Distribution Function of a Bivariate Random Variable

The cumulative distribution function of (X, Y') is defined by:
Fxn)(6y) =PAX <xp{Y <y}) =P(X <x, Y <v).

This bivariate distribution function has properties analogous to those of

the univariate distribution function. The most important of these is the
following:

Pla< X < b,c<Y <d)
= Fix,v)(b,d) — Fix,v)(a,d) — Fix,v)(b, c) + Fix,vy(a; c)

which we will derive by drawing a picture of course.
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From the definition of the distribution function:

Fix,vy(x,00) = Fx(x) and  Fx yy(o0,y) = Fy(y)

so that the distributions of X and Y can be obtained from the distribution
of (X,Y).

In general the converse is not true, because the distributions of X and Y
are not sufficient to specify the distribution of (X, Y). We also need to
know something about the relationship between X and Y.

However in principle we can imagine choosing a random point by choosing

its X and Y coordinates completely ‘independently’. Then the individual
distributions of X and Y should determine the joint distribution.
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If X and Y are ‘independent’ then the events {X < x} and {Y < y}
should also be ‘independent’ for all x and y and so

Fxyvy(xy) = BP(X<x,Y <y)
= P(X<x)P(Y <y)
= Fx(x)Fy(y)
In this special case the two univariate distributions do determine the joint
distribution. Factorisation of the bivariate distribution function in this way

can be taken as one definition of the independence of random variables,
which we will define more carefully later.
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Joint and marginal pmf’s

If Sx,v) is countable then we refer to (X, Y) as bivariate discrete random
variable and define the joint pmf in the obvious way:

Px.y)(y) = PEAX=xin{Y =y})
= PX=x,Y=y).
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The pmf is such that

° p(x,y)(x,y) >0,
° > . Zy Px.v)(x,y) =1.

Just as we did for ‘univariate’ or one dimensional discrete random
variables, we can again interpret this pmf as assigning discrete probability
masses to particular points in the plane.
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Marginal pmf's

The formula for the marginal distributions follows from the observation
that the events {Y = y} are disjoint and exhaustive as y ranges over the
set Sy = {y : (x,¥) € Sx,v)}- Then,

PX=x)= > PX=x,Y=y)

y€Sy
that is

px(x) = Z Px,v) (X, ¥)

y€Sy
and similarly

py(y) = Z p(X,Y)(Xa)/)'

XESx
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Coin example

If in the coin tossing example the coin is fair then the pmf is given by

Px.v) (X, ¥) XTO XTI x =2
=0 = z 0
y i i 1
AP S B
y=2 0 8 8

We can also find the marginal pmf's for X and Y from here.
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CDF for discrete rv's

For discrete (X, Y),

Fxyy(xy) = P(X<x, Y <y)
= Y PX=uY=v)

u<x and v<y

= Z Px,y)(u; v).

u<x and v<y

However, obtaining the pmf from cdf for a pair of rv's requires more care!
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Example

Suppose the cumulative distribution function of the pair of rv's (X, Y)
(each with values 0,1,2,...) is given by the table:

v~ |1 2 3 4

1 0 01 |02 |03
2 0.1 02 |035 |06
3 02 03 |06  |095
4 025 [035 [065 |1
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QO Find P(X =4,Y =3).
@ Find the complete probability mass function.
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Pmf from cdf

For a pair of rv's (X, Y) with values in 0,1, 2, ..

P(X=x,Y=y)
=PX=x,Y<y)-P(X=x,Y<y-1)
=PX<x,Y<y)-P(X<x-1,Y <y)
“PX<x,Y<y—-1)+4P(X<x—-1,Y<y-1)
= Fix,v)(x,¥) — Fix,v)(x — 1,y)
—Fix,vy(x,y = 1) + Fix yv)(x — 1,y — 1).
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pmf

y 1 2 3 4

l 0 0.1 0.1 0.1
2 0.1 0 005|015
3 0.1 0 0.15 |01
4 0as (0 0 0
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Probabilities from cdf - in general

For a pair of rv's (X, Y) and numbers a, b, ¢, d:

P{a< X <b}n{c< Y <d})
=P{a< X <bin{Y <d})-P({a< X <b}n{Y <c})
—B({X < b} N {Y < d}) — B({X < 3} N {Y < d})
CB(X < BEA{Y < o) 4 (X < o} N1 {Y < c})
= Fix,v)(b,d) — Fix,vy(a, d)
—Fx,v)(b, c) + Fix vy(a, c).
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Example

Suppose Jeff has 4 quokkas which are ranked 1 to 4 in cuteness. If a
random sample of size 2 is taken, find the pmf and cdf for the pair of

random variables (X, Y) if X is the sum of ranks in the sample and Y is
the maximum of ranks in the sample.
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Joint and marginal pdfs

What is the analogy for cts rv's?

A pair of rv's (X, Y) is said to have a continuous distribution if the cdf
F(x,y) can be written as an integral of a two variable, non-negative
function f(x y), called the probability density function (pdf):

Fxvy(xy) = PUX <x}n{Y <y})

= // fix’y)(u, v)dudv.
{(u,v): u<x and v<y}
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Double integrals

Let f(u,v) > 0 and

b pd
V= / / f(u,v)dvdu = |ime(U,‘,Vi)Ai
a Jc i

where the limit is over all regular partitions of the rectangle (a, b) x (c, d)
into the small areas A;. If we interpret f(u, v) as a surface above the xy
plane then V can be interpreted as the volume below that surface.
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Double integrals

Conceptually, the double integral is the volume under the surface given by
fix,y) in the region defined by a, b, ¢, d.

z=f{x,y)

275 / 448



Double integrals

The double integrals can be evaluated by treating them as two iterated
single integrals:

/ab/cd f(u, v)dvdu = /ab (/Cd f(u, v)dv> du.

In the inner integral here we think of u as fixed. Consider intersecting the
hill by the plane through this fixed u - the resulting cross-sectional area is
given by the inner integral. So the whole iterated integral just amounts to
saying that the total volume is the sum of cross-sectional ‘slices’ parallel to

the x axis of volume (fcd f(u, v)dv) du. You can reverse the order to get

the sum of cross-sectional slices parallel to the y axis.
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pdf's

@ Just as the pdf for a single rv must be non-negative and have 1 as
total area under the curve it defines, the pdf for a pair of rv's must be
non-negative and have 1 as total volume under the surface that it
defines.

@ If such a function exists, then it is unique.

e If a pdf exists then for ‘almost all’ (x, y) values we also have
82
MF(X,Y)(X,Y) = fix,v)(x,y).
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To understand the connection between the distribution function and pdf
consider:

82
fix,v)(x,y) = 8x8yF(X’Y)(X’y)
0 /1 h h
=~ e (Fy +3) = Fluy =)
N 1<F(X+’2’7y+’2’)—F(X+§’7y—3)
T h h
_F(X—§7y+2)—F(X—§’7y—’z’)>
h
1 h h h h
~ — — = < -y — = < —).
h2P(X 2<X_x—|—2,y 2<Y_y—|—2)
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So

P((X, Y) € small rectangle area h? near(x, y)) ~ h2f(X,y)(x,y)

justifying our interpretation of the pdf as measuring the probability density
around the point (x, y).

For continuous univariate random variables, probabilities are assigned to
intervals using the area under the pdf curve fx(x). For continuous
bivariate random variables probabilities are assigned to regions in the plane
using volumes under the pdf ‘hill' or surface fx yy(x,y).
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The probability that the random point (X, Y) lies in any rectangle in the
plane is given by the volume below the two dimensional surface
represented by f(x y)(x,y) over that rectangle:

b d
Pla< X <bc<Y<d)= / / fix, vy (x, y)dydx
a Cc

280 / 448



As we did with discrete bivariate random variables, we have

fx(X):/ fix, vy (x, y)dy

and similarly

fv(}/):/ fix,v)(x, y)dx.

—0o0
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pdf example

Suppose the pdf of the bivariate rv (X, Y) is

cxy, f0<x<l, 0<y<l 0<x+y<l,

0, otherwise.

fix,v)(x,y) = {

Find c and P({X < 0.5} n{Y <0.7}).
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A surprise?

Q fix,v)(x,y) =2x+2y —4xy for 0 <x <1, 0<y <1, find the
marginal pdf’s.

Q fixy)(x,y) =2-2x -2y +4xy for 0 <x <1, 0<y<1, find the
marginal pdf's.

© What can we see from here?
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Conditional pmfs

It seems natural to ask about the distribution of one component of our
bivariate distribution (say X) when we have information about the value of
the other component (Y).

By analogy with the way that we defined conditional probability for events,
this is called a conditional distribution and for discrete random variables
the expression for the conditional distribution follows directly from the
conditional probability formula.
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We define the conditional distribution of X given Y as:

pxy(xly) = P(X=x|Y =y)
P(X=x,Y =y)

P(Y =y)
P(x,y)(Xa y)
py(y)

Note in this formula we think of x as a variable and of y as fixed with
y € Sy (as previously defined) and py(y) # 0.

Remark The role of y is to refer to the corresponding partition set.
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Conceptually
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Conditional pdfs

The pdf of X conditional on Y = y is given by

f(X,Y)(Xa)/)
fr(y)

This can derived by letting y — 0 in the equation

fx v (xly) =

IP>(X%X|Y%y):H”(Xffvx,Yzy)

P(Y =~ y)
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Example

A particular type of rock is analysed. Let X and Y denote the proportions
of minerals A and B respectively found in a sample of the rock. Assume
that the pdf of (X, Y) is given by

fixvy(x,y) =2 (x+y<1,x>0,y >0).

Find the marginal distributions, and the conditional distribution of X|Y'.

Are X and Y independent?
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Bivariate normal distribution

If the pdf of (X, Y) is given by

fix,v)(x,y) = (x* = 2pxy + y2))

1 ( 1
2m/1 — p2 2(1-p?)

where p € [—1, 1], then we say that (X, Y) has the standard bivariate

normal distribution with parameter p, and we write (X, Y) g Na(p).
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The contours of f(X,y)(x,y) are ellipses with axes inclined at an angle of
7/4 to the x- and y-axes.

If p > 0 then the major axis lies along y = x and the minor axis lies along
y = —x. This means that X and Y tend to be large together, and small
together. In this case we say that X and Y are positively-related.

On the other hand, if p < 0 then the axes are reversed and X tends to be

large when Y is small and vice versa. In this case X and Y are said to be
negatively-related.
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The contours of f(X,y)(x,y) are ellipses with axes inclined at an angle of
7/4 to the x- and y-axes.

If p > 0 then the major axis lies along y = x and the minor axis lies along
y = —x. This means that X and Y tend to be large together, and small
together. In this case we say that X and Y are positively-related.

On the other hand, if p < 0 then the axes are reversed and X tends to be

large when Y is small and vice versa. In this case X and Y are said to be
negatively-related.
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As |p| gets close to one, the ellipses become ‘skinnier’ in whatever
orientation that they have and the relationship between X and Y becomes
stronger.

We see that the parameter p tells us a good deal about the relationship
between X and Y.
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The pdf of Y is given by

fy(y) 2/ fix, vy (x, y)dx

= /oo _ exp <— 02— 2 —|—y2)> dx
—o00 2T/ 1 — p? 2(1 - p?)

1 1.2

= ...=—e 2Y

V2T

Therefore Y £ N(0,1). Similarly, we can show that X g N(0,1).
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Note that X < N(0,1) and Y £ N(0,1) does not imply that
d

For example if X g N(0,1) and we define

v — X with probability 1/2
| =X with probability 1/2

then Y £ N(0,1) also, but (X, Y) is not bivariate normal. Why?
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The conditional pdf of X given Y = y is given by

fx|v (x]y)
fix,vy(x,y)
fy(y)

1 1
- i am gt e e)
B 1 1 2
- i Cam o)

hence (X|Y = y) < N(py, 1 — p?). It follows that E[X|Y = y] = py.
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Example

Suppose that (X, Y) < Na(p = 0.5). Find P(X > 1) and P(X > 1]Y = 1).

Solution

Well, what is the marginal distribution of X7
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We know that (X|Y = 1) £ N(0.5,1 — 0.52).

Then we just standardise using techiniques we already know.
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We see that P(X > 1|Y = 1) is greater than P(X > 1). Since p > 0, X
and Y are positively related. It follows that we expect Y to be larger
(greater than its mean) when X is larger.
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(T2 ) 2 ),

then (X, Y) has a bivariate normal distribution with parameters ux, wy,
ox, oy and p, and we write

d
(X,Y) = Nz(MX,,quO'EOU%/’p)'

It has density

X — fy )2
27Wx‘7y1 1-p? =P {_ 2(1 i p?) <( 05 :
(v —my)*  2p(x — )y — My))}

2
oy SxSy

fX,Y(Xay) =

_|_
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An alternative notation is

(] L 7))
Y — IV2 ’ 2 .
ny pPoXOy Oy
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Results for the general bivariate normal distribution can be derived from
those for the standard case (try this yourself)

d
X = N(ux,ox)
d
Y = N(uy,oy)
J _
XY =y) = N<ux+p0x(ygyw)’ Ui(l—p2)>-
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Example

Suppose that (X, Y) g N, (50, 50; 102, 52; —0.7). Find P(X > 55) and
P(X > 55|Y = 60).
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Example

Suppose the study scores of students in the subjects of Kangaroo caring
and Possum hunting can be considered as bivariate normal with p = 0.7,
p's = 30 and o's = 7. What is the conditional probability that the student
gets more than 30 in Kangaroo care given the students score in Possum
hunting is (a) 30 (b) 35 (c) 407
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Sol

Let Xs = ¥23% and Y, = Y23, then (Y;|X; = z) = N(0.7z,1 - 0.72) and

P(Y > 30|X = x)
Xs:x—30)

= IP’(YS>O

o P(Y >30[X=30)=1
e P(Y > 30|X = 35) = 0.758080
o P(Y > 30|X = 40) = 0.919285
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Independence of random variables

We previously had the notion of independence of events. We now translate
this idea to independence to random variables:

Two random variables X and Y are independent if
P(Xe M, YeN)=P(XeMP(Y €N)

for any (appropriate) subsets M, N € R.
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Independence by cdf

X, Y independent rv's if and only if

Fix,v)(x,¥) = Fx(x)Fy(y) for all x and y.
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For discrete rv's

Often more convenient to think of pmf.

Rv's are independent if and only if the joint pmf is the product of the
marginals:

X, Y independent

{ Pox,v) (%, y) = px(X)py(y) Vx,y }
px(x) = pxjy(x|Y = y), py(y) = pyix(¥|X = x) Vx,y
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For continuous rv's

Often more convenient to think of pdf.

Rv's are independent if and only if the pdf is the product of the marginals:

X, Y independent

i}
{ fix,v)(x,y) = tx(X)fy(y) Vx,y }
fx(x) = fxy(x[Y = y), fr(y) = fyix(yIX = x)  Vx,y
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Pair of indept N(0,1)
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Pdf example

Suppose the pdf for the bivariate rv (X, Y) is

c, f0<x<l,0<y<l 0<x+4+y<l,

0, otherwise.

fix,v)(x,y) = {

Are X and Y independent?
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Symmetry

If the density is symmetric in x and y (ie the value does not change if x
and y are swapped), the marginal pdf’s are the same: X and Y are
identically distributed.
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Summary: three criteria for independence

Rv’'s are independent if and only if

@ cdf is product of marginals
@ pmf or pdf is product of marginals

@ conditional pmf or pdf is same as marginal
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Example

Suppose that (X, Y) g N>(0), that is, X and Y are independent standard
normal. Then (X, Y) defines a point in R?. What is the distribution of
(R, ©), the polar coordinates of this point?
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1
PX~x,Y=ry)= gefé(xqﬁ)éxéy.

In polar coordinates, r = \/x2 + y? and so, for (r,6) € [0,00) x [0, 27),
we have

1
P(R~r,©@~0)= 2—e_%r2r5r59.
s

Hence, the pdf of (R, ©) is given by

1
firo)(r,0) = gre_%’2 (r>0,0<8<2m).
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It follows that

1
fR(r) = I’e_%r2 (r > O) and f@(&) — 7 (0 <0< 27-‘-)'
YIS
Why?

Since fr e)(r,0) = fr(r)fo(0), the random variables R and © are
independent.
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The transformation described in the above example can be used to derive
a proof of the result that

o 1.2
/ e 2% dx = /2,
—0o0

which we have used to derive the constant 1/(v/27) in the formula for the
pdf of the normal distribution.
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Assume that

e 1.2
/ e 22X dx =c.
—00

o0 1.2
/ e 2Y dy =c,
—0o0

and, multiplying them together,

/OO /OO e*%(x2+y2)dxdy =

Then
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Now, transforming to polar coordinates,

27 [e%¢]
/ / e 2" rdrdf = 2.
o Jo

o0 1.2
277/ e 2" rdr = ¢?
0

This is equivalent to

or

This implies ¢ = /2.
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The pull back trick

The pull back trick: E(Z) =), , Z(w)P(w)
Hence, for ¢ : R — R,

ZZGSZ Y(z)pz(z) Z discrete

E(TP(Z)) = {f w fZ Z)dZ Z continuous
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Expectation of function

Theorem

If (X, Y) is a discrete bivariate random variable with set of possible values
S(x,y) and probability mass function px y)(x, y), then, for any
real-valued function %,

E(X, V)= D ¥0xy)pxv)xy)

(x.¥)ESx,v)

provided the sum converges absolutely.
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