(2) Specify your test for 8y = 0,0; = 1 and « = 0.36. Calculate its power.

PROBLEM 8.8. Let X1, ..., X;, be a sample from N (u,0?) with known p.
(1) Find the most powerful « level test for the following problem:

Hy:0=o0yp
H,:0=01,

with o1 > oy.

(2) How would your test change if Hy : 0 = o9 with 09 > 01 7

(3) Do your answers above allow to conclude that your test is UMP for testing Hy : 0 = 09
against Hy : 0 > o9 7

(4) Find the p-value for your test for n = 15, 0% = 2, 03 =1, 4 = 0 and the realization x,
which yields —1= 3" 22 =1.25

n—1 =11

PROBLEM 8.9. Let X; be a single sample from the p.d.f.
f(z;0) = (20 +1—0)I(x €[0,1]), 6e€[-1,1].
(1) Find the most powerful level « test for testing Hy : 6 = 0 against H; : 6 = 1.
(2) To test the hypotheses Hy : 6 < 0 against Hy : 6§ > 0, consider the critical region
C ={z € R: 2z > 1/2}. Calculate the corresponding power function and significance

level.
(3) Find the UMP level « test in the previous question (or argue that it doesn’t exist)
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PROBLEM 8.10. Let Y ~ N(0,1) and define X = v/|Y| + a, where a € R and 6 € R, are
unknown parameters.
(1) Find the p.d.f. of X
(2) Assuming that # = 1, find the MLE of a
(3) Assuming that # = 1, find the GLRT for the problem:
Hy:a=ag
Hy:a# ag

PROBLEM 8.11. Let X ~ Bin(n,0) and consider the hypotheses testing problem:
HO 10 = 1/2
H1 . 9 7& 1/2

(1) Find that the GLRT has the form {|2X —n| > c}.

(2) Use the normal approximation to find the test with level a = 0.05, when n = 36.

(3) Show that under Hy, approximately 2log A(X) ~ x?.

PROBLEM 8.12. Let Xi,...,X,, ~ N(u,02) and consider testing Hy : ¢ = oo against Hj :
o # 0g
(1) Find the GLRT statistic and show that it is a function of
i (X — Xn)?
U=+ 5 .

99

(2) Show that the acceptance region of the GLRT has the form {¢; < U < c2}.

(3) Show that level « test is obtained if F'(c3) — F(c1) = 1 — «, where F is the c.d.f. of
x2_, distribution.

(4) Show that ¢; — co = nlog(ci/ce) (Hint: use the result in (2)).

PROBLEM 8.13. The horse races fans claim that on the circle hippodrome, the outer track
is disadvantageous against the inner track. Suppose that the hippodrome has 8 circle tracks,
which are numbered from 1 to 8, where the 8-th track has the largest radius. Test whether the
position of the track affects the win rate, summarized in the following table:

track 1123456718
win rate | 29 |19 | 18 |25 | 17|10 | 15 | 11
TABLE 2. Track position versus win rate

Hint: test the null hypothesis, under which the win rate has uniform distribution, against
the alternative, under which the win rate has multinomial distribution.
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number of girls | 0 | 1 | 2 3 4 |56
frequency 13 |68 | 154 | 185 | 136 | 68 | 16
TABLE 3. Frequency table

205

PROBLEM 8.14. A random sample from families with 6 children is summarized in the fol-

lowing table:

(1) Test the hypothesis!'® that the number of girls has Bin(6,1/2) distribution. Calculate

the p-value of the test.
(2) Solve the previous question for the hypothesis Bin(6, p)

PROBLEM 8.15. Let Xi,..., X, ~ N(uz,02) and Yq,..., Y, ~ N(uy,ag) be independent
samples and consider testing Hy : 0, = 0y against H; : 0, # o, at the significance level o. None

of the parameters are known.

(1) Find the MLEs of all the parameters under both Hy and H;
(2) Show that the GLRT statistic is equivalent to

<&2> (m+n)/2

RO

where 62 is the MLE under Hy and &% and 65 are MLEs under H;.
(3) Show that

A(X) =

. (1 + ;g%llT) (/2

(=

m—1

AX) =

=: f(T)

where C is a constant and
ﬁ Z?:l(Xi - Xn)2
ﬁ eril(yl - Ym)2

T(X,Y) =

(4) Plot f and show that'® the critical regions Cy = {\(z,y) > k} are equivalent to the

critical regions
Cry ko = {T(2,y) < k1 UT(2,y) > ka}.

PROBLEM 8.16 (Bayes hypotheses testing). Assuming the prior 7 on O, derive the Bayes
test for the problem of testing Hy : 0 € O¢ against Hy : § € ©1, which minimizes the sum of

erros of the two types. Compare your result to GLRT.

15 6. come up with a reasonable alternative to be tested versus Hp

6recall that T has F-distribution with (m —1,n — 1) degrees of freedom under Hy






Exams/solutions
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Problem 1. (The sunrise problem of Laplace)

“What is the probability that the sun will rise tomorrow?” In this problem we shall explore
how the question was answered by P-S. Laplace in 18-th century. Suppose that n days ago!” a
random variable R was sampled from uniform distribution U (][0, 1]) and since then the sun raises
each day with probability R. More precisely, let X; be the indicator of the sunrise on the i-th
morning and assume that X1, Xo, ..., are conditionally independent r.v.’s given R, with Ber(R)
distribution: for any n > 1

n n
P(Xy =1,...., Xp = 2|R) = [ [P(Xi = 2| R) = [[ R (1 = R)" .
i=1 i=1
(1) Find the distribution of X;.

Solution
X, takes values in {0,1} and P(X; = 1) = EP(X; = 1|R) = ER = 1/2. Hence
X1 ~ Ber(1/2).
(2) Are Xi,..., X,, identically distributed 7 independent ?
Solution

All X;’s are Ber(1/2), as was shown in the previous question. They are not inde-
pendent:

P(X; =1,X,=1)=EP(X; =1,X, = 1|R) =

1
EP(X; = 1|R)P(Xs = 1|R) = ER? = / uwdu = 1/3,
JO

while
P(X; =1) =EP(X; =1|R) =ER =1/2,
which implies

1/3=P(X; =1, X =1) # P(X; = )P(X5 = 1) = 1/4.

17P—S.Laplace has literally taken n to be the number of days from the origin according to the Bible

207
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(3) Explain why the conditional distribution of S, (X) = >"" ; X;, given R is Bin(R, n).

Solution

Since X;’s are conditionally independent Ber(R) r.v.’s, given R, their sum has
conditionally Binomial distribution, given R (just as if '® R were a number).

(4) Find' the p.m.f. of S,,(X):

Hint: use the “tower property” of conditional expectations
Solution
Sy (X) has uniform distribution on {0, ...,n}:
P(S,(X) = k) = EP(S,(X) = k|R) = <”

k) ER*(1 - R)" % =

n! - S n! kl(n — k)! 1
—_—m— 1—/ n d = =
k!(nk)!_/o W =) e = e S T I ng

(5) Prove the following Bayes formula: for a random variable £ with E|£| < oo and discrete
random variable n (taking integer values), show that

(el = k) = g .

Solution

185 X;’s are Bernoulli r.v., Sn(X) takes values in {0, ...,n}. The conditional j.p.m.f. of the vector X, given
R is
pxip(@;R) = [[R¥(1 - R)'™™ = R (1 - R)"™ @ e {0,13".

i=1
Note that for all binary vectors x, such that S,(z) = k, px|r(z; R) = R¥(1 — R)"* and there are <Z> such

strings. Hence
P(S, = k|R) = P(in = k|R) = (Z) R*(1—R)"*,
=1

which verifies the claim.

19you will find the following integral useful: for nonnegative integers k < n

/Ou(lfu) du = CE]
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Denote
_ Ell(n=k)
o) =30 =%

To verify the formula we have to check the orthogonality property:
E(¢ - ¢(n)h(n) =0, Vh.

To this end, we have
E¢h(n) =Y h(k)EEI(n = k)
k
and on the other hand:

Bo()h(n) = S 6(MEL = k) = Y (k) VB = k) = 3 W€ = 1),
k k k

These two equalities verify the orthogonality property and thus prove the Bayes for-
mula.

(6) Find E(R|S,(X)).

Solution

Following the hint, we obtain:

ERI(S,(X) = k)
P(S,(X) = k)

E(R|Su(X)=Fk) =
Further,
ERI(Sn(X) = k) =ERE(I(S, = k)|R) = ERP(S,, = k|R) =

ER (") RF(1-R)"*=E (") RF'(1 - R)" " =
(+) ()

k
n /1 Ly gy, 0 (kDU n— k)L k+1
k) Jo kl(n — k)! (n+2)! (n+2)(n+1)
and as P(S,(X) =k) = n%rl,
kE+1
E(R[Sh(X) =k) = ——

(7) Calculate the probability “that the sun will rise tomorrow”:

P(Xpp1 =1 X, =1,.., X1 = 1).

Solution
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Using the conditional independence of X;’s

P(Xpy1=1,X,=1,... X1 =1)

P(Xn—l-l = 1‘Xn = 1, ...,Xl = 1) = -

P(X,=1,..,X;=1)
EP(Xpi1 =1, X, =1,...,X1 =1R) ER"™ 1/n+2 n+1

EP(X, =1,...,X; = 1|R)  ER*  1/(n+1) n+2

Problem 2.

A circle C is drawn on a rectangular sheet of paper. Alice and Bob want to estimate the area
A of the circle and suggest two different approaches. Alice exploits the fact that the sheet of
paper is rectangular and the length of its side is known precisely (denote it by b). She suggests
to sample i.i.d. random vectors from the uniform distribution over the sheet and to estimate A
by the proportion of the vectors falling inside the circle.

(1)

Show that if X and Y are ii.d. r.v. with U([0,b]) distribution, then the random
vector (X,Y’) has uniform distribution (i.e. constant j.p.d.f.) on the planar rectangular
[0,6] x [0, ]

Solution

The j.c.d.f. of (X,Y) is constant outside the rectangular and otherwise is given by:
1
Fxy(zr,y) =P(X <z,Y <y)=P(X <z2)P(Y <y) = Y

whenever z,y € [0,0] x [0,b] and thus the j.p.d.f. vanishes outside the rectangular and
otherwise is given by
2

dxdy

1
Fyy(z,y) = .

fxv(z,y) = b2

Alice generates i.i.d. random vectors (X1,Y1),...,(Xn,Y,) and writes down Z; =
I((Xi, i) € C’), i =1,...,n. Specify a statistical model, parameterized by A (the area
of the circle), which supports this experiment. Find the minimal sufficient statistic.

Solution

Z;’s are i.i.d. Bernoulli r.v.’s with P4(Z; = 1) = A/b%. Since the sheet is rectan-
gular, the largest circle which is possible in this problem has area Apax = %bQ, ie.
the parametric space is (0, Apax). As we already know, Z,, is the minimal sufficient
statistic for this model.

Alice’s estimator of A is A,(Z) = b®Z,. Is it an unbiased estimator ? If yes, is it
UMVUE ? Calculate the corresponding MSE risk.
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Solution

E AA"(,Z ) = b2A/b?> = A and hence A, is unbiased. Tt is also UMVUE by the L-S
theorem (Z, is a complete sufficient statistic for the Bernoulli model). The MSE risk
is the variance of Z,, i.e. b*2A/b*(1 — A/b%) = LA(V? — A).

Bob suggests the more traditional method: to measure the diameter of the circle with a ruler
and calculate its area by means of the formula A(D) = ZD?. Since his measurement is noisy,
he repeats it n times and assumes that his data X, ..., X,, is a sample from N(D, ¢?), where o2

™

is known. He suggests to estimate A by the method of moments: fln(X) = Z)_{g.

(4) Is A,(X) unbiased ? If not, calculate the bias and suggest an unbiased estimator A%(X)
on the basis of A, (X).

Solution

The estimator A, is biased: recall that X,, ~ N(D,02/n) and thus

2
(X,)? = g(p2 +o%/n) = A+ f?,

E
P 4 n

i.e. b(A,A,) = 7% The corresponding unbiased estimator is

(£ T

(X) = 4 n

|

(5) Are the MSE risks of the estimators A, and AY
R(A(D), An) - ED(An(X) - A(D))2
and
R(An(D), A) = Ep(A3(X) — A(D))?
comparable 7 If yes, which of the two estimators is inadmissible 7
Hint: the answer can be given without calculations.
Solution
Note that the two estimators differ by a constant and hence haye the same variance.
Thus the estimator with smaller squared bias has smaller risk: A" has zero bias and

hence A,, is inadmissible.

(6) Find the UMVUE estimator of the area A(D).

Solution
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Recall that X,, is a complete sufﬁcienic statistic. Hence by L-S theorem the R-B
procedure yields the UMVUE. However, A}(X) is already a function of the sufficient
statistic X,,, and hence it is the UMVUE.

Calculate the C-R bound for the MSE risk of unbiased estimators of the area A(D). Is
the C-R bound attained by the risk of UMVUE from the previous question ? Discuss
the same question for large n 7

Solution

As we have seen the Fisher information for the model is (D) = n/o?. Moreover,
¢(D) = FD? and hence for any unbiased estimator T'(X) of A(D)

2
(w/(D)) 2 D252
T)> = .
varp(T) 2 =75 in
Let’s calculate the risk of the UMVUE from the previous question:

2

varp (A“(X)) = varp (%(an) %Varp ((Xn - D+ D)2>

_ fvarD( 242D(X, - D) + D?)

- —VaI“D( 24 2D(X, - D))

_ 7%@( ) 122covD(<Xn ~ D)?,2D(X,, — D))+
ivarl) <2D(Xn . D)).

Recall that X,, — D ~ N(0,02/n), hence

varp ((Xn - D)2> — Ep(X, — D)* - (ED(Xn . D)2)2 =

3(a/v/n)t = (o/v/n)* = 20" /n?
varp (QD(Xn - D)) = 4D%¢%/n
covp((Xn = D)2,2D(X, — D)) = 2DEp((X, — D)* — 0%)(X, — D) = 0.

Assembling all parts together, we get

w20t w2D%s2

8n? - 4n
Hence the variance of the UMVUE in this case is strictly greater than the C-R bound.

However, as n increases, the risk is dominated?? by the second term, which is precisely
the C-R lower bound.

varp (AZ(X)) =

20More precisely, varp (AZ (X)) = CR(D) +o(1/n)
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(8) Are the estimators sequences A, and A?L, n > 1 consistent ?

Solution

By the LLN X,, — D as n — oo. A, is a continuous function of X,, and hence
converges to A in probability, i.e. A, is a consistent estimator of A. A" differs from
A, be a deterministic sequence, which converges to zero. Hence A is also consistent.

Problem 3. (Change point detection)

A factory produces bottles of mineral water. By the health standards, the acidity of the
water should not deviate from zero too much. The quality control department revealed that
the acidity of the water raised to the level a, considered unhealthy. The last measurements of
acidity has been taken n days ago, when it was still normal. The factory has to call out the
bottles from the shops, and it has to find out how many days ago the acidity went wrong.

The home statistician suggests the following way to discover the change: he measures acidity
of the water from the bottles, produced at each one of the last n days and assumes that the
obtained measurements X = (Xj,..., X;,) are sampled from the following statistical model: all
X,’s are independent, Xo,...,Xg_1 ~ N(0,1) and Xpy,..., X,, ~ N(a,1), where the unknown
parameter § € © = {1,...,n} is the day, at which the change occurred?".

(1) Show that this model has the likelihood:

1" 1 o Iy 2 +1
. —_— L— n
Ln(a:,H)—<m> exp(—zgmi—Qg(ﬁcZ a) ), x € R"™.

Solution
This likelihood is the j.p.d.f. of X

(2) Is this model identifiable ?
Solution

Clearly for each 0, the vector X has different j.p.d.f: e.g.

EGZXi =a(n—0+1)
i=0
which is a one to one function of #. Hence the model is identifiable.
(3) Show that T'(X) = X1, ..., X,,—1 is a sufficient statistic.

Solution

2lhay attention that Xo ~ N(0,1) and X, ~ N(a, 1), which are the days the acidity is known to be normal
and excessive respectively
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Note that Xy ~ N(0,1) and X,, ~ (a,1) independently of 6 (these are the days
at which the acidity is known precisely). Since the sample is i.i.d., the conditional
distribution of X given T'(X) = (X1, ..., X,,—1) trivially does not depend on 6:

H’D(Xo < o, ,Xn < $n|X1, ...,anl) = I(Xl < 1'1)...I(Xn,1 < $n,1)(1)(£60)(1)(l‘n - a),
where ® is N(0,1) c.d.f.

(4) Is T(X) = (X1, ..., X;p—1) minimal sufficient ?

Solution
We have
1 n+1 19—1 1 n n 1
LY 2 2 A 2
Ln(x,e)—<\/ﬂ> eXp<_2Z$i_2zxi+aZ% 2(n 0+1)a>—

Let « and y be vectors in R"*!, then

M = exp _lzn:(gg —_ ,2) +azn:(m — i)

Ln(y;0) 25 B = !
is not a function of # if and only if 2; = y; for all ¢ = 1,....n — 1. Hence T'(X) is the
minimal statistic.

(5) For n =2, find the MLE of 6.

Solution

Note that L, (x;#) is maximal if and only if
. 1
o(x;0) := Z:az:Z + 5(129
=6
is maximal (why?). For n =2, 0 € © = {1,2} and
1
P(x;1) = 21 + 22 + 50,2
¢(2;2) = 9 + a”
and thus the MLE of 6 is given by:
; {1 $(X;1) > ¢(X;2) {1 X, > La?

0(X) =
(X) 2  otherwise 2 otherwise
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(6) Suggest an unbiased estimator of 6 for any n > 2.

Solution

Since
n n
EZXi = Za =(n—=60+1)a,
i=0 i=0

the estimator
B 1 n
0(X)=n+1-— aX%X
7=

is unbiased.

b. 2009/2010 (B) 52303
Problem 1.

Let Z1,Zs,... be iid. Ber(#), 8 € (0,1) r.v.’s. We have seen that there is no unbiased
estimator of the odds 6/(1 — #), based on Zy, ..., Z,, for any fized n > 1. Let

X1 =min{n : Z, =0},
be the number of tosses till the first 0 occurs. As is well known, X7 has Geo(1—6) distribution?*:
Po(X1 =k)=0*11-0), ke{l1,2,..}.
(1) Find the MLE 6; of # on the basis of X].

Solution

The log-likelihood
log L(X1;6) = (X1 —1)log 6 + log(1 — 0).

On the event {X; = 1}, the maximum is attained at (1) = 0 and otherwise 6(X)
solves

B ‘ 11

%((Xl —1)log 6 + log(1 — 9)) = (X1 =15 — 75 =0,

which yields 6; =1 —1/X].

(2) Show that the “plug-in” estimator? #; := 6, /(1 — ;) is unbiased for n() = 6/(1 — 6).
Explain the “contradiction” with the non-existence claim above.

Solution

2R, = %5 and varg(X1) = ﬁ

235ince n(f) = 6/(1 — 0) is a one-to-one function, # := 6/(1 — ) is in fact the MLE of n(f).
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0(X1) = X; — 1 is an unbiased estimator of 6/(1 — 0):
- 1
Epf(X1) =Eg X1 —1=——- —-1=——.
o¥(X1) = Bo X 1-0 1-6

This does not contradict the above non-existence result, since the statistic é(Xl) is a
function of the whole sequence (Z;);>1, rather than a fixed number of Z;’s.

(3) Is the obtained estimator above UMVUE 7 Calculate its MSE risk.

Solution

Geo(1—0) distribution belongs to the one parameter exponential family with ¢(0) =
log 0, whose range clearly has a non-empty interior. Hence the sufficient statistic X is
complete and by the L-S theorem, §(X;) is the UMVUE. Its MSE risk is given by
0

V&I‘g(é(Xl)) = varg(X1) = =k

(4) Calculate the C-R lower bound for the MSE risk of unbiased estimators of 6/(1 — 0).
Is C-R bound attained ?

Solution

The Fisher information is
0? N 0 1 1
Iv,(0) = — 892<]og9X1 1(14})) —Egag((X ”@fﬂ):

1 1 1 1 1 1
By = (X —1)— — —— ~1 = .
"( (X1 =1z (1—9)2> <1 0 )02+(1—9)2 0(1—6)2
The C-R bound for unbiased estimators of 1(0) = 6/(1 — 0) is given by:
2 2
(¥(9)) 1 o0
() 1(0) (1—0)2 ( ) (1-6)%
which coincides with the risk of UMVUE, i.e. the C-R bound is attained in this case.

(5) Encouraged by his progress, the statistician suggests to count the tosses till m > 1

Z€ros occur:
J

X, = min {j > (-2 = m}
i=1
Argue that the p.m.f. of X,, is given by:

P (5 0) = Po(Xo = k) = ("7 _1) T o, k> m
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Solution

The event {X,, = k} occurs if and only if the last toss yields zero and there are
m — 1 zero tosses among k — 1 tosses. The binomial coefficient is the number of strings
with m — 1 zeros among k& — 1 bits, and the claimed formula follows by independence.

(6) Find the MLE O of 6 on the basis of X, and the corresponding “plug-in” estimator
fim of 1(0)

Solution

We have

log L(Xn;0) = log <)§;”_11) + (X — m)log 6 + mlog(l —0).

Again, if X, = m, then é(Xm) = 0, otherwise it solves

1 m
XTVL a o 3
( =18
which gives:
~ m
m=1=%
Hence
X
i = S 1.
m

(7) (bonus®* +5) Are the plug-in estimators (,)m>1 consistent for 8/(1 — @) ? If yes, find
the asymptotic rate and the asymptotic error distribution.

Hint: Show that X;, = > 70", &, where §; are ii.d. Geo(1 —0) r.v.’s and apply the
LLN.

Solution

Define

& =min{k: Z; =0}
S=min{k >& 1: 2, =0 —&§1, j=2,..m

24t his question was excluded from the final version of the exam
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the times between consecutive 0’s. Clearly X, = > ", & and &’s are independent
Geo(1 — ) r.v.’s:
Po(&1 =K1,y &n = ki) =
Po(Z1..20 1 = 1,21, =0, .., Zy,, 1412k, -1 = 1, Zk,, =0) =
Py(Z1...2k -1 = 1, Zk, = 0) ... Po(Zk,, 1 +1Zky—1 = 1,2y, = 0).
Geo(1-6) Geo(1-6)

Now by the LLN lim, 00 Xy /m = 1/(1 —0) in Pyg-probability and hence X,,,/m —1 —
/(1 — 6), which verifies consistency.
Note that EgX,,,/m = Eg&,, = 1/(1 — 0). Then by the CLT:

0

Vi (X/m =1 = —22) = vin(En — 115 )~ N(Ovarg(&0)),

where varg(&1) = 60/(1 — 0)2.

Problem 2.

It is required to estimate the expected weight of the fish in a pond, using the fishes sample
caught by the net. The weight of a fish in a pond is assumed to be ar.v. X ~ U([0,6]), 6 > 0.
Let Z be a random variable taking value 1 if the fish is captured by the net and 0 otherwise.
It is known that smaller fishes are less likely to be caught by the net and a statistician assumes:
X
=5
(1) Calculate the probability that a fish is caught by the net Py(Z = 1).

Po(Z =1|X)
Solution

X 2
Py(Z = 1) = EgPo(Z = 1|X) = B¢y = eé =1/2.
(2) Prove that the conditional p.d.f of X, given the event {Z = 1}, is

d 2x
0) = —Py(X <z|Z=1)= "
Fla:6) = S By(X <alZ=1)

= 02](3? €[0,0))

Solution

We have
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where
Po( X <z, Z=1)=FEgl(X <2)I[(Z=1)=
Egl(X < x)IEg(I(Z = 1)|X) =Epl(X < .’E)IP)Q(Z = 1|X) =

0
EgI(X < :E)% = é/ I(s < x)s%ds.
0

Hence for x < 6,

and for z > 0,

Hence,

The statistician suggests that the weights Y1, ..., Y}, of the n caught fishes are i.i.d. r.v.
sampled from f(x;#) from the previous question. Explain how this statistical model
fits the inference problem at hand and elaborate the assumptions it is based upon.

Solution

This model takes into account that smaller fishes are less likely to be included in the
sample: the fact that a fish is caught tilts the distribution of its weight towards higher
values, or more precisely, we observe random variables with the c.d.f. Pp(X < z|Z = 1),
rather than the original uniform c.d.f Moreover, the i.i.d. assumption means that the
weights of the fishes are i.i.d. U([0,0]) and that the probability of catching the fish
depends only on its own weight and not on the weights of the others:

Po(Z; = 1|X1, Xo,...) = P(Z; = 1|X;).

Is the model identifiable 7

Solution

Obviously, identifiable, since e.g. the support of f(x;6) is at one-to-one correspon-
dence with # > 0: e.g. its support is proportional to 6.
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(5) Find the minimal sufficient statistic?®

Solution

The likelihood function is
2 n n
L(Y;0) = (@) (HYZ)I(mjaXYJ <0).
i=1

By the F-N factorization theorem, max; Y; is a sufficient statistic. Further,

[[is; zil(max; z; < 6)

[Tisy yil (max; y; < 0)

Since ]}, (z;i/yi) does not depend on 6, the latter is independent of ¢ if and only if

the ratio of indicators is independent of . Now minimality follows exactly as for the
U(]0,0]) case (see the lecture notes).

L(x;0)/L(y; 0) =

(6) Find the MLE for 6 (twice the expected weight). Is it a function of the sufficient
statistic from the previous question ?

Solution

Since 1/6?" is a decreasing function of @, the maximum of L(Y;6) is attained at

0,(Y) = maxV;.

(7) Suggest an estimator of 6, using the method of moments.

Solution

The first moment of Y7 is

0 3
2 20 2
EoY7 :/ s—=sds = —— = =0,
0

277" T 23 3
and the corresponding method of moments estimator
_ 3

25This question was replaced by ”Find two non-equivalent sufficient statistics” in the exam. One obvious
sufficient statistic is all the data Y71, ..., Y, and the other one is max; Y;, as discussed in the solution
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(8) Are your estimators consistent for 6 as n — oo ?

Solution

0,(Y), n > 1 is consistent by the LLN. To show that the MLE is consistent, we
have to show that
Py(f —maxY; >¢e) — 0, Ve.
(2

To this end,
n

Py (6 — max Y; > g) = IP’g(m,ain <fO—¢)= HPQ(K; <f—¢)=

i=1
0 —e\2n N L oo
( ; ) :(1—2) 200, Ve > 0.

Problem 3.

A cat is following a mouse on a real line. The current position of the mouse is a random
variable X ~ N(u,0?) (with known p and ¢2). The cat is old and hence it doesn’t see the
mouse clearly: it observes Y = X + Z, where Z ~ N(0, 1) is the “noise”, independent of X.

(1) The cat tries to predict the position of the mouse by the simple predictor g.(Y) =Y.
Calculate the corresponding MSE.

Solution
The MSE of g.(Y) is E(Y — X)?2 =EZ% = 1.

(2) Find cat’s optimal (in the MSE sense) predictor g} (Y') of the mouse’s position X

Solution

The optimal predictor is the conditional expectation
2
o
(Y — ).

YY) =E(X|Y) =
9.(Y) = E(X[Y) pt e

(3) Calculate the MSE of the cat’s optimal prediction:

2
E(X - g(v))
and compare with the MSE obtained in (1).

Solution
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The MSE of the cat’s predictor is:

ot o?

* 2 _ 2 _
E(X —g:(V))* =var(X|Y) =0 Tl 2r1

(4) The cat crawls to the predicted position of the mouse g} (Y’), so that the mouse cannot
see him. Hence the mouse has to predict the position of the cat ¢*(Y), when it knows
only its own position X. What is the mouse’s optimal predictor g (X) of the cat’s
position 7

Solution

The cat’s optimal predictor is
2 2

o o
(X :E( 7 _v-— X>: 7 (B(Y|X) — p).
G (X) nt )] nt 7 (BYIX) —p)
Since X and Z are independent, E(Y|X) = E(X + Z|X) = E(X|X) +E(Z|X) = X
and thus
2
g;L(X):M+O.2+1(X_N)‘

(5) Calculate the MSE of the mouse’s predictor:

E(g:(Y) — g5 (X))%

Compare it to the cat’s MSE from (3).

Solution

The MSE of the mouse’s predictor is
2 2

B(6:(¥) ~ (X)) = E(nt L (v =)= (X —p)) =

() 200 = () 2= (%)

The precision of the mouse is better, since 02/(0? + 1) < 1.

(6) Suppose now that X and Z are no longer Gaussian, but still independent with EX = p,
var(X) = 0% and EZ = 0, var(Z) = 1. Show by a counterexample, that the predictor
from (2) is no longer optimal in general.

Solution
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E.g. if X ~ Ber(1/2) and Z has p.d.f. f(z) with zero mean and unit variance,
then, as saw,

fY —1)
F¥ =1+ f(Y)

which certainly doesn’t have the form of the predictor in (2).

EX|)Y)=P(X =1]Y) =

(7) Argue that cat’s optimal predictor of the mouse’s position in the previous question is
at least as precise as before (i.e. that its MSE is not greater than the MSE obtained in
(3)), regardless of the distributions of X and Z.

Hint: what MSE the cat gets if it uses the predictor from (2).

Solution

If the cat uses the predictor from (2), it gets the same precision as before, since
all the calculations involve only the mean and variance. But it is not necessarily its
optimal predictor and hence it’s optimal MSE may be even better.

(8) (bonus?°+5) Show that mouse’s predictor has smaller MSE than cat’s predictor, if X
and Z are independent, but otherwise have arbitrary distributions (with finite vari-
ances).

Solution

The MSE of the cat’s predictor is

E(X — IEX\Y)

E(X ~E(EX]Y)IX) + (E(XIY)IX)—E(X|Y))2L
[E(X E(X|Y)|X )) +E(E(X|Y)|X)fE(X‘Y))22
B(E(B(X]Y)|Y) - E(XIY))

which is the MSE of the mouse’s predictor. The equality 1 holds since the prediction
error E(E(X|Y)|X) — E(X]|Y) is orthogonal to any function of X and in particular to
X —E(E(X|Y)|X). Hence the mouse always sees the cat with smaller MSE.

26t his question was excluded from the final version of the exam
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Problem 1. Let Zi,Zs,... be i.i.d. Ber(f), 6§ € (0,1) r.v.’s. We have seen that there is no
unbiased estimator of the odds 0/(1 — @), based on Z1, ..., Z,, for any fized n > 1. Let

X1 = min{n : Z, = 0},

be the number of tosses till the first 0 occurs. As is well known, X; has Geo(1—6) distribution®7:

(1)

27E0

Po(X1 =k)=0"11-0), ke{l,2,..}.
Find the MLE of 0 on the basis of Xj.

Solution

The log-likelihood
log L(X1;60) = (X1 —1)log 6 4 log(1 — 6).

On the event {X; = 1}, the maximum is attained at (1) = 0 and otherwise 6(X)
solves

g%Onyng9+bg1*@):(XY’D

which yields 0 =1 —1/X].

1 J—
1—-6

0,

D=

Find the MLE of n(6) :=60/(1 — 0).
Hint: 7n(0) is a one-to-one function of 6 € (0, 1).

Solution

The MLE 7 is ) = -2 = 5% = X, - 1.

Show that MLE 7 is unbiased. Explain the “contradiction” with the non-existence

claim above.

Solution

0(X1) = X1 — 1 is an unbiased estimator of 6/(1 — 6):
Eof(X1) = Eg X P R
g0 (A1) = Lo X1 =129 RET
This does not contradict the above non-existence result, since the statistic é(Xl) is a
function of the whole sequence (Z;);>1, rather than a fixed number of Z;’s.

1 and varg (X1)

_ 0
1-6 — (1-0)2



C. 2009/2010 (A) 52314 225

(4) Is the obtained estimator above UMVUE 7 Calculate its MSE risk.

Solution

Geo(1—0) distribution belongs to the one parameter exponential family with ¢(0) =
log 6, whose range clearly has a non-empty interior. Hence the sufficient statistic X is
complete and by the L-S theorem, 6(X;) is the UMVUE. Its MSE risk is given by

V&I‘g(é(Xl)) = varg(X1) = a—o2

(5) Calculate the C-R lower bound for the MSE risk of unbiased estimators of 6/(1 — 0).
Is C-R bound attained ?

Solution

The Fisher information is

9?2 0 1 1

I, (0) = ~Bo s (108017 (1= 6)) = ~Eo 5 (X1 = )5 - 15 ) =

1 1 1 1 1 1
’EB(’ (X1 =15z = (1_9>2> B (1_9 ’1)9*2+ (1-0)2 61-6)%
The C-R bound for unbiased estimators of 1(0) = 0/(1 — 0) is given by:

W' 1N 0
w0 =y = (o) 0= = oy

which coincides with the risk of UMVUE, i.e. the C-R bound is attained in this case.

(6) Encouraged by his progress, the statistician suggests to count the tosses till m > 1

ZEros OCccur:
n
Xm = min{n : Z(l —Z;) = m}
i=1
Argue that the p.m.f. of X,, is given by:

Solution
The event {X,, = k} occurs if and only if the last toss yields zero and there are

m — 1 zero tosses among k — 1 tosses. The binomial coefficient is the number of strings
with m — 1 zeros among k — 1 bits, and the claimed formula follows by independence.
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(7) Find the MLE of n(0) = 6/(1 — 0) on the basis of X,,.

Solution

We have

log L(X,,;6) = log <)§ran—_11> + (X, —m)log 6 + mlog(l —6).

Again, if X,,, = m, then é(Xm) = 0, otherwise it solves

(K m)é 1T0’
which gives:
O(Xm) =1 — Xﬁm
Hence
=2
m

Do MLEs from the previous question form a consistent sequence of estimators of 6/(1—

9) 7

Hint: Show that X;, = > 70", &, where §; are ii.d. Geo(1 —0) r.v.’s and apply the
LLN.

Solution
Define
& = min{k : Z = 0}
G=min{k>& 1:Zk=0}—&_1, j=2,...m
the times between consecutive 0’s. Clearly X, = > ", & and &’s are independent:

Pe(& - klv 7€m - km) -
Po(Z1.. 2y 1 =1,Zk, =0, e, Zp, 141281 = 1, Zk,, =0) =
Po(Z1...2k -1 =1, Z1, =0) ... Po(Zky, 412k —1 = 1, 2y, = 0).

Geo(1-0) Geo(1-0)

Now by the LLN limy, 00 Xy /m = 1/(1 —0) in Pyg-probability and hence X,,,/m—1 —
0/(1 — 0), which verifies consistency.
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(9) Find the asymptotic rate and the asymptotic error distribution of the MLE’s found

above

Hint: The hint from the previous question applies

Solution

Note that EgX,,/m = Ep&,, = 1/(1 — ). Then by the CLT:

\/%<Xm/m -1- %) = \/ﬁ(gm - Ti@) ;ﬁgj N(0, varg(£1)),

where varg(¢1) = 6/(1 — 0)2.

Problem 2. A factory started production of a new series of electric lamps and it is required to
estimate their mean lifetime as soon as possible. For this purpose, the statistician suggests the
following experiment: N lamps are powered on for a known period of a hours, during which the
lifetimes of the burnt out lamps are recorded for the purpose of estimation.

Let n be the number of the burnt out lamps and assume that the lamp lifetime has p.d.f.
f(u;0), uw € Ry, where 0 is the unknown parameter.

(1)

Assuming that n > 1, the statistician claims that the obtained data Xi,..., X, is a
sample from the p.d.f.

f(z;0)
F(a;0)

where F(z;0) = [ f(u;6)du. Explain his claim.

fe(@;0) = I(z € [0, a]),

Solution

The p.d.f. fi(z;0) is the density of the truncated c.d.f. P(§ < z|¢ < a), where
€ ~ f(x;0). This corresponds to the fact that an observed lifetime & is reported only if
it is less than a, i.e. is conditioned on the event {¢ < a}.

Is the model identifiable if the lifetime has U([0, #]) distribution with § >0 7

Solution

For U([0,0]) with 6 > a,

Fila:6) = wm € [0,a]) = %I(m € [0, min(a, 0))).

0

Thus if the parameter space © = Ry, fi(x;60) ceases to depend on 6 for all 0 large
enough, which means that the model is not identifiable.
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Assuming hereafter Exp(6) lifetime with the p.d.f.?8
f(x;0) = 0e %I (x € Ry)
find the minimal sufficient statistic. Is it complete 7

Solution

The likelihood for this model is

0" exp ( —-0>" {L‘l)
[Ty (1—ef) 7

which by the F-N factorization theorem implies that S,(z) = >/ | z; is a sufficient

statistic. This likelihood clearly belongs to one parameter exponential family with

¢(f#) = —6, whose range has a nonempty interior. Hence S, (X) is complete and thus
minimal sufficient.

Ly(x;0) = r € RY,

Suggest a consistent sequence of estimators for 1/0 (the mean lifetime).
Hint: consider the method of moments estimator based on the first two moments:

1 a
Ep X1 == —
0L = T eal 1
1
IEQXIQZE— a2+2a§

02 e — 1

Solution

Let n = 1/6 for brevity, then combining the two equalities and eliminating the term
e — 1, we get
n—EeX; 1
202 —EpX?  a-+2n

which, solved for 7, gives:
 aBpX) — EpX?
a— 2Ey X
Since by the law of large numbers 7} (X) = 13" X; — EgX; and m2(X) =
LS~ | X2 — EgX7 in Pyg-probability, the estimators

1
n

2

am,, —m;

o x) = Y 1y
iin(X) a—2m}k

converge to 1/6 in Py-probability for 6’s with EgX; # a/2.

28the corresponding c.d.f. is F(z;0) = (1 — e~ %*)I(z > 0) and Ey = 1/6, etc.
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Unfortunately, none of the lamps in the experiment burnt out, i.e. » = 0 has been
realized. Thus the model above is not applicable. However the statistician doesn’t give
up and suggests another approach as follows.

(5) Let Z; be a random variable, taking value 1 if the i-th lamp among N ones, used in
the experiment, does not burn out by a hours and 0 otherwise. Specify the statistical
model, which assumes that all N lamps used in the experiment are i.i.d. Exp(f) r.v.’s

Solution

The model (Py)ger, is given by the j.p.m.f. of i.i.d. Ber(e %) r.v.’s.

(6) Suggest a consistent sequence of estimators of 1/6, based on Z1, ..., Zn, N > 1.

Hint: Pay attention that (Z N)N>1 is a consistent sequence of estimators of 6.

Solution

Note that Zy — e~ in Py-probability. Since x + 1/log(1/z) is a continuous
function on x > 0,
a P, 1

On(Z) = -
]\( ) ]ogZ—IV Nooo 6’

which means that 6y, N > 1 is a consistent estimator of 1 /6.

(7) Does there exist an unbiased estimator of 1/6, based on Z = (Z1, ..., Zn)?

Solution

Let T'(Z) be an arbitrary statistic, then
BT(Z) = S T(u)(e )50 (1 = ot
ue{0,1}N
is a bounded function of 4, e.g.:

EoT(2)| <2V max |T(u)l,
[BoT(2)] <27 max | |T(u)

which means that it cannot equal 1/6, which is an unbounded function.

Problem 3.
Let X; = p; +¢;, 1 = 1,...,n where ¢;’s are i.i.d. N(0,0?) with known ¢ > 0. The vector
1, .-, fin 1S & signal to be detected in the noisy observations (X1, ..., Xp).
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Let (5;)i>1 be a deterministic sequence of nonzero real numbers and assume that p; =
Bi, i.e. the received signal has a precisely known shape. Construct the most powerful
level « test for

Hy:p; =0, forallie{l,..,n}

Hy:p;=p;, forallie{l,..,n}"’

assuming that o2 is known.

Solution

We are faced with the problem of testing a simple hypothesis against a simple
alternative, for which the N-P test is the most powerful. Denote by 1., = (1, ..., fin)
and let p,, := 01, and p},, := Br.,. Since 02 > 1 is known, the likelihood ratio is

z;ud.) 1< R 1 &<,
) m/o__ o — - iBi — —= <.
l.n) eXp( 207 210 222 ) eXp(?(f?;” 225)

i=1

Hence the N-P test rejects Hy if and only if

{ i XiBi > C}-
i1

Note that under Hj, the test statistic is Gaussian with zero mean variance B,
o? Sy 622, hence the « level test is obtained with the critical value solving the equa-
tion:

o = Bo( S X8/VBr > o/ VB,) =1~ 0(e/ V),
i=1

which yields

= /B, (1—a)=0d1(1-0a)

Assume now that p; = pf;, where p > 0 is the unknown amplitude. Is your test from
the previous question applicable for testing:

Hy:p; =0, for all i € {1,...,n}
Hy:p; = ppi,with g >0 forallie {1,...,n} "

If yes, is it UMP 7

Solution
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The likelihood in this case is

L(z; pi:n) = (\/;7)26)@ ( — 2; zn:(% - Mﬁz‘)Q) =

=1
1 2 1 n " n MQ n
2 - 2
( rmﬂ) eXp<—M;xl+02;$zﬁl 202;6i>7

which is one parametric exponential family with the canonical sufficient statistic 7'(z) =
>oi, ;8 and monotonically increasing ¢(p) = p. Hence by the K-R theorem, the N-P
level « test is UMP in this case.

(3) Formulate the sufficient and necessary conditions on the sequence (f;)i>1, so that the
power of your test at any p > 0 in the previous question converges to 1 as n — oo ?

Solution

The power function of the N-P test is given by:

m(p,6%) =P (ZX@>\ﬁq> 1a>:
Pu((;Xiﬁi—uB)fmb (1-a) MBH/\/BTL>_

~N(0,1)

1711>((I> (1—-a) ,u\/>)

The power of the test converges to one for any 1 > 0 if and only if 2° Sy B? — oo
as n — oo. Note that the latter condition means that the signal waveform must not
converge to zero too fast: if it does, the test is not consistent, i.e. its power cannot be
made arbitrarily close to one by taking n large enough.

(4) Suppose now that the shape of the signal is unknown. Construct the level a@ GLRT
test for

Hy:p; =0, forallie{l,..n}
Hy:p; #0, forsomeie{l,..,n}"

Solution

29tests with this property are called consistent (think why)
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Under Hyp, the MLE of py., is [1&% = X1., and hence the GLRT statistic is

n

1 X 1 — 1 —
log A(X) = —5—5 (Xi_/L’})2+T._QZX’i2:@ZXi27
i=1 =1 =1

i.e. the test rejects Hy if and only if

PIEEL

Under Hy, the statistic Y & ; X?/0? has x2 distribution (denote its c.d.f. by F,) and
hence « level test is obtained with the critical level, solving

a—IP’()(iXiz/OZ 20/02> = 1_Fn(c/‘72)7
=1

which gives
cla) = c?F 711 - a).

(5) Can the GLRT be constructed for the detection problem in (4), if o2 is unknown ?
Explain.

Solution

The GLRT is not well defined, since under Hi, o2 and W1:, can be chosen to yield
arbitrary large values of the likelihood, namely if il., = Xi., is taken,

1
L(z;0% it ) = <
( :ul.n) CY)

n
> — 00, o2 = 0.

d. 2009/2010 (B) 52314

Problem 1.

Let Z1, ..., Zy, be i.id. r.v.’s with U([0, 1]) distribution and define
X, =0+0%Z, i=1,..n,

where 6 > 0 is the unknown parameter. It is required to estimate 6, given the sample X =
(Xl’ ceey Xn)
(1) Show that X ~ U([6,260]), i.e. its p.d.f. is given by

Fla:6) = 5T € [0,26)

Solution
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Let g be the p.d.f. of Z;, then since 6 > 0,

and thus
Flus 0) = %P(Zl <l 1) = sg(u/0—1) = T(u/0 1€ [0,1]) = 7 I(u < [6,20]).

(2) Show that (X*, X.), where

X,:= min X;, X*:= max X;,
i€{l,...,n} i€{l,...,n}

is a sufficient statistic for 6

Solution

The sufficiency follows from the F-N theorem, since the likelihood has the form

n

1 1
Ln(2;0) = oo [ 1(zi€0,20)) = gl (@ <20)[(2. > 0), 2 €R", O Ry
=1

(3) Is (X*, X.) minimal sufficient 7

Solution

Let z,y € R", such that either x* # y* or x, # y., then
Ly(x;0) I(z* <20)I(z. >0)

Ln(z;0)  I(y* <20)I(y. > 0)

is clearly a function® of 6: e.g. if, say, z* = y* and z, < y,, then it equals 1, if § < z*
and takes value 0, if 6 € (z*,y*). Other cases are examined similarly.

(4) Sketch the likelihood as a function of # and find the MLE 6. Calculate®'its MSE risk.

Solution

L, (x;0) vanishes strictly decreases on the interval [X*/2, X,]| and vanishes else-
where. Hence

0=X"/2.

30with e.g. the conventions % :==0and 5 : =00
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The risk is given by

) %) %) 2 1 * 1 * 2
R(6,0) = var(6) + (Egf — 0) = Jvar(X") + (§E9X - 9)

2 . 1 . 2 92 n 92 n )
Zvar(Z)—l—(é(@-i-@EeZ)—G) _Z(n+1)2(n+2)+4( —1)

0?2 2n+1

4 (n+1)%(n+2)

(5) Is the estimator § = $(X, + X*) unbiased ?

Solution

Yes:

1 1 1 1 n
Ey—(X, + X*) = Eg—(20 + 07, + 02 :7(29 0 0 ):9.
03 (X + X7) =Bo3(20+02. +627) = 5 (20 + nrl Ung

(6) Find the j.p.d.f. of (Z,, Z*)
Hint: Note that P(Z, > u, Z2* <wv) = (P(Zl € [u,v])) , for u < w.

Solution

Since

Fr.z+(u,v) =P(Z, <u, 2" <0v) =P(Z* <0v) —P(Z, >u,Z* < ).
and,

n — )" v >
P(Z, >u,Z* < v) = (IP(Z1 € [u,v])) = {(” w v>u
0 v<u
we have
2 2

P(Zy >u,Z* <v) =

n(n—1)(v—u)" 210 <u<wv<1).

3lyou might find the following formulae useful:

1 «_n
B2e=0rT B2 =
2 2 w2 mn
E(Z) = 6 DmTo) BZ) =0
n . n
Var@(Z*):m var(Z") = ——————
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(7) Write down the integral, required to compute®?

¥ 1

cov(Z., Z*) = CESVECESR
Solution
EZ.Z* =n(n — 1)/ uv(v — 1) 2dudv =
{(u,v):v>u}
1 1 1
n(n — 1)/0 u </u U(U—u)”_de) du = ... = 1
and

1 1 no
n+2 n+ln+l (n+1)2(n+2)

cov(Z,,7*) =BZ,2* —EZ,EZ* =

(8) Calculate the MSE risk of 0 and compare it to the risk of . On the basis of your

calculation, if either of the estimators is inadmissible 7

Solution

Since the estimator is unbiased,

. 1 1 0*
R(6,0) = var() = V&I‘(*X* + fX*) = —var(Z, + Z*) =
3 3 9
02
5 (Var )+ 2cov(Z., Z%) + var(Z*)) =
2( n N 1 ) 262 1
9 \(n+1)2(n+2) ®m+1)2n+2)/) 9 (n+1)(n+2)
To compare the risks, consider the ratio:
R(6, ) 92n+1 n>1
R(0, ) T 8n+1’
Note that the function n ~ 2 + is increasing and attains its minimum 3/2 at n = 1.
Hence X
R(6,0 27
(6, ~> > —>168.. Vn>1
R(6,60) — 16

This shows that the MLE 6 is inadmissible and, moreover, is strictly inferior to 6
asymptotically as n — oo.

no need to proceed with the calculations
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Problem 2.

Bob and Alice toss two different coins with heads probabilities 6; and 65, which Claude
wants to estimate. In order to trick Claude, they reveal the outcomes of their tosses, without
telling whose coin was tossed first. Claude knows that Bos’s coin has greater heads probabilities
than Alice’s, i.e. 05 > 0.

To estimate 6 := (61, 02) Claude assumes that he observes n i.i.d. pairs (X1, Y1), ..., (Xpn, Y2)
with

Yi=(1-2)A+ ZiB;,

where A; ~ Ber(6;) (the tosses of Alice), B; ~ Ber(f2) (the tosses of Bob) and Z; ~ Ber(1/2).
All A;’s, B;’s and Z;’s are independent.

(1) Explain how this model fits the experiment and what is the role of Z;’s in it ?

Solution

If the event {Z; = 1} occurs, then (X;,Y;) = (A;, B;), i.e. the first coin comes from
Alice and the second from Bob, and if {Z; = 1} occurs, then (X;,Y;) = (B;, A;). Hence
Claude’s model assumes that in fact Alice and Bob toss a third fair coin and swap their
outcomes accordingly. Such a model supports any sequence of swaps.

(2) Find the distribution of X;

Solution

X7 is Bernoulli r.v. with
Po(X1=1)=Py(Zi =1, 4, =1)+Py(Z,=0,B;=1) =

Po(Z; = 1)Pg(A; = 1) + Py(Z; = 0)Py(B; = 1) = 01 + -ba.

(3) Show that if Claude uses only X, ..., X,, he gets non-identifiable model with respect
to 6.

Solution

The distribution of X7 and, by the i.i.d. property, of the whole vector (X3, ..., X},)
depends on 6, only through 61 + 5.
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(4) Show that the j.p.m.f of (X7,Y7) is

pxy v (u,030) = (0192)w ((1 —01)(1— 92)> (1_")(1—11)*
Solution
We have

Pp(X1=1,Y1=1)=P(4; =1,B; =1) = 6,0y,
and similarly
Pp(X1=0,Y1=0)=P(4; =0,B1=0) = (1 —61)(1 — 69).
Further,
Pp(X1=0,Y1=1)=Pyp(A1 =0,B1 =1,Z; = 1)+
Po(A1=1,B1 = 0,71 = 0) = (1 - 0)0y + 02(1 ~ B2);,
and similarly,

1 1
Pg(Xl =0,Y; = 1) = 91(1 — 92)5 + (1 — 91)925.

(5) Find a two-dimensional sufficient statistic for estimating 6 from (Xi,Y1), ..., (Xn, Yn).

Solution
The j.p.m.f. of the r.v.’s (X1,Y1), ..., (Xn, Ys) is

Tl (:z:,y)

p(z,y) = (9192)%(%@/) ((1 —61)(1— 92)) *
(91(1 — 6s) N (1— 91)92>nTo(ray)T1(x,y)

x,y€{1,0"
2 2 7J17y {7}7

where Ty(z,y) = Y iy zy; and Ti(z,y) = > " (1 — z;)(1 — y;). Note that these two
statistics is at one-to-one correspondence to the statistic (Z?Zl XY, o (X + Yl)),

which by the F-N factorization theorem is sufficient. The usual calculation also shows
that it is minimal sufficient.

(6) Is the model identifiable, if all the data (X1,Y1),...,(X,,Y;) is used?

Solution
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Note that
5(61,02) :==Eg(X1+ Y1) =61 + 02

and
7"(01,92) = E9X1Y1 = P@(Xl = 1,5/1 = 1) = PQ(Al = 1,Bl = 1) = 9192.

The function (61,6:) — (s,7) is invertible®® on 6, > 6;: the inverse is obtained by
solving* the quadratic equation 6% — s6 + r = 0:

0 s—1/s2 —dr 0 s+ Vs2 —4dr
1=——F—, th=——"-——"".
2

2

Hence the model is identifiable.

How your answer to the previous question would change, if Claude doesn’t know whose
coin has greater heads probabilities ?

Solution

Notice that the distribution of the data is invariant with respect to permuting 6;
and fy. Hence e.g. for 8 = (1/2,1/3) and ¢ = (1/3,1/2) one gets exactly the same
distribution, i.e. the model is not identifiable. The condition 5 > #; reduces the
parameter space and eliminates this ambiguity.

Suggest consistent estimators for §; and 62, based on all the data (X1,Y7), ..., (X,, Yy).

Solution

The formulas, obtained in the previous question, can be used to construct the
method of moments estimators for 6; and 6s:

; X1V X7V axy
1= )
2

; XTIV + X7 4XY
2 = ’
2

where X +Y = 13" (X; +Y;) and XY = 23" | X;¥;. However, the expression
under the root may be negative with positive probability (e.g. on the event {X; =
Y1 =1,X; =Y, =0,i > 1}). Hence the estimators must be modified to be well defined

33n0te that it is not invertible on (0,1) x (0, 1)!
34Note that only real roots are possible.
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for any possible outcome of the experiment. For example,

X TV - /XY -4V

01 5
; XY +/|[X+7° - 4XY|
2 = y

5 :

The consistency follows by the LLN and continuity of the corresponding functions in
the empirical means.

Problem 3.(Change Detection)

A plant produces bottles of mineral water. Production is monitored by a statistician, who
samples the water acidity daily. She suspects that the production line stopped to work properly
within the last n days and suggests to perform a test.

Let (X1,...,X,,) denote the acidity of the water measured on each one of the days and let
0 € {1,...,n} denote the day index at which the change have occurred. The statistician wants
to test the hypothesis:

Hy: Xi,..., X, are i.i.d. N(0,1) r.v.’s

against the alternative

X1, ..., Xo_1 ~ N(0,1)

0ed{l,..,
Xp, s Xn ~ N(a, 1) {Lom

Hi: Xq,..., X, are independent, {
where a > 0 is a known constant.
(1) Find the likelihood function of the data under the alternative

Solution

L(e)—$e 71971 2,1%( o )2
ST o TP\ T LT T g L)

where 320 (...) = 0 is understood.
(2) For n =1, find the most powerful level « test

Solution

When n = 1, we are faced with the simple hypothesis testing problem:
H():Xl NN(Ol)
H1 . X1 ~ N((I,l),

for which the most powerful test is given by the N-P likelihood ratio test, rejecting Hyg
iff
X >c.
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The a-level test is obtained by choosing;:

Po(X1>¢)=a = c:= 711 - a).

3) Find the « level test, using the test statistic X,, and calculate its power function.
) g p

Solution

The test rejects Hy if and only if
X, >c

Note that X, is an N(0,1/n) r.v. under Hy and hence the a-level test is obtained by
choosing ¢, which solves

Po(X,, > ¢) = Po(v/nX,, > v/nc) =1 —®(cy/n) = q,

~N(0,1)
that is
1 __
C(Oé) = %@ 1(]. — Oé)

Under Hp, X, is a Gaussian r.v. with unit variance and mean

_ 1 < 1 < n—0+1
EeX, = — > EpX; = — — o ,
= 1=

The power function of the test (for 6 € {1,...,n}) is given by

m(0) = Po(Xn > c(a)) :]P’(;(\/ﬁ()_(n _an_Tg"‘l> - \/ﬁ(c(a) _an_zq_1>> ~

~N(0,1)

- @(ﬁ(c(a) —a’L_Z“)) —1- q><<1>—1(1 —a)— a”_;n“>

(4) Prove that the GLRT test with a critical value ¢ rejects Hy iff

n

X; —a/2) >c.
by e > e

Solution
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The GLRT statistic in this case is:

1 0-1 2 1w 2
maxXge{1,...,n} €XP < —32im1 T — 5 2i—p(Ti —a) >

supgeo, L(z;6)

supgee, L(z) exp(—3 2L, «7)

ee?ll,a..).(,n} exp (a Z(xl — a/2)>

i=0
and the GLRT test rejects Hy if and only if

n

max X;—a/2) > c,
96{1,...,n}i:9( i=a/2)

where ¢ must be chosen to meet the significance error requirement.
Note that this test has a nice implementation advantage, being sequential: Hy is
rejected once the cumulative sum

m

Z(XZ- —a/2), m=12,..

i=1

exceeds threshold c.

(5) Find the GLRT statistic, if a is unknown and is to be considered as a parameter as
well.

Solution

The test statistic in this case is:

1v0-1 .2 1w 2
MaXge(,... n} MAXGeR €XP ( — 5 T — 5 (T — a) )

eXp(_% die xf)

n
max maxexp (a T —a/2 )
0e{1,...,n} a€R p( i:Q( i~ a/2)

For each 6, the maximum w.r.t. « is attained at

1 n
“ :n—9+1Z;xi
1=

and thus the GLRT rejects Hy if and only if

n

1 2
SR o5 S
By a1 (5 %) >
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e. 2010/2011 (A) 52303
Problem 1.

Let X1,..., X, be a sample from the Gaussian distribution N(6,6?), where § > 0 is the
unknown parameter.

(1) Find a sufficient statistic, coarser than the sample X itself

Solution

The likelihood function is

1 \" 1 —
L N fr— _—— 7— 2 fr—
(=:8) (@0) eXp( 262 Zi:l(xl 9))
1 \" I =, 1
<\/2w9> P <_292 Z“ Tty ZH Ti — ”)

By F-N theorem, the statistic T(X) = (Y0 X2, >0 1 X;) is sufficient (in fact, min-
imal).

(2) Calculate the Fisher information for the sample and derive the lower bound for the
unbiased estimators of 6.

Solution

By the i.i.d. property, Ix(0) = nlx,(0). Further,

log fx,(X1;0) = —log V2 —log 6 — 292X1 + 9X1 ~1/2
Hence
0 1
89 10ng1 (Xlae) - 9 93X1 92X1
and
02 1 3
892 log le(Xlag) - @ 04X1 + 0 X1

Note that EgX? = varg(X1) + (EgX1)? = 20% and so

82 1 2 3

For any unbiased estimator 0,(X) of 0, varg(6,) > %%
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(3) Show that the estimator X,, of # is not efficient, i.e. its risk does not attain the C-R

bound.

Solution

X, is unbiased and hence its risk is the variance varg(X,,) = 02 /n, which is strictly
greater than C-R bound for all 8 > 0. Hence it is not efficient.

Is X, efficient asymptotically as n — oo, i.e.
Ix, (0
n/Tx, (6)

— =1
n varg(Xp)
Solution
X,, is not efficient asymptotically either:
GO s gy s
varg(X,) ’ -

Explain how the estimator

is obtained by the method of moments and show that the sequence (7},) is consistent
for 6.

Solution

The estimator can be obtained by the method of moments using EgX? = 20%. By

P . . .
the law of large numbers, + i XZ-2 % 202 and since u — +/u/2 is a continuous

’n

function, T,,(X) o, 1/%292 =0, i.e. Ty, is consistent for 0.

Show that
varg(X?) = 66*

Hint: note that X; = (1 + &) with ¢ ~ N(0,1) and recall that E¢* = 3 and
E&3 = 0.

Solution
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Note that X1 = (1 +€) and
varg(X7) = 0*var((1 + €)?).
E(1+ &% =2 and
var((1+€)%) =E(1+¢)* — (E(1+¢)*)* = E(1+¢)" -
Moreover,
E(1+&)* =E(1 +46 + 662 +463 +¢*) =14+6+3 =10,

and the claim follows.

(7) Using the Delta method, find the asymptotic error distribution for (7},) and the corre-
sponding rate. Compare your result with the estimator in (3) and with the C-R bound

from (2). Explain.

Solution
By the LLN, 5,(X) := 71, > i ;XQ — 02 and by the CLT,
1
Vn(Sp(X) — 92) 4N (O,Var9(2X12>) - N (07 ;H4>

Hence by the Delta method, applied to g(u) = \/u,
2 21123 p4
Vit - 0) = Va(a(5,) ~ o)) % N (0. (46)"30*) =

1 1 \23 3
N (o, (7—) 29t) = N (0,262).
(G 8
The asymptotic variance is better than that of X,. Comparing to the C-R bound,
found above, is strictly speaking® irrelevant, since Ty,’s are not unbiased (revealed by

an additional calculation).

Problem 2.

A coin is tossed an unknown number of times v € {1,2,...} and the number of heads X is

revealed.

(1) A statistician assumes that X ~ Bin(v,p), where both v and p € (0,1) are unknown
parameters. What are the assumptions of the model. Specify the parametric space.

Solution

35in fact, the sequence (T3,) is asymptotically unbiased and hence the C-R bound is still very much relevant
(alas, not in the scope of our course)
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The tosses are assumed to be i.i.d. with probability of heads p. The parameter (v, p)
takes values in (0,1) x N.

(2) If p is known and v is unknown, is the model identifiable ? If both p and v are unknown,
is the model identifiable 7

Solution

If v is unknown and p is known, the model is identifiable: the number of integers,
on which the p.m.f. of X is positive, equals v + 1 and hence for two different values of
v different p.m.f.’s emerge. Alternatively, consider e.g. the statistic T(X) = 1{x—_o}-
The function v — E,T(X) =P, (X =0) = (1 — p)” is a one-to-one function of v.

The model is identifiable also if both parameters are unknown. Let (p,v) # (p',V).
If v # V', the corresponding p.m.f’s are different by the same argument as in the
previous question: the number of nonzero probabilities is different, regardless of p and
p. Ifv="1"andp+#p, the p.m.f.’s are different, since e.g. their means are different:

vp # vp'.

(3) Assume that p € (0,1) is known and denote by (X) the MLE of v. Find #(0).

Solution

The likelihood function is

v!

L(z;v) = p(1=p)"" ze{0,..,v}

(v —x)
and at © =0, L(0;v) = (1 — p)”. Hence
(0) = argmax,en(1 — p)” =1,

where the latter equality holds, since v — (1 — p)¥ is a decreasing function.

(4) Calculate ©(1), if p is known and p = 1 — e~ = 0.6321...
How your answer generalizes to the case of p=1—e7¢, ¢ € {1,2,...}?
Top=1—e1¢ ¢ {1,2,..} ? To any p € (0,1)?

Solution

(1) = argmax, ¢y log L(1;v) = argmax, ey log (vp(1 — p)* ') =
argmax,,cy (logv + logp + (v — 1) log(1 — p)) =: argmax,cnP(v).
The function ¢(u) is well defined for allu > 1 (and not just for integer arguments) and
#(u) = 1/u+log(1 ~ p),
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which vanishes at u* = —1/log(1 — p). Moreover, since ¢"(u) = —1/u?> < 0, ¢(u)
attains its local mazximum at u*. As lim, o ¢(u) = —o0, the global mazimum over
€ [1,00) is attained at max (1,u*).
Note that

varel) < g, o)

since the maximum in the right hand side is taken over a larger set. Forp=1—e !,

uw* =1 is an integer and the latter inequality is attained, i.e.
7(1) = argmax, cnyP(v) = argmaxue[l’oo)d)(u) =1.

Similarly, for p=1—e~* with £ € N, u* = 1/¢ and hence »(1) = max(1,1/¢) = 1. For
p=1—eY 1>1 we get u* = ¢.
In the general case, p € (0,1)

o1 :{max<1 L)), logL(L; [u)) > L(1; [u'])
max(1, [u*]), if log L(1;|u*]) < L(1;[u*])’

where |u*| denotes the greatest integer less than or equal to u* and [u*] denotes the
smallest integer greater or equal to u™*.

(5) Explain why the model does not belong to the exponential family, if v is unknown

Solution

If v is unknown, the support of the Binomial p.m.f. depends on the parameter and
hence doesn’t fit the exponential family form.

(6) Show that if both p and v are unknown, X is a complete statistic.

Solution

Suppose E;, ,g(X) =0 for all p € (0,1) and v € N, i.e.

Epvg(X Zg () —p) =
Zg ()(15 )izo, pe(0,1), veN.

Since for p € (0,1), the function p/(1 — p) takes values in (0,00), the latter implies®®
that g(i) = 0 for all i € N and hence X is complete.

36recall that a polynomial equals to zero on an open interval if and only if all its coefficients are zeros
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(7) Find the UMVUE for pv, if both p and v are unknown.

Solution

X is an unbiased estimator of pv and X is a sufficient and complete statistic, hence
by the L-S theorem X is UMVUE for pv.
(8) Is X a complete statistic, if v is unknown and p is known and equals 1/27?

v
]

Hint: recall (1 -1)" =37, ( > (=1)" = 0 for any v € N.

Solution

Consider the statistic g(X) = (—1)%.
E,0(x) = (12" g () = (/27 =1y (¥) =
9 >at0 (1) =2 S ()

(1/2y (-1 (Z) = (1/2)*(1 -1 =0, YveN.

=0

<.

f. 2010/2011 (B) 52303
Problem 1.[Neyman-Scott] (see in 2010/2011 (A) 52314 below)
Problem 2.
Let X = (X4, ..., X;,) be a sample from the probability density
f(:0) = p(z) + (1 —p)p(z —p), =z €R,

where ¥ (z) = %e_m is the density of Laplace (two-sided exponential) r.v., > 0 is a known
constant and p € [0, 1] is the unknown parameter.

(1) Is the model identifiable ? Would the model be identifiable if both p and p were
unknown ?

Solution

If u is known, the model is identifiable: e.g. E, X1 = (1 — p)u is a one-to-one
function of p (recall that p # 0). The model is not identifiable if both p and u are
unknown: if p =1, the density doesn’t depend on p.
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Answer the previous question, when p € (0,1).

Solution

If v is known, then the model is still identifiable as before. However, if both p € (0, 1)
and p > 0 are unknown, the model remains identifiable. To see this, consider for
example the first and the second moments of Xy:

mi(p, p) :=EX; = (1 —p)u
i
ma(p,p) ==EX{ £ 2p+ (1 —p)(p® +2) =2+ (1 — p)p?,

where in T, we used the expressions

<51 . o .
/ w2el7ldy = / 22 %dr = 2.
—00 2 0

If p € (0,1), then the function (p,u) — (ml(p, u)./mQ(p,u)) is one-to-one with the

mverse:
mi

1—
p — mo — 2
) m2—2

m1

Find the MLE of p on the basis of one sample X7

Solution
The likelihood L1(X;p) = py(X1) + (1 — p)yp(X1 — p) is a linear function of p and
is mazimized at an endpoint of the interval [0,1]. Hence

P(X1) = Ly(xy)>px—m} = Lxa<ixi—ut = Lxi<p/2}-

Using the first moment of X, suggest a sequence of unbiased consistent estimators of
p

Solution

Note E, X1 = (1 —p)u, and the method of moments gives pn(X) = 1— X,,/u. Since

_ P
by the LLN, X,, =5 (1 — p)u, the sequence of estimators (py) is consistent.

Find the asymptotic error distribution and the corresponding rate for the sequence of
estimators from the previous question. What happens to the asymptotic variance when
w is close to zero 7 When p is very large 7 Explain.
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Solution
We have
vary(X1) = B X7 — (B, X1)% = 2p+ (1 = p)(i® +2) — (1 = p)°pi® = 2+ p(1 — p)pi?
and by the CLT

vn(l = Xn/p—p) = iﬁ((l —p)p— Xn) <,

1 2
N (0, 9(2 +p(1 —p)u2)> =N (0, 2 +p(1 —p)>
Note that X1 = &1Z1 + (1 — &)(Z1 + ), where & ~ Ber(p) and Z, ~ Lap(l) are
independent. If p is large, it is easy to guess &’s and hence the variance of the error

is as if we observe the &;’s directly. When p is large, the observations are not very
informative and hence the observation variance is large.

(6) Prove that the statistic
TX) = (1] = X0 = o [ Xl = X = i)

is sufficient and that it is strictly coarser than the whole sample (X7, ..., X,,).

Solution

The likelihood is
£0:p) =TT (o) + (1= 90X = ) =TT (e ™+ (1= p) e ¥om) =

=1 1

(]
TeXil (L 1 ) LXKl — o= S TT (o) o (1 ) Lelil— X
[Te ™ (py+ 1 =p)5e = [1(pg+0-p)5e :
i=1 =1

3

-
Il

By the F-N factorization theorem T(X) is sufficient. T(X) is strictly coarser than X,
since the function:

H T
[Z| =z —pl=q22—pn 0<z<p
—u xz <0

is not one-to-one on the range of X1 (why ?)

(7) Are your estimators in (4) UMVUE ? Are they admissible 7

Solution



250 EXAMS/SOLUTIONS

Note that

n

E,(X,|T(X)) = ! > B, (XT(X)) = %ZE,,(XL»HXA —1Xi — ul).
=1

n 4
i=1

Since | X;| — | X; — p| is strictly coarser than X;,
Ep (X3 | Xs] — 1Xi — ul) # X

with positive probability®” and hence by R-B theorem, conditioning Pn(X) on the suffi-
cient statistic T(X) from (6) yields an estimator with strictly better risk. Consequently
Pr 18 not UMVUE and s inadmissible.

Appendix
The conditional expectation E,(X;|T1), where T1 = | X;|— | X1 — |, is not hard to calculate:
Ep(X111x,<0})
P,(X; <0) ’
(Ty + ), —u<Ti<p

p(Xll{X1>u})
Pp(X1 > p)

T1<—u

Ep(X1]T1) =

ol =

T >p

and

Ep(Xll{Xlgo}) B %ff a:(pef +(1 —p)e$+u>dx fOOO re®dr

Py(X, <0) 1 Lo <pem p)eaﬁ—u)dx [0 erda

and, similarly,

_ -+ © -z _ _
Ey(Xi1ix) 2 he o(pet + (- ple)do e metde et
IPJP(XVl > ,u) 1 f <p€—a: + 1 _ ) —x—i—u) dr f:o e Zdx ek
By the R-B theorem, the estimator
_ 11 ¢ 1
Pa(X)=1=22 DO mnsn — Lma<n + 5 (T + 1) Lz cx)el- )
i=1

is an unbiased estimator of p with the better MSE risk than 1 — X,,/p.

g. 2010/2011 (A) 52314
Problem 1.[Neyman-Scott>¥]

37see the Appendix, if you are curious what the improved estimator look like

38this classical example in asymptotic statistics shows that in the presence of high-dimensional nuisance
parameter u, the MLE may be inconsistent
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Let &1,y &ny M1y ooy My be 1.1.d. N(0,1) random variables and set
X’L:M’L—i_a&v i=1,..,n
Yi=pi +on;

where p = (1, ..., tn) € R" and o € R, are unknown parameters. It is required to estimate o2,
given the data (X1,Y1), ..., (Xn,Y,). The vector p is regarded as nuisance parameter.

(1) Find the likelihood function for this model.

Solution

By independence,

n
1 1wy — pa)? + (yi — pa)?
L(z,yipm0®) =] 5 2eXp{ ( S+ -

h < 1 >nexp{—;i(mi_my;(%_”i)?}

2 o2

o

2mo?

with z,y € R™ and 0 = (1,0%) €O =R" x R,..

(2) Find the MLE of (u,0?)

Solution

Using the the elementary formula a® + b* = %(a —b)% + %(a +b)?2, we get

n n N2 e
L(X,Y;M,02)< 12> eXp{—;Z(XZ Mz) O-—g(Y; Mz) }

2o -
i=1

< 1 )“ { 1 & ;(Xi—m2+;(m+xi—2m)2}
exp{ —= E .
2 o?

2702 ;
=1

The latter is mazimized by the choice fi; = (X; +Y;)/2 and 62 = 113" (X, — V).

(3) Are MLE’s of u;’s biased ? Is MLE of o2 biased ?

Solution

E, o2 fli = i, i-e. the MLE’s of p;’s are unbiased. However, E, ,»(X; — Y;)? = 202

and hence
1

) 2
E/Mﬂan = 50 ,
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i.e. the MLE of o2 is biased.

(4) Are MLE’s of u;’s consistent ? Is MLE of o2 consistent ?

Solution

The MLE’s of 1;’s depend only on two random variables and hence are trivially not
consistent. Note that X; — Y; ~ N(0,202) are i.i.d. and hence by the LLN

1
Ta(X,Y) 555 Do
in probability, i.e MLE of o? is not consistent either.

(5) Find the minimal sufficient statistic.

Solution

n 1 n 1 n 1 n
> exp{—%z ($?+yi2)+CTQZNi($i+yi)_O_QZN?}
i=1

e,y 1, 0%) (
i=1 =1

2mo?

and by the F-N factorization theorem, the statistic

n
T(X7Y) = (T17"'7Tn7Tn+1) = (Xl +YVD >Xn +YH7Z(XZQ +Y;2))

i=1

is sufficient. Further, for (z,y) and (Z,7y) in R™ x R",

L(x,y; i, 0%) 1 L 1 ¢ o
WZGXP —M(TnJrl(ﬂUay)_TnH(x,y))+(72;Ni(ﬂ($7y)_ﬂ($7y)> .

The latter is not a function of (u,0?) only if T(x,y) = T(%,7). Hence T(X,Y) is
minimal sufficient.

(6) Is the minimal sufficient statistic complete ?

Solution
The likelihood belongs to the (n + 1)-parameter exponential family with

2y (M1 Hn 1
c(p,0%) = (02""7027_%12> .

The range of c(u,d?) is R™ x R_, which is obviously not empty. Hence T(X,Y) is a
complete statistic.
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(7) Find the UMVUE of ¢? and calculate its MSE risk

Solution

The statistic (a modification of MLE)

n

1 -1
F(XY) ==Y (X - V)
i (X,Y) 7%:12( )

is an unbiased estimator of o2. Since

% D (K=Y =3 (X +YP) - % > (Xi+ Y7,

3 K3

7%(X,Y) is a function of the complete sufficient statistic and hence by the L-S theorem
it is UMVUE. Note that & := (X; — Y;)/V/2 ~ N(0,02) and the MSE risk is

n

2
R<0'275'2):Var((}Q):]E(iz;(Xi_}/’i)Q_OQ) _
=1
n 2
E (i 2 Uz)) = LB~ 0% = (3677 -2+ (02)) = (o)

i=1

(8) Find the C-R lower bound for MSE risk of unbiased estimators of o2, assuming that
w;’s are known. Is it attained by the estimator from the previous question?

Solution

1~ (i — pi)? i — 1i)°
logL(w,y;az):—n10g27r—n10g02—§ (i = pu) -5-2(111 ta)
o
i=1
and hence
11
L2y )2 — )2
ﬁ IOgL(X7Y70 ) - _nﬁ 5 (0_2)2 ; ((XL ,U'L> + (K ,U‘L) )
and
i log L(X,Y;0%) =n L NN ((X —)? + (Vi — ~)2)
(80—2)2 g ’ b - (0_2)2 (0_2)3 — (2 IU’Z 7 lu’l .
The Fisher information is then
2 1 1
I,(0%) = —EUQL log L(X,Y;0%) = —n o n22 = —

(902)? (02 " (0?)? (02)?
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The bound is not attained, which shall be expected, since if p;’s are unknown, the
problem of estimating o is harder (and, of course, the model is different).

Problem 2. An electronic device monitors the radiation activity, by counting the number
of particles, emitted by a source. The outputs of the device at consecutive time units i = 1,...,n
are independent random variables X7, ..., X,, with Poisson distribution X; ~ Poi(1 + JA;), where
Ai > 0 is the unknown intensity of the source at time ¢ (and 1 models the known radiation of
the background).

(1) Find the UMP test statistic for the problem

Hy: \1=..=X,=0
H:\M=..=X\,>0
Solution
The problem can be rephrased as testing Hy : X1, ..., X, e Poi(1) against H; :
ii.d.

X1, ..., X, ~" Poi(l + 1), where r > 0. The likelihood of the model is:
< — T (]‘ J’» T)XL —n T n X
L(zir) =]]e (+ )7&! =e ") (14 1) Xn/HXi!
i=1 i
and the likelihood ratio
L(X 7'1) _ _ 1+r nXn
R(X: — ? — n(ri—ro)
( 7T17T0) L(X,TO) € <1+7,0>

is a strictly increasing function of the statistic X,, for 11 > ro. Hence by K-R theorem
the likelihood ratio test is UMP. The test statistic is given by

L(X;r)
L(X;0)

and hence the UMP test rejects Hy if and only if { X, > c}, where c is the critical value
to be chosen to meet the size requirement.

— G—TLT (1 _|_ T,)TLXn

For which values of the size «, an exact critical value can be found for the UMP test ?

Solution

Recall that under Hy, S(X) = nX, has Poi(n) distribution, hence c is the smallest
integer satisfying Po(X,, > ¢) = «, or
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which can be evaluated numerically.

(3) Use the CLT to approximate the critical value of the UMP test.

Solution

Write ¢, to emphasize the dependence of the critical value on n, then
Po(Xn > ¢n) =Po (Vn(Xn — 1) > Vn(e, — 1)).
Now if we choose ¢, := 1+ z/\/n with z € R, then

lim ]P’o()_(n > cn) =1—-d(2),

n—oo

and hence z .= ®~Y(1 — «) yields the test with critical value ¢, =1+ ® 11— a)/\/n,
whose size 1s approrimately o.

(4) TIs the test with approximate critical value found in (3) consistent3°?

Hint: you may find the LLN useful.

Solution
The power function of the approzimate UMP test is
Tn(r) = P, (X >1401(1— a)/\/ﬁ) -
]P’T(X'n —1l—r>—r+o11- a)/ﬁ) % }P’T<Xn —1—r> —7‘/2) >
n—00

Pr(|an1fr| 9«/2) - 1—IP’T(\Xn—1—r| >7’/2> noee

where the inequality T holds for all sufficiently large n (think why) and the convergence
holds, since X,, — 1+ r in P.-probability.

(5) Find the GLRT statistic for the problem in (1). Does the GLRT coincide with UMP
test ?

Solution

39, sequence of tests (65) is consistent, if the corresponding power functions 7, (0) := E¢d, satisfy:

limm,(0) =1, VO € 0O;.
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Under Hy, the log-likelihood

log L(X;7) = —n(1+7) +nX, log(l +r) — logHX'

is a continuous function of r on [0,00). Taking the derivative and equating the result
to zero we get the extremum:

1 _
—n+nX,— =0 = r*=X,-1,
1+r
which is a local mazimum (the second derivative is negative). Since lim, o log L(X;r) =
—o0 and lim,_,_1 log L(X;7) = 00, r* is a global mazimum on (—1,00) and hence the
MLE of r is*

T (X) = (X'n — 1)+.
Hence the GLRT statistic is

sup,~q L(X;7) _ R o

An X) = —n(147p)+n 1 An nXy __

1 X, <1
e—n(Xn—l)(Xn)an X > 1

Let o(z) = e =D (2)"* and note that (logp(x)) = (—nz + n + nzxlogz) =
—n+n(logx+1) =nlogz > 0 forx > 1. Since (logp(x)) = ¢'/p(z) and p(x) > 0 for
x > 1, it follows that x — p(x) is strictly increasing on (1,00). It can be shown that
the median of the Poisson distribution with mean n > 1 is greater than n and hence
for a < 1/2, the critical value of the UMP test is greater than 1, i.e it accepts Hy if
X, < 1. Since the GLRT also accepts Hy for X, < 1 and the GLRT statistic is strictly
increasing in X, for X, > 1, the GLRT coincides with the UMP test.

(6) Find the GLRT statistic for the problem

Hy: M\ =..=\, =0,
H :M+...+X >0

Solution

The log-likelihood under Hy is

n

log L(X: Aty oo Aa) = > ( (14 N) + Xilog(1 4+ \) — logXi!),
=1

40 +

we use the notation z™ = max(z, 0)
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which is mazimized over R’y by \; := (X; — 1)*. Hence the GLRT statistic is

SUPA, 4 a0 LG AL o An) e "D (1 4 (X - 1))
L(X;0) e

(7) It is known that the radiation jumped from 0 to the known level » > 0 at the unknown
time v € {1,...,n}:
M=.=Aa0=0, A==\ =
Assuming uniform prior on v, find the Bayes estimator #(X) with respect to the loss
function £(k,m) = 1fptm)-

Solution

v € {l,...,n} is the only unknown parameter in this problem and the corresponding
likelihood is

v—1

[P (14 7)%X _
N 1 (147) 1
L(Xﬂ/).—ll(i ] e ] —|| '” "1+ )%

i=1 i=v i=1
where H?:1 () = 1 is understood. Recall that the Bayes estimator for this loss
function is the posterior mode:
LX;Om(6) 1 L(X;0)
o > j=1 L(X;5)7(4) - Rl Zj:l L(X:7)
argmaxyec (1, o) L(X;€) = argmaxycqy ) log L(X; ()

D(X) = argmaxgcqy

where the equality T holds, since the posterior m is uniform over {1,...,n}, i.e. w(i) =
1/n. Hence

n
v(X) =argmaxyc(y ) log L(X;¢) = argmaxyc(q,  n} logHe_r(l + )% =
=L

argmaxyc (i, . n} Z (XZ- log(1+7) — 7").

h. 2011/2012 (A) 52314

Problem 1. (variations on the regression theme)
Consider the problem of estimating the unknown parameter 6 € R from the sample (X1, Y7),
o (X0, Yn), n > 3 where
Yi=Xi0+¢e, i=1,..,n
where covariates X;’s and the noise ;’s are i.i.d. random variables with N (0, 1) distribution.
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(1) Show that the likelihood function is given by

1\n 1 1
LOXY30) = (52) exp (= 5 D X7 = 5 D (V- 0X)%).
i i
Solution
For any y € R,
Po(Y1 < y|X1) =Py(er <y —0X1]X1) = @(y — 0X1),

where ® is the standard Gaussian c.d.f. This means that Y1 is conditionally Gaussian
given X1 with mean X1 and unit variance. Hence

Frans (9) = Fp, 3 0) s 0) = o e (= 5y — 00)* = 24%)

and the claimed expression follows by the i.i.d. assumption.

(2) Find the minimal sufficient statistic for this model.

Solution
We have
L(X,Y;0) = (%) exp ( . % S X2y 0> XY - %92 ng)

and by the factorization theorem the statistic
T(XY) = (3 X7 Y x?)
i i

is sufficient. Further, for x,y,2',y' € R" and 6 € R,

L(z,y;0 1 1
log B0 IS ) 4y SR )

L(z',y';0)
oS~ S wlal) - 502 (w2 - ),

7

i [

The latter does not depend on 0, only if T(x,y) = T(2',y"), which implies minimality
of T.

(3) Find the MLE of 6.

Solution
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the log-likelihood function is a parabola in 6 with the unique maximum at

) > XiYi

(4) Is the MLE unbiased ?
Solution
The MLE is unbiased
Xi(GXi + 5@')
> X7

Ei XiEg(Ei‘Xl, ceuy Xn)
> X7

Egf(X,Y) = Ey 2i =0+Eg = 0.

(5) Is the statistic found in (2) complete ?

Solution

For the function g(t) =ty —n, t = (t1,t2) € R? we have
Eog(T(X,Y)) =By » X7 -n=0, VOER,
i

while Py (g(T(X, Y)) = 0) = 0. Hence the statistic is not complete.

(6) Find the Cramer-Rao bound for the MSE risk of the unbiased estimators of 6.
Solution

The Fisher information for this problem is

2 n
1,(0) = f% log L(X,Y:0) =By " X2 =,
=1

and hence )
Eg(A(X,Y)—0)2>1/n, V0eER,

for any unbiased estimator 6.

(7) Is the MLE from (2) efficient for n ?

Hint: for ¢ ~ x2 and n > 3, IE% = ﬁ

Solution
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Since & =31 | X2 ~ X2,

~ ZiXiEi 2 1 2
RO.0) =B ( S5 ) =Eo (5550 > ) XX Eg(eies| X1, ., Xn) =
K3 K K K3 Z ]

. < 1 >QZX2 g 1
0 —_— ; fr— 0 fr— .
> X7 - X7 n—2

Hence the MLE is not efficient for any n, but the sequence of MLFEs is asymptotically
efficient as n — oo (in agreement with the general asymptotic results on MLEs).

(8) Is the estimator §(X,Y) = L3~ | X;Y; unbiased ? efficient ? Do the risk of 0 and the
risk of MLE compare ? Is it improvable through the R-B procedure ?

Solution

We have
I
Epl = — EqX;(X;0 i) =20,
0 nz 0 Xi(Xi0 + ;)

=1
i.e. 0 is unbiased. It’s risk is given by

n

n 2
R(0,0) = Eq (1 SO(XP-1)0+ % ZIX5> . (92159()(3 12y 1) - %(202 + 1).

n < n
=1

Hence 0 is not efficient, either for a fized n or asymptotically. It’s risk is not comparable
with the risk of the MLE. The R-B procedure does not change the estimator and hence
doesn’t yield an improvement.

(9) Argue that if the UMVUE exists for this problem it has to be efficient (i.e. to attain
the C-R bound).

Hint: Consider the estimators of the form
1< 1< )
ﬁzxm - EZGO(Xi -1)
=1 =1
for various values of 6.
Solution

Note that for any 0y, the estimator

1 — 1 —
0==Y X;V;i— =) 6p(X?-1
n; n; 0(X5 )
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18 unbiased. Its risk is given by

n

R(6,6) = Ey (12()(2—1 6— 60) + ZX&) :%(2(9—60)2+1>.

=1

Suppose the UMVUE 6 exists, then
R(eo 9 ) < R(@U, ) = 1/n

Since 0y was arbitrary, the claim follows.

Problem 2.

Consider the problem of detection of a sparse signal in noise. More precisely, we sample

independent random variables X = (Xy,..., X,,) with X; ~ N(6;,1) and would like to test the
hypotheses

H():GZO
Hi:0€ 0,

where O is a subset of R™ \ {0} with a particular structure, specified below.

(1) Let e; be a vector with 1 at the i-th entry and zeros at all others and assume that

@1 = {61, veey en}.

Find the level a test which rejects Hy if and only if {X,, > ¢}, and find its power
function. Does the power function converge as n — oo and if yes, find the limit?
Explain the result.

Solution

This is the standard calculation:
a = PO<X7L >c)= PO(\/ﬁXn > \/EC) =1- (I)(\/EC)
which yields ¢, = ﬁ@_l(l — ). The power function is
(ei;0) = Pe,(X > ca) = Pei(\/ﬁ(j(n —1/n) > vn(ea — 1/”)) =
—1-0(Valca = 1/n)) = 1= ®(e71(1 = a)  1/v/n))

which does not depend on the alternative. Note that lim,, w(e1,d) = o, which should be

expected, since for large n the zero signal and the signal with just one unit entry are
hard to distinguish.

(2) Find the level @ GLRT for the problem from (1) and calculate its power function. Does
the power function converge as n — oo 7 If yes, find the limit. Explain the result.
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Solution

The GLRT statistic is

1 1
AX) = Supgee, L(X;0) : max;<n €Xp ( — 3 D Xo — 5(Xi— 1)2>
L(X:0) exp (=301 X2)

1 9, Loy 1y 1
r&a;cexp(—i(Xz—l) +§XZ> = maxexp <XZ 5) —exp(mzaxXZ 5)

and hence GLRT rejects Hy on the event {max; X; > c}. Further,
]P’o(maxXi > c) =1 —Po(maXXi < c) =1—-9"c) = q,
3 3

which gives co, = ®~1({/1 — a). Using the symmetry of the test statistic,
m(e;;0) =P, (max X; > ¢o) =1 —P¢, (max (Xl,maiKXj) < ca> =
J 7>

1—®(ca — 1)(I)n_1(ca) =1- (b((l)_l(M) — 1)(1 — a)l_l/”‘

Once again lim,, w(e;;6*) = a.

(3) Is either of the tests in (1) and (2) UMP ?

Solution

Suppose §*(X) = {max; X; > co} is UMP and let 6(X) be the N-P test for the

problem
H() N 9 =0
h— (1)
H1 10 = €1
Note that 0 is still a legitimate level o test in the composite problem of (2). Since 0*
is UMP

Ee, 6" (X) > E., 6(X).
But then by the converse of N-P lemma, 6*(X) and 6(X) coincide off the event {§(X) =
ca}- The N-P test for (1) rejects Hy on the event {X1 > ¢l } and hence differs from §*

with positive probability (why?). The obtained contradiction shows that 6* is not UMP.
Similarly, the test from (1) is not UMP.

(4) Consider the alternative subspace

01 ={0er": zn: L0y = 1},
=1

i.e. all vectors with only one nonzero entry. Find the level « GLRT and its power
function (leave your answer in terms of appropriate c.d.f)
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Solution

The GLRT statistic is

supgeo, L(X;0) 1
log A(X) = log E(;(O) —r;lé’ﬁ(m?x(— §(XL' —a)Q—&-X??) —
1 1
max (a max X; — —QQ) = — max X?
acR i 2 2

and GLRT rejects Hy one the event {max; XZ2 > c}. The critical value ¢, and the
power function of the level «v test are those found in (2), with ® replaced by the c.d.f.
U of x? distribution.

(5) Consider the alternative subspace
O1={0 € R": 0, € (0,11, Y 0 <1},
m=1

where p is a fixed integer. In words, © is the set of binary vectors with no more than
p nonzero entries. Find the GLRT test statistic in this case.

Solution

The GLRT statistic is

Suppeo, L(X;0) ( 9 >
log A(X) =1 - X_, -1 x2) =
() = 1og PO D) (S IS e LD
m&[ mEI m=1
max Y (X,, —1/2) —max(Zme\I]/Q)
[l<p mel l<p mel

i. 2012/2013 (A) 52314
Problem 1. (German tank problem)

The enemy has produced an unknown amount of tanks N € {1,2,...}. According to the
intelligence, all the tanks are numbered from 1 to N. Our goal is to estimate N, given the serial
numbers of k tanks, spotted in the battlefield. Let X = (X7, ..., Xx) be the list of the observed

serial numbers in the increasing order.

(1) Construct the statistical model for the obtained data and find the corresponding likeli-
hood function, assuming that any k serial numbers out of IV could have been observed
with equal probability.

Solution
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There are N ways to choose k serial numbers out of N. Since the list of the k

k
numbers is ordered, the likelihood function is
1
L(X, N) = Pn(Xl =, 7Xk; = xk) = (]\71{561<---<$k§N}’ x; € {]., ceey N}
‘)

where the unknown parameter N takes its values in the natural numbers N.

Find the MLE of N
Solution

For a fixed value of M(z), the function L(z; N) vanishes for N < M (z) and de-
creases in N for N > M(z). Hence the MLE of N is N = M(X) = X, i.e. the

maximal serial number among those observed.

Find the minimal sufficient statistic.

Solution
Note that 1
L(x; N) = <]Vl{xl<...<ock}1{kaN}
;)

and by the F-N factorization theorem, the statistic M (x) = max; x; = xj, is sufficient.
Further, let x and y be two k-tuples of ordered distinct integers, such that M (x) #
M (y). Then the ratio

L(z;N) _ Lnu@s<ny
Lly; N) L)<y
is a nonconstant function of N and hence M (z) is minimal sufficient.

Prove that the p.m.f. of M(X) = max; X; = X}, is

Py(M(X)=j) = @ j=k, .., N.

(1)

Clearly, if k serial numbers are observed, the maximal one cannot be less than k£ and
hence Pn(M(X) = j) =0 for j < k. For j > k, the event {M (X ) = j} is comprised of
k-tuples of serial numbers, containing the integer j and any k£ — 1 of the j — 1 integers,

Solution

smaller than j. There are <‘]Z: : i) such numbers and the claimed formula follows.
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(5) Prove that M (X) is a complete statistic
Solution

Let g be a real valued function on {k, ..., N}. Then

7 —1
Voo k-1
Eng(M) = Zg(y)T, N > k.
()
We shall argue that Exg(M) = 0 for all N > k implies g(i) = 0 for all ¢ > k. To this
end, suppose that g(i) = 0 for all i = k, ..., n, then

n
k—1
n+1
k
and E,19(M) = 0 implies g(n + 1) = 0, i.e. g(i) =0 for all ¢ = 1,...,n + 1. Since

fi
Erg(M) = g(k), it follows that Exg(M) = 0 implies g(k) = 0 and the claim holds by
induction.

EnJrlg(M) = g(n + 1)

(6) Find the UMVUE of N
Hint: you may find useful the combinatorial identity
N
J\y _ (N+1
S0)-() v
j=k

Solution

Let’s first see where the hinted combinatorial identity comes from. Summing up

over the p.m.f. of M we get
j—1
(i)

= ()

Replacing k with £ + 1 and N with N + 1 we obtain
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which is the claimed identity. Hence

J*l) _

)

ExM (X

k ik (N+1\ kN -k)WE(N+1! k
<N) jzkk!(j—k)! B <N> <k:+1> ~ Nl(k+ DN —k)! =Wl
k k

Hence the estimator
N=MX)(1+1/k) -1
is unbiased and, since M is complete, it is the UMVUE.

(7) A calculation shows that
kB
(k+1)2(k+2)

Are the estimator M (X) and the UMVUE comparable for £ > 2 7 Is any of these
estimators inadmissible ?

vary (M (X)) = (N—k)(N+1), 1<k<N.

Solution

The formula for vary (M) is obtained by calculations, similar to those in the previous
question. The risk of the UMVUE is

R(N,N) = vary(N) = vary (M) (1 + 1/k)?,
while the risk of M (X) is
R(M, N) = vary(M) + (ExM)?.
Hence for all N and &

R(M,N) [ k \? ExM)*\
R(N7N) N <1+k) <1+VarN(]V[)> B

() 1+ 23 (Y

For k > 2, the right hand side is greater than 1 for all N and hence the MLE M (X) is
uniformly inferior to UMVUE. In particular, MLE is inadmissible.

Problem 2.

It is required to test whether the blood pressure of the patients depends on the deviation
of their weight from the nominal value. To this end, n patients are examined and their blood
pressures and weight deviations are recorded. The blood pressure of the i-th patient is assumed
to satisfy the linear regression model

Y; =ax; + b+ ¢,
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where ¢;’s are i.i.d. N(0,1) random variables, z; is the (non-random) measured weight deviation
of the i-th patient and a and b are parameters. Under these assumptions, the lack of dependence
corresponds to the value a = 0.

(1) Assuming that b is known and = # 0, find the most powerful test of size a for the
problem:

Hy:a=0

Hi:a=a,
where a; > 0 is a known number. Calculate the corresponding power.
Solution

By N-P lemma the likelihood ratio test is the most powerful. The likelihood function
in this problem is

L(Y;a,b) = (27T1>n/2 exp (—; Z(Y; —aw; — b)2>

i=1
and hence the LRT statistic for the problem at hand is

L(Y;a1,b) 1 — y 1 )
kel et 2 N Wi —arz =02+ (Vb)) =
LOV-0.5) exp ( 2;( a1 )+ 2;( )
1 n n 1 n
exp <2 Z_; arz;(2Y; — 2b — alxi)> = exp <a1 Z;xL(YZ -b) — 5 2@%1?) .

Hence the LRT test rejects Hy if and only if (x,Y — b)/||z|| > c¢. Note that under Py,

n

(@, Y = 0)/||lz]| =D wies/||lz] ~ N(0,1)

i=1

and hence
Po((z,Y = b)/||z]| > ¢) =1 — ®(c).
Equating this expression to a and solving for ¢ gives
Ca =071 —a).

To recap the most powerful a-level test rejects Hy if and only if

The power of this test is given by
Py((@,Y = B)/lle] = ca) = Pi((z, a1z + &)/ ll2] = ca) =
Py ((@,2)/llzl] > ca — arlle]) =1 - @(@7}(1 - a) — ar]ja]))
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(2) Again assuming that b is known, find the UMP test for the problem of deciding whether
the dependence is negative or positive, i.e.

Hy:a<0
leazo.

Solution

By the K-R theorem, the LRT test from the previous question is UMP for this
problem, since the likelihood functions corresponds to the 1-exponential family.

(3) Assuming that both a and b are unknown and that not all x;’s are equal, find the GLRT
statistic for the problem of testing the dependence

H():CLZO
lea;réO

Solution

The MLE of b under Hp is by = Y and

n nl _ n n
sup log L(Y:;: 0) = —— log(27) — —— YZ-—Y2::——1 2m) — —var(Y
sup log (Y30) = —5 log(2m) — 5~ E@ ( ) 5 log(2m) — Svar(Y)

Under Hip, the MLE’s of a and b are the familiar regression coefficients

and, assuming var(z) > 0,

AN -V@i-a) @)
U Iwmar a(e)

Hence

sup log L(Y;0) = — ~log(27) — = | vax(Y) —
USSH 2 2

v (z, Y))

var(x)

Consequently, the GLRT statistic is given by

I A A )

v _ wY)\ | z,Y
o8 A(Y) = —3 (Var<Y) - COV(”) N vy = L@ Y)

and Hy is rejected if and only if
[cov(z, Y]

var(z)

> c.
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(4) Find the critical value of level @ GLRT test.

Solution
Under Hy,
1 — 1
cov(z,Y)=—-» (Yi=Y)(x;i—7) =~ i —&)(wi — ).
(e, V) = S (Vi = V)i~ ) = = 3 (ei — &)z — 7)

i i

Let & := ¢; — € and note that

1—1/n, i=j
E&:&5 = { / . ] =4 —1/n

*1/71, t 7é J
Hence
2
E(E:@r—amr—@> :E:E:E&Qﬁh—fﬂw—f):
}:E:QU—LWX%—fX%—ﬂﬂ:
S =3 S i )Y — 7) = n(e)
i i J
and
cov(z,Y) N 1 i
Wl Afoxn>. (0i1)
Consequently,
]PO ( C/évv(/;.’(i/)) 2 C) :]P)O <\/ﬁ &)m 2 \/ﬁC) - 2@(-\/&0),

and ¢, = —ﬁ@fl(a/Q).

(5) A sequence of tests is said to be consistent if their powers converge to 1 as n — oo at all
alternatives. Derive the sufficient and necessary condition on the sequence (x;) under
which the corresponding sequence of tests from the previous question is consistent.

Solution

Note that for a # 0 and b € R,

cov(z,Y) = %Z(Lz -Z)(Y;-Y) =
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where Z ~ N(0,1). Hence the power of GLRT is given by
Pus ( > ca> =P, (‘\/ﬁa«/@(aj) + Z‘ > -07'(a/2)) =
1Py (‘\/ﬁa\/\ﬁi\r(x) + Z‘ < —qu(a/z)) miNE

where the convergence holds if and only if nvar(z) — oo as n — oc.

cov(z,Y)

var(zr)

Show that if all x;’s are equal to a nonzero constant, no consistent sequence of tests
exists for the problem from (3).

Solution
Suppose 9, is a consistent sequence of level « tests, i.e.
Eyd, <a, Vn>1

and x; = x for all i’s. Let (a*,b*) be such that b* = —az*, e.g., a* =1 and b* = —z,
then Pg«p« = Pop and hence the power satisfies Eq« 4+6, < o for all n > 1, which
contradicts consistency.

Answer the questions (3) and (4), assuming that the covariates X;’s are i.i.d. r.v. with
density f, independent of ¢;’s.

Solution
The log-likelihood in this case is
n 1 5  —
log L(Y, X;6) = — log(27) — 5 D (¥i—a—bX:)?+) log f(X;)

i i=1
Since X;’s have density, var(X) > 0 with probability one and hence the GLRT statistic
doesn’t change. Further, under Hy,

OVX,Y) _ @v(X,e)
Jaar(X)  J~ar(Xx)

Since g;’s and X;’s are independent,

E exp it% = EE ( exp itM ‘Xh e X | =exp (_> ’
var(X) V/var(X) 2n

where the last equality follows from (0il). Hence

var(X) n

and the critical value remains the same as in the previous question.
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Problem 1. (Fisher’s Nile problem??!)

Let X = (X1,...,X,) and Y = (Y7,..., ¥,,) be independent samples from Exp(6) and Exp(1/9)
respectively, where 6 € R, is the unknown parameter to be estimated from (X,Y).

(1)

Find the minimal sufficient statistic.
Solution

The likelihood function is

1
l«&Yﬁ>wp(#Z}&—ezjm>,
and (X,,,Y,,) is a sufficient statistic. To check minimality, let (z,y) and (2’,y) be such
that (2, 9) £ (#',), then

Lyi0) o onis— ) — P i
L(z',y; 9) = exp ( 371(1, ') 9 W—v )) )

is a non-constant function of #. Hence the statistic is minimal sufficient.

Is the minimal sufficient statistic complete?
Solution
Note that
Eg X, Y, — 1 =F¢X,EqY, —1=0, VO>0,
while X,,Y;, — 1 is not a constant random variable. Hence the statistic is incomplete.

Apply the R-B lemma to Y7, using the minimal sufficient statistic, to obtain an improved
unbiased estimator of

Hint: avoid complicated calculations
Solution

By independence of X and Y,

Find the C-R bound for the MSE risk of unbiased estimators of 6. Is the estimator,
found in the previous question, efficient?

Solution

HUThe question of existence of the UMVUE for the setting of this question is known as Fisher’s Nile problem
and remains open already for many years (see, however, the recent progress in http://arxiv.org/abs/1302.0924)
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The Fisher information of (X1,Y7) is

1 2 2
- 2 _ _
1(8) := —Egd2 log exp ( 09X, — 51@) = SEoYi =
and hence the variance of any unbiased estimator is greater or equal to
varg(Yy,) = 02%, the estimator Y,, is not efficient.

021
2

o Since

Find the MLE of 6.

Solution

Differentiating the log-likelihood w.r.t. # and equating to zero, we get

0=1/Y,/X,,

which is readily checked to be the only maximum, by inspecting the second derivative.

Is the MLE consistent?

Solution

By the LLN, X, Foy /0 and Y, P4 9 and hence by Slutsky’s lemma and continuity
of the square root, 0, y 0, for all & > 0, i.e., MLE is consistent.

Consider the sequence of estimators

1o 1
==Y+ —).
=3 (Tt )

Is it consistent? Asymptotically normal? If yes, find the asymptotic variance and
compare it to the C-R bound from (4).

Solution

The sequence of estimators is consistent, similarly to (6). Since \/n(X, — 1/6) LN
N(0,1/6?), the A-method applies to g(s) = 1/s and s = 1/6:
1 1 _ d
ﬁ(z - 17/9) = \/ﬁ<g(Xn) - 9(5)) - N<07V(S)>7
with 112 .
2
V(s)=(4'(s)) s = <$—2) s2 = 2= 62.
Since Y,, and X,, are independent, and /n(Y,, — 0) 4N (0,6?), it follows that
. 02
(b, — ) % N(o, 5).
The asymptotic variance coincides with the Fisher information rate, i.e. the estimator
is asymptotically efficient in Fisher’s sense.
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Problem 2.

An integer valued quantity (e.g., the number of emitted particles per second) is measured by
a device, which is suspected to introduce censoring at some level K. More precisely, let 71, ..., Z,
be a sample from Geo(p) distribution with known p € (0,1) and define X; = min(Z;, K + 1),
where K is the unknown censoring level.

Below we shall explore hypothesis testing problems for K, given the censored data X =
(X1,...,Xy). For notational convenience, we shall regard K = oo as a point in the parametric
space N U {oo} and interpret it as no censoring, i.e. Xi,..., X, are i.i.d Geo(p) r.v. under P,.

(1) Show that for K € N the likelihood function is given by the formula

Ln(X;K)=(1- p)S"(X)_npn_C"(X;K)1{Mn(X)§K+1},

where
n
Su(X) =) X;
i=1
M, (X) = max X;
KA
n
Co(X; K) =) ix,—k11)
i=1
Solution
For K < o0
p(1 fp)m_l m=1,...,.K
Pr(X1=m) =< (1-p)&K m=K-+1
0 m>K+1

and hence the likelihood function is given by

n

Ly(X" K) = H (p(l —p) N Mgy + (1— p)Kl{Xi:KJrl})l{XigKJrl}
i=1

n
= Limax; Xi<K+1} H (P(l — ) My ery + (1= p)Xﬁll{Xi:Kﬂ})
i=1

n
= Limax; X;<K+1} H(l —p)Xit (Pl{xigK} + 1{X,;:K+1})
i=1

- 1{111aX7: X1§K+1}(1 - p)zi(Xiil)pZi 1{XiSK}

= 11, (x)<i 11y (1 — p) 5K npn=Cn(X:K)
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(2) Find the most powerful test statistic for the problem of testing for presence of the
known censoring level Kj:

Hy: K =Ky
H1 K =00
Solution
The most powerful test rejects Hy if and only if
{Ln(X"500) 2 eL (X" Ko) | =

—Chn(X;Ko) < 1} _
T c

{Mn(X) >K0+1}U{p_0"(X?K0) %} =
{Mn(X) > Ko+ 1} U {C’n(X;KO) < C'},

where ¢ = logc/logp, i.e., either when the maximum exceeds Ky + 1 or when the
number of censorings is low.

{I{AJN(X)SKO"Fl}p

IN

(3) Using the CLT approximation, find the asymptotic MP test of size a € (0, 1).

Solution

Under Hy, {Mn(X) > Ko+ 1} = () and C,(X; Ko) ~ Bin(p®°,n) and hence
Pry ({Mn(X) > Ko+ 1} U{Cn(X; Ko) < 0’}) =P, (Cn(X;Ko) < c/> =

Py 1 i: Lix,—ko+1} — (1 —p)fo _ % — /(1 —p)Fo
"\ O -pFe(1 - (1-p)Fo) T /(1 —p)Fo(1— (1 —p)Ko)
If we choose
¢ = 07 a)y/n(1 - p)o(1 = (1= p)R0) + n(1 - p),

the level of the test will converge to a as n — oo by the CLT.

(4) Is the obtained test consistent, i.e. does its power converge to 1 as n — oo 7
Solution
The test is consistent:
Poo ({Mn(X) > Ko +1} U {Ca(X;5 Ko) < ¢}) =
1 Poo ({Mo(X) < Ko +13 1 {Cu(X: Ko) > }) >

n—oo

1 —IPOO(MH(X) < Ko+ 1) —1- (IP’OO(Xl < Ko+ 1))” no, .
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(5) Prove that the GLRT for the problem of testing for presence of an unknown censoring

level:

Hy: K <o
HliK:OO

rejects Hy if and only if

{Z Lix,=Ma(x)} < C}
=1

for some critical value ¢ > 0.
Solution

Note that the likelihood L, (X; K) is maximized by the maximizer K of

p’fL—Cn (X;K) 1{M"

(X)<K+1}

over K € N. Clearly, K > M, (X) — 1 and, since C,,(X;K) = 0 for K > M, (X) — 1
and Cp(X;K) > 0 for K = M,(X) — 1, we get K = M, (X) — 1. Consequently, the
GLRT statistic is given by

An(X) = Ly (X;00) -~ 1 _
" maxgen Ln(X;K)  maxgen p~ )1 ) <xpny
pCOn(XMn(X)=1) pZi L, =Mn(x)}

and hence the GLRT rejects Hy if and only if the number of maxima in the sample is
small

n

Z lix=m,(x) =6

=1

where ¢ is the critical value.
Show that for any K € N

K
n—r00 ) ’

1 & P
=~ lxem oy o (1-p
=1

Hint: Find the limit of M,,(X) under Px and figure out how to apply LLN

Solution



276 EXAMS/SOLUTIONS

Under Pg, M, (K) converges to K + 1 and hence %22:1 1{x,—,(x)} essentially

behaves as + S 1{x,—k+1} for large n. More precisely, since M,,(X) < K+1, Px-a.s.

n

1 n
" Z} Lixi=Ma(X)} =

1 — 1 —
n Do L=k L (0)=k1) T - Y LM (O LM () <K 41y =
i=1 1=1

1 @ 1 @
- Z lixi=x+13 + - Z (1{Xi=Mn(X)} - 1{Xi=K+1}) Loy, )<k 41}
=1 =1

The first term converges in Px-probability to (1 — p)¥ by the LLN, while the second
term converges to zero:

1 n
" ) (1{Xi:Mn<X>} - 1{X¢:K+1})1{Mn<X)<K+1}

=1
n n—0o0

PR (Mn(X) < K +1) <2(Pr(X1 < K+1)"=2(1-(1-p")" =0,

Ex <

and the claim follows by Slutsky’s lemma.

(7) It can be shown that for any v > 0,

n—oo

1 & Pos
— > Ly 5o 0
=1

Using this limit and the result of the previous question, suggest a sequence of critical
values ¢, so that the corresponding sequence of GLRT’s significance levels converge to
0 for any fixed null hypothesis and the power converge to 1 as n — oo.

Solution

Take any v € (0,1) and let ¢, = n7, then for any K € N, the significance level
converges to zero:

n 1 n .
Fre (Z Lixi=a 0y = Cn> =Px (n > =m0y <17 1) =

i=1 |
1 < B .
Pr (n Z Lix,—m,xy — (1=p)f <™ —(1 _p)K> oo
1=1

where the convergence holds by (6). On the other hand, the power converges to 1:

n 1 n . -
P (Z Lix=nm,(x)y < Cn> =P (m Z Lixi=nm () < 1) 2% 1.
=1

i=1
Where does the claimed limit come from? Under Py, M, (X) — oo and hence the
number of times the maximum is attained till time n might grow slower than linearly.
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In fact, according to the claim, it grows slower than polynomially. Let’s see why this
is true. Since Xj;’s are i.i.d.

Poo (Xi = My (X)) = Pog (X1 = M (X)) = ]P’oo( ﬁ{Xi < Xl}) -
=2

n
-1
EooPoo ( ({Xi < X1}1X1) = Boo (1= (1= p)%)" ",
=2
For any z > 0,

Foo (1 — (1 —p)X)" ' =
oo (1= (1= p)")" Lpxyey +Boo(l = (1= p)) " pxnsy <
(1= =p))"  +Pu(X1>2) = (1-(1=p))" + (1 -p) =
(1- e—Z|log(1—p)\)”*1 4+ o2l log(1-p)|
Let 6 € (0,1) and z, := %. Then e—2nl108(1=pP)| — =9 and
Poo (X1 = Mn(X)) < 2(1 — e~ #nllog1=p)lyn 4 o=znllog(1-p) —

2(1 — p0)0+n(1=0) 4 =0 < 9exp(—n(l —6)) +n % < 2n7°,

for all n large enough, where we used the bound (1 — 27 1)* < e~! for > 1. Conse-
quently, with v := 1 — §(1 — ¢) and some constant C,

— o —14+6(1-0
Eoon ™ > Liximm, () = Boon ™ 070y "1 ix )y <
i=1 =1
Cn71+5(175)nn75 _ Cn752 n—oo 0

)

as claimed.
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