Probability Lecture II (August, 2006)

1 More on Named Distribution

1.1 Normal distribution

A random variable X has normal(u, 0?) distribution, if the probability density function of X is

1 2
flx) = . 271_67%(907“) /7 200 < 1 < 0. (1)

In the case where © = 0 and ¢ = 1, the distribution is called standard normal distribution. It
can be showed that if X has normal(y,o?), then E(X) = p, and Var(X) = o2.

Properties The normal density curve has the following properties:
1. it is symmetric about p with a bell-shape curve, concave on either side of p.

2. The areas under the curve within 1,2, and 3 o from p are 68%, 95% and 99.7%, respectively.

3. X = 0Z + p has normal(u, 02) distribution, where Z is the standard normal, i.e., normal(0, 1),
variable and o > 0.
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Figure 1: The normal(u, 0?) density curve.

2 The Moment-Generating Function

Definition 1 The moment-generating function (mgf) of a random variable X is M(t) = E(e'X)

provided the expectation is defined.

Remark 2 Note that the expectation, and therefore the moment-generating function, might not exist
for all values of t.



Remark 3 If X,,---,X,, are independent random wvariables with moment generating functions

Mx,, -+ ,Mx,, then X1+ ---+ X,, has moment generating function given by
M(Xl+"'+Xn)(t) = HMXi (t) (2)
i=1

Theorem 4 If the mgf exists for t in an open interval containing zero, it uniquely determines the
probability distribution.

Theorem 5 If the mgf exists in an open interval containing zero, then M) (0) = E(X") where
M)(0) is the " derivative of M at 0.

The advantage of Theorem (5) is that when the moment of a variable (which involves integration)
is difficult to calculate, we can differentiate the mgf to achieve the same result, and differentiation
is just mechanical.

Example 6 (Gamma Distribution) The gamma(c, \) density function depends on two parameters,
a >0 and XA > 0, and has density function

AY pa—1,-Xt > [eS)
Jar(t) = { 5(“)t o tt<_00 where I'(x) :/0 u e "du, x>0

Remark 7 It follows by integration by parts that, for allp > 0, T'(p) = pI'(p) and that T'(k) = (k—1)!
for positive integers k.

Remark 8 If a = 1, the gamma density coincides with the exponential density. The parameter a
is called a shape parameter for the gamma density, and X is called a scale parameter. Varying «
changes the shape of the density, whereas varying A changes the scale of the density.

We will find E(X) and Var(X) for a gamma variable X. The mgf of a gamma distribution is

M(t):/ et A o e Ay
0

I(e)
AY /Oo 1 (=N
= — ¥ e Ydx
I'(a) Jo
A ( ['(a) > - /Oo —1(t=A)
= ————— ] since x4 e *dx converages for t < A
Lla) \(A=1t)~ 0

and can be calculated by relating it to the gamma density with a and A — ¢

- (%) 3)

Therefore,
EX = MW(0) = %
ala+1)
EX? =M®(0) = —e
and



Var(X) = EX? — [EX]?

(a+1) a2
T X
a
=3

O

Example 9 Suppose X has a gamma(ay, \) distribution , and independently Y has a gamma(as, \)
distribution. By (2), the mgf of X +Y is

A aq A (o2} A agtaz
A = t< A
<)\—t) (/\—t) <)\—t) b

aitasz
Since (ﬁ) is the mgf of a gamma distribution with parameters a; + as and A\, we see

that the sum of n independent exponential(\) random variables—since exponential(\) is the special
case gamma(1, \)—follows a gamma distribution with parameters n and A. Thus, the time between
n consecutive events of a Poisson process follows a gamma distribution. O

3 Joint Distribution
3.1 For Random Variables

The table below summarizes the formulae for calculating some quantities related to joint distribu-
tions. However, the table only serves as an outline. When doing actual calculations, one should,
instead of relying on the formulae, use reasonings and the basic conditional probability concepts we
developed in the first lecture. The examples below demonstrate some of these skills.

for discrete variables X and Y for continuous variables X and Y
Probability on a set B P(X,Y) € B) =3, yen P(z,y) P((X, B) = [ [ f(z,y)dzdy
Marginals PX=z)=>,,Py) fX x) f flz,y)dy

PY =y)=> .y f_ [z, y)dx
For indepdent X, Y P(z,y) = P(X =2)P(Y =y) f( ) fx (@) fy(y)
Expectation of g((X,Y)) | E(g(X,Y)) = i« 2oau yg(x,y)P(r,y) E(g(X,Y)) = [ [9(z,y)f(z,y)dzdy

Table 1: Table for Joint Distribution formulae

3.1.1 For Independent Variables

Example 10 Let X, Xs, ..., X, be a collection of independent random variables with cdf Fy, Fs, ..., Fy,,
respectively. The cdf of either the mazimum, or the minimum of the X's can be found easily as the
following.

Fona(2) = P(Xonae < )
=PX;<z,Xo<zx,.,X, <x)
= P(X; <xz)P(X3 < x) P(X, <x) since X1, X, ..., X,, are independent
= iz )Fz( ) ()



and

Froin(z) = P(Xmin < )
=1— P(Xmnin > 7)
=1-P(X1>z,Xe>z,..,X, >21)
— 1[I - R@[L - B[l - Fa()].

Example 11 Minimum of independent exponential variable is exponential.

Let X1, Xo,..., X;, be independent random variables, and X; has exponential distribution with
rate \;, ¢ = 1,2, ...,n. Find the distribution of X ,.

For i =1,2,...,n, the cdf of Xj is
0 ifz <0
Fifw) = { 1—e N ifz>0
Since the X's are non-negative, so is their minimum. So Xp,i, has c¢df Fin(z) = 0 for z < 0.

For x > 0,

Fain(z) =1 — e MTem 227 g7 n?

—1— e—(>\1+>\2+~~+/\n)w

which is the cdf of the exponential distribution with rate Ay + Ao + ... + A,,. O

Example 12 Suppose X and Y are independent uniform (0,1) random variables.

a)
P(X2+Y2§1):%
b)
P(X?+Y?2<1,X+Y >1)
2 2< > — — ) —
P(X?2+Y2<1X+Y >1) Py S D)
_m/4—1/2
S 1)2
=m/2-1
c)
! 1 1
P(Y§X2):/ 2idr = 23|} = =
0 3
d)
P(X -Y|<05)=1-1/4=3/4
e)
X 2 1.1 2 5
105 =PEX<Y<2X)=1—=(=4+3)= —
P(|3 — 11 <0.5) P(3X?Y?2X) 1 2(2+3) 5
f)
1 1 1.,1 3
PY>X[Y>2)=(=—--)/==".
Y > X]| _2) (2 8)/2 1



Example 13 let X andY be independent exponentially distributed random variables with parameter
A and p, respectively. Find P(X <Y).

Since X and Y are independent,

£, 5) = Q™) (e ) = Ape N1,
Then,

P(X<Y)= // e N1 g dy
<y

= / dac/ e~ TR dy
x=0 y=x

= / Ae AT g
x=0
A

A+
O

Exercise 14 Suppose U1y < Uy < ... < Us) are the order statistics of 5 independent uniform
(0,1) wariable Uy,Us,...,Us, so Uy is the ith smallest of Uy, Us, ...,Us.(See Pitman[1993] P352,
example 3)

a) Find the joint density of Uy and Uyy).
b) Find P(U(g) > 1/4 and U(4) > 1/2).

Independent Normal Variables

Theorem 15 Linear combination of independent normal variables are always normally distributed.
In addition, if X and Y are independent with normal(\, 0?) and normal(u, ) distributions, then
X +Y has normal (A + p, 02 + 72) distribution.

The proof of the theorem makes use of the rotational symmetry of the joint distribution of
independent standard normal random variable X and Y. See Pitman [1993].

Example 16 For o = 1,2,3 suppose X,has normal (0,0?) distribution, and these three random
variables are independent.

a) Find P(X; + Xo + X3 < 4).
Let S = X7 + X2 + X3. Then S has normal (0,12 + 22 + 32) distribution, and if Z = S//14 is
S standardized, the problem is to find

4-0

4
\/7

P(S <4)=P(Z < =

b) Find P(4X1 —10< X2 + Xg)

P(4X; —10 < X5 + X3) = P(4X; — X5 — X3 < 10) = P(L < 10) where L = 4X; — X — X;.
Then, L has normal distribution with mean 0 and variance 4% x 124 (—1)2 x 22 +(—1)2 x 32 = 29,
the probability is
— 10\ ~
P(L <10) = P(Z < 1) ~ 0.968. O



Remark 17 If X and Y are independent with density functions fx(z) and fy(y) in the plane R2,
then, a formula for the joint density function fxiy(z), where Z = X +Y, is

fx4v(z) = /_Oo fx(@)fy(z — z)dz.

This is the convolution formula.

Exercise 18 Suppose that X and Y are independent and mormally distributed with mean 0 and
variance 1. Find the distribution of 3. (See discussion and solution in Pitman[1993].)

x?,t, and F Distribution

Definition 19 If Z is a standard normal random variable, the distribution of U = 7| Z?% is called
the chi-square distribution with n degree of freedom, denoted x?.

It can be shown that x7 is a special case of the gamma distribution with parameters % and %

In example 9, we see that the sum of independent gamma random variables sharing the same value
of \ follows a gamma distribution. Thus, x2 is a gamma distribution with o = 5 and A = %
Definition 20 If Z ~ N(0,1) and U ~ x2 and Z and U are independent, then the distribution of

\/57 is called the t distribution with n degrees of freedom.

The density function of the ¢ distribution with n degrees of freedom is

f(t) B F[(n + 1)/2] (1 N t2> —(n+1)/2
-~ /nrl(n/2) n

which can be obtained by using a method similar with the exercise (18) above for the density of
a quotient of two independent variables.

The shape of the density function for ¢ distribution is very similar with that for the normal
distribution, except that the curve for the t¢ distribution has heavier tails on two sides. However,
as n increases the density curve for the ¢ distribution gets closer and closer to that for the normal.
When n = 30, the density curves for the ¢ and the normal distribution are almost indistinguishable.

Theorem 21 Show that if X1, Xo, ... are independent N(u,o?) variables, then X and S? are in-
dependent, and X is N(pu,0?/n) and (n — 1)5?/0? is x2_,, where X = 13" X; and S? =
(X, — X)2

Proof. (From Rice[1995]) The proof of the statement is built on the fact that X and the vector
of random variables (X; — X, X, — X,..., X,, — X) are independent. We will not prove this fact
here; the interested readers are referred to Rice [1995] for a treatment using the moment-generating
function.
|

Since S? is a function of (X; — X, X5 — X, ..., X,, — X), and functions of independent vectors are

also independent, we can conclude that X and S? are independent.

Since X1, Xy, ... are independent N(u,0?), an exdension of theorem (15) shows that Y " | X;
is N(nu,no?). Thus, deviding a constant n, makes X = 1 3" | X; a normal variable with mean

_ _ — N2
E(X) = = = i and variance Var(X):@ = %2 In addition, ( X —p ) follows x? by definition (19).

n? o/v/n

To see that (n — 1)S2/0? is x2_;, note that



and

i=1

= % {Z(Xi—X)2+QZ(Xi_X)(X_u)+Z(X_H)2}
- E Y -XpPe Y (F2)

g

L X_:(X i ot (fwg) 4)

a/vn
Since U is a function of (X; — X, Xy — X, ..., X,, — X), and V is a function of X, U and V are
independent by the fact we mentioned at the beginning of the proof.

So far, we have showed that W ~ x2, and V ~ x3%. Let My (t) be the mgf for W and so on.
Then,

_ = 2
Let W =45 (Xi—p)? U=5>" (X,~X)2and V = (X—“) , (4) says that W = U +V.

_ Mw(?)

- My(t)

(1 —2t)="/?
(1—2t)-1/2

= (1—2t)=(n=1/2

My (t)

which is the mgf of a random variable with a x2_; distribution.
O

Definition 22 Let U and V' be independent chi-square random variables with m and n degrees of
freedom, respectively. The distribution of

_U/m

T Vin
is called the F' distribution with m and n degree of freedom and is denoted by Fi, .

3.1.2 For Dependent Variables

Example 23 (Gamma and uniform) Suppose X has gamma (2,)) distribution, and that given

X = x,Y has uniform (0,z) distribution. Find the joint density of X and Y.



By the definition of the gamma distribution

Nze ™ >0

fx(if):{ 0, <0

and from the uniform (0, z) distribution of ¥ given X =z

N J 1z, O<y<z
fr(y|X ==) = { 0, otherwise

So by the multiplication for densities

ANe M 0<y<a
0, otherwise

fla,y) = fx(@)fy(ylX =) = {

Example 24 Find the marginal density of Y.
Integrating out z in the joint density gives the marginal density of Y: for y > 0

Frly) = /0 " Hay)de = / ™ NNy — e
Y

The density is of course 0 for y < 0. That is to say, Y has exponential (\) distribution.

Disceret Case Continuous Case
Multiplication rule PX=z,Y=y)=PX=2)PY =y|X=2)| flz,y) = fx(@)fy(y|X =2)
Cond. dist. of (Y[X =2) | PY €B[X=12)=), P =y/X =2) PY e BIX =z) = [, fy(y|X = x)dy
Average cond. expectation | E(Y) =), ., EY|X =2)P(X ==z) EY)=[EY|X =2)fx(x)dz

Table 2: Table for Conditioning formulae

4 Conditioning by a Random Vector

4.1 Discrete Case

If Y and Z are discrete random vectors possibly of different dimensions, we want to study the
conditional probability structure of Y given that Z has taken on a particular value z.

Definition 25 Define the conditional probability mass function p(- | z) of Y given Z = z by

p(y,2)
pyl|lz)=PlY=y|Z=2z= 5
(v | z) = P| | ] 2(2) (5)
where p and pz are the probability mass functions of (Y,Z) and Z. The conditional probability mass
function p is defined only for values of z such that pz(z) > 0. With this definition it is clear that

p(- | z) is the mass function of a probability distribution because

2y p(y,2)  pz(z)
zy:f(Y|Z)_ pZ(Z) _pZ(Z)_l

This probability distribution is called the conditional distribution of Y given that Z = z.

Example 26 Let Y = (Y1, --,Y,,), where the Y; are the indicators of a set of n Bernoulli trials
with success probability p. Let Z =Y | 'Y;, the total number of successes. Then Z has a binomial,
B(n,p), distribution and

PlY =y, Z = 2] p!(1—p)—= 1

S (:)pz(l —p)* ) (Z)pz(l —p)" . (Z)

Thus, if we are told we obtained k successes in n binomial trials, then these successes are as
likely to occur on one set of trials as on any other. (|




4.1.1 Bayes’ Rule

Let g(z | y) denote the conditional probability mass function of Z give Y =y. Then,

p(y,z) =p(y | 2)fz(z)

oy | 2) = q(z | y)py(y) Bayes’ Rule

Yy az | y)ey(y)

whenever the denominator of the right-hand side is positive.

4.1.2 Conditional Expectation for Discrete Variables

Definition 27 Suppose that Y is a random wvariable with E(|Y]) < co. Define the conditional
expectation of Y given Z = z, written E(Y | Z = z), by

E(Y |Z=2)=) uly|2).

Note that if pz(z) > 0,

(Y| Z=2) = Y ulpy (v12) < 3y 220 = EUVD)

pz(z)  pz(2)

The inequality is because that {y Nz} C {y}. Thus, when pz(z) > 0, the conditional expected value
of Y is finite whenever the expected value is finite.

Definition 28 Let g(z) = E(Y | Z = z). The random variable g(Z) is written E(Y | Z) and is
called the conditional expectation of Y given Z.

Example 29 As an example we calculate E(Y1 | Z) where Y1 and Z are given in Example 26. We
have

(i-1)
EW | Z=i)=PlYi=1|Z=i=~"1_1
n n
(0
The first of these equalities holds because Y1 is an indicator. The second follows from the equation in

n—1
Ezxample 26 because ( ) 1) 1s just the number of ways i successes can occur in n Bernoulli trials

with the first trial being a success. Therefore,

Z
B, | 2)=~.

Ezxercise 30 Let X1 and Xo be the numbers on two independent fair-die rolls. Let X be the mini-
mum and Y the mazimum of X1 and Xs. Calculate: E(Y|X = z) and E(X|Y =y).



Exercise 81 Repeat the last exercise with X1 and X5 two draws without replacement from {1,2,...,n}.

Properties of Conditional Expected Values In the context of previous lecture, the conditional
distribution of a random vector Y given Z = z corresponds to a single probability function P, on
(Q, A). Specifically, define for A € A,

P,(A)=P(A | [Z =z)) if pz(z) > 0.
This P, is just the conditional probability function on (£2, A) mentioned before. Now the conditional
distribution of Y given Z = z is the same as the distribution of Y if P, is the probability function
n (2, A). Therefore, the conditional expectation is an ordinary expectation with respect to the
probability function P,.
Properties. It follows that all the properties of the expectation given before hold for the
conditional expectation given Z = z. Thus, for any real-valued function r(Y) with E |r(Y)| < oo,

L E(r(Y)|Z=2z)=>,r(y)p(y | z) identically in z for any Y1, Y> such that E(|Y1]), E(|Y2])
are finite.

2. E(aY1+ B8Y>2 | Z) = aE(Y1 | Z) + BE(Ys | Z), since E(aY1 + Y2 |Z=2z)=aEY:, | Z =
z) + BE(Ys | Z = z) holds for all z.

E(Y|Z)=E(Y)ifY and Z are independent.

E(MZ) | Z) = h(Z).

E(q(Y,Z) | Z=12z)=E(q(Y,z) | Z = z) (subsitution theorem for conditional expectation)
E(E(Y | 2)) = E(Y)

A

Property 6 is true because
E(E(Y | Z)) ZPz Zypy\z Zypy\sz Zypy, E(Y).

The interchange of summation used is valid because the finiteness of E(]Y]) implies that all sums
converge absolutely.
As an illustration, we check E(E(Y | Z)) = E(Y) for E(Y; | Z) = £ given before. In this case,

B(EM | 2) = (1) =" == B()

n n

4.2 Continuous Case

Definition 32 Suppose (Y,Z) is a continuous random vector having coordinates that are themselves
vectors and having density function p(y,z). In analogy to (5), the conditional density function of Y
given Z = z is

if pz(z) > 0.

10



4.2.1 Bayes’ Rule

The Bayes’ rule for the continuous case is defined as

Py\y)q\Zz |y

p(Y|Z): 3 ooY()( | ) )
oo e py (t)a(z | t)dty - - dty,

where ¢ is the conditional density of Z given Y =y.

Remark 33 IfY and Z are independent, the conditional distributions equal the marginals as in the
discrete case.

Remark 34 If E(|Y|) < oo, we denote the conditional expectation of Y given Z = z in analogy to
the discrete case as the expected value of a random variable with density p(y | z). More generally, if
E(|r(Y)]) < oo, the conditional expectation of r(Y) given Z = z can be obtained from

o0

E(r(Y) | Z=2) = / ey | 2)dy.

—0o0

5 Transformation of a Random Vector

We have encountered the change of variable formula for the case involving random variables. In this
section, we will see a more general case: transformation of a random vector.

Let h = (hq, ...hk)T, where each h; is a real-valued function on R¥. Thus, h is a transformation
from R to R*. Recall that the Jacobian Jy,(t) of h evaluated at t = (¢1,--- ,tx)7 is by definition
the determinant

aEhi(t) o Fha(t)
Jn(t) = : :
-hi(t) - Z-h(b)

Theorem 35 Let X be continuous and let S be an open subset of R¥ such that P(X € S) = 1. If
g= (g1, - ,91)7 is a transformation from S to R* such that g and S satisfy the conditions:

1. g~! has continous first partial derivatives on S.

1 is one-to-one on S.

2. g~
3. The Jacobian of h does not vanish on S.
Then, the density of Y = g(Y) is given by
py(y) =px(9' () | Jg-1 (¥)] (6)
for y € g(95)..

Example 36 Suppose X = (X1, X2)T where X1 and X5 are independent with N'(0,1) and N(0,4)
distributions, respectively. What is the joint distribution of Y1 = X1+ Xo and Yo = X1 — X5 ? Here,

1 1 1
px(T1,22) = Eexp (—2 {x% + 4x§]> .

In this case, S = R%. Also note that g1(x) = 21+ 22, 92(x) = 21 — 22,97 " (¥) = (y1 +12), 95 ' (y) =
L(y1 — y2), that the range g(S) is R? and that

[N
N[ =

Jg-1(y) = ‘

Upon substituting these quantities in (6), we obtain

11



1 1 1
Py (Y1, 92) = 5Px (2(?/1 +y2), 5(@/1 - y2)>

1 1 , 1 )
= g5 &P [4(y1 +y2)° + 16(y1 Y2) ]
= Lep-o [5y3 + 5y5 + 6y12]

8 32 1771 2 2l

This is an example of bivariate normal density.

Gamma and Beta Distribution A random variable X has Beta(r, s) distribution if it has density

.Tr_l(l _ x)s—l

brs(®) = B(r,s)

,for0 <z <1,

where B(r,s) = % is the beta function and I'(z) = fooo u* e %du as in the gamma
distribution.

Example 37 If X; and Xy are independent random variables with gamma(p, \) and gamma(gq, A)
distributions, respectively, then Y1 = X1 + Xg and Yy = (Xlxﬁ are independent and have, respec-
tively, gamma(p + q, \) and Beta(p, q) distribution.

If A\ =1, the joint density of X; and X5 is

e’(a”l*"”?)x’f*lxg*l

L(p)L(q)

xr1+x
<y1 ) —g(yl,yz)—< L )
Y2 T1+x2

:x1 > 0,22 > 0} and its range is S1 = {( 2;1 > Ty >
2

p(r1,22) = , for 1 >0, 22 > 0.

Let

Then, g is one-to-one on S = {( il
2
0,0 < ya < 1}. We note that on Sy

-1 Y1y2
) = 7
g (y1,92) ( Ui — 1 ) (7)
Therefore,
T () = | 2 T8 -y (8)
& Y1 —h

Subsititute (7) and (8) into (6) and get for the density of ( 13;1 > =g(X1,Xs),
2
eV (1y2)” My — yaye) !

Y1
, fory1 > 0,0 < yo < 1. 9
T(p)T(q) Y1 Y2 9)

Y (Y1,y2) =
Simplifying (9) gives

Py (y1,92) = Ip+q,1 (yl)bpyq (y2)-

Thus, the statement is proved for A = 1. If A # 1, define X] = AX; and X} = AX,. Now X]
and X/ are independent I'(p, 1), T'(g, 1) variables respectively. Because X; + X} = A(X; + X3) and
X1(X1 + X5)7' = X1(X1 + X2) 7!, the statement follows. O

12



6 Markov Chain

6.1 Discrete case

In this section, we consider a stochastic process {X,,,n = 0,1, 2, ...} that takes on a finite or countable
number of possible values. Unless otherwise mentioned, this set of possible values of process will be
denoted by the set of non-negative integers {0,1,2,...}. If X,, =, then the process is said to be in
state ¢ at time n. We suppose that whenever the process is in state ¢, there is a fixed probability F;;
that it will next be at state j. That is, we suppose that

P{Xpt1=J|Xn=1,Xp1=tp_1,... X1 =11,X0 =0} = Pjj

for all states ig,%1,...,2,—1,%,j and all n > 0. Such a stochastic process is known as a Markov
Chain.

Example 38 (A random walk model) A Markov chain whose state space is given by the integers
1=0,%1,%2, ... is said to be a random walk if , for some number 0 < p < 1,

Piji=p=1-PFP,;1;i=0,%1,£2,..

The preceding Markov chain is called a random walk for we may think of it as being a model for
an individual walking on a straight line who at each point of time either takes one step to the right
with probability p or one step to the left with probability 1 — p.

Chapman-Kolmogorov Equations

We have defined the one-step transition probability F;; We now define the n-step transition
probabilities P; to be the probability that a process in state ¢ will be in state j after n additional
transitions. That is,

Py = P{Xp1 = jl Xk =i}, n>0,i,j >0
The Chapman-Kolmogorov equations provide a method for computing these n-step transition
probabilities. These equations are

e}
PIt™ =" PP for all n,m > 0,all 4, j
k=0

and are most easily understood by noting that P} P;” represents the probability that starting
in ¢ the process will go to state j in n + m transitions through a path which takes it into state &
at the n'" transition. Hence, summing over all intermediate states k yields the probability that the
process will be in state j after n + m transitions. Formally, we have

Pi7jl‘+m = P{Xpim = j|Xo =i}

=Y P{Xpim = j, X = k| Xo = i}
k=0

= P{Xpim = j|Xn =k, Xo = i} P{X,, = k| Xy = i}
k=0

o0
— n m
= E ik rj
k=0

13



6.2 Continuous case

Suppose we have a continuous-time stochastic process {X(t),t > 0} taking on values in the set
of non-negative integers. In analogy with the definition of a discrete-time Markov chain, we say
that the process {X(t),t > 0} is a continous-time Markov chain if for all s,¢ > 0 and non-negative
integers i, j, z(u),0 <u < s

P{X(t+s)=jlX(s)=4X(u)=2(u),0 <u<s}
= P{X(t +s) = j|X(s) = i}

In other words, a continous-time Markov chain is a stochastic process having the Markovian
property that the conditional distribution of the future X (¢4 s) given the present X (s) and the past
X (u), 0 < wu < s, depends only on the present and is independent of the past. If in addition,

P{X(t+s)=j|X(s)=1i

is independent of s, then the continuous-time Markov chain is said to have stationary or homo-
geneous transition probabilities.

Example 39 Suppose the service in a particular barbra shop consists of two procedures: A customer
upon arrival goes initially to chair 1 where his/her hair will be raised by an assistant; after this is
done the customer moves on to chair 2 where his/her hair will be cut by the stylist. The service time
at the two steps are assumped to be independent random variable that are exponentially distributed
with respective rates py and ps. Suppose that the potential customers arrive in accordance with a
Poisson process having rate A, and that a potential customer will enter the system only if both chairs
are empty.

This problem can be modeled as a continuous-time Markov chain. Since a potential customer
will enter the shop only if there is no other customers in the shop, there will always be either 0, or 1
customers in the shop. If there is 1 customer in the shop, then we would need to know which chair
the customer is on. Therefore, an appropriate stat space would consists of three states: 0 =shop is
empty, 1 =chair 1 is occupied and 2 =chair 2 is occupied.

7 Delta Method

(The followings are taken from Rice[1995])

Suppose that we know the expectation and the variance of a random variable X, but not the
entire distribution and that we are interested in the mean and variance of Y = g(X) for some fixed
function g. For example, we might be able to measure X and determine its mean and variance, but
really be interested in Y, which is related to X in a known way. We might wish to know Var(Y),
at least approximately, in order to assess the accuracy of the indirect measurement process. From
the results given in this section. we cannot in general find E(Y) = py and Var(Y) = 0% from
E(X) = px and Var(X) = 0%, unless the function g is linear. However, if g is nearly linear in a
range in which X has high probability, it can be approximated by a linear function and approximate
moments of Y can be found.

In proceeding as just described, we follow a tack often taken in applied mathematics: When
confronted with a nonlinear problem that we cannot solve, we linearize. In probability and statistics,
this method is called propagation of error, or the 6 method. Linearization is carried out through
a Taylor series expansion of g about pux. To the first order,

Y = g(X) = g(ux) + (X — px)g (nx)
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We have expressed Y as approximately equal to a linear function of X. Recalling that if U = a+ bV,
then E(U) = a+bE(V) and Var(U) = b*Var(V), we find

wy =~ g(px)
oy ~ ox g (nx)]?

We know that in general E(Y) # g(E(X)), as given by the approximation. In fact, we can carry
out the Taylor series expansion to the second order to get an improved approximation of uy

Y = g(X) % gux) + (X — )y (1) + 5 (X )%’ (ux)

Taking the expectation of the right-hand side, we have, since E(X — pux) =0,

1
E(Y)~g(px) + §0§<g"(ux)

How good such approximations are depends on how nonlinear g is in a neighborhood of px and
on the size of ox. From Chebyshev’s inequality we know that X is unlikely to be many standard
deviations away from ux; if g can be reasonably well approximated in this range by a linear function,
the approximations for the moments will be reasonable as well.

Example 40 The relation of voltage, current, and resistance is V. = IR. Suppose that the voltage
is held constant at a value Vy across a medium whose resistance fluctuates randomly as a result, say,
of random fluctuations at the molecular level. The current therefore also varies randomly. Suppose
that it can be determined experimentally to have mean uy = 0 and variance 0. We wish to find the
mean and variance of the resistance, R, and since we do not know the distribution of I, we must

resort to an approrimation. We have

R=yg(I)= ?
\%
g (pr) = —/7(2;
2V
9" (ur) = T;
Thus,
MR ~ % + Z;U%

We see that the variability of R depends on both the mean level of I and the variance of I. This makes
sense, since if I is quite small, small variations in I will result in large variations in R = Vy/1,
whereas if I is large, small variations will not affect R as much. The second-order correction factor
for ur also depends on py and is large if py is small. In fact, when I is near zero, the function
g(I) = Vo /I is quite nonlinear, and the linearization is not a good approximation.
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