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40 Continuous Uniform Distribution

A random variable X has continuous uniform distribution on the interval
(a,b) it X has density function f(x) which is constant on the interval

(a,b) and 0 everywhere else. The density function is given by:
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That’s a little complicated, but there is an easier way! We can scale our
continuous uniform distribution to a “standard” length. If you recall

from the beginning of the semester, we can rescale this to the interval
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Wikipedia: Continuous uniform
distribution

Note that the book calls this the
“Uniform distribution”, but since
there is both a discrete and a con-
tinuous uniform distribution, we

distinguish the two.
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(0,1). This is called the Standard continuous uniform distribution. 1t is

the continuous uniform distribution on (0, 1).

So how do we rescale? Well, first we need to move
over by a and then we need to scale b down to 1. So

continuous uniform random variable U where
—

the entire interval x 13 C“"! .

we get a standard
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Converting this, we get:
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How does this help?
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That integral was much easier to solvel What about the variance?

Well, we know that
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41 Normal Distribution

We’ve used the normal distribution a lot for approximating the binomial
distribution. The standard normal distribution is the distribution with
density function \ -%_ ,%'l
o0 =G &
2x
Remember that taking the integral of this function is notoriously hard,

so instead I'll give you integrals to help out:

/ s(z)dz =\ / 26(2)dz =0 / 20(z)dz =
—00 [ — 00 / —00

What this means is that if Z is a standard normal random variable then

E(Z) =0 and Var(Z) = 1.

But what if we want our normal formula where we move things left
and right and deviate more than normal? (aka the non-standard ver- 72 ~§ b\vd_a(ﬂ m(mm(
sioin) Then we let X = pu + oZ implying Z = % which should be a X- nof ma \
formula we’ve seen before! This gives us amction

1
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o

With this density function, we have our' mormal distribution The ex- Wikipedia: Normal Distribution

pected value is:
- £ per 2)e s E@)F 1A

The variance is:

Var(X) = \[o./( ]~A+0‘2’3 = 0*1 \la/ (%\F o—l Ve SD(KS: \YF

The normal distribution is commonly referred to as the Gaussian distri-

|

P

bution.

Note that since this integral is super difficult, we will continue to use

the ® approximation that we learned in week 3.

Example 41.1 Suppose that we take repeated measurements of the
weight of a standard kilogram. Over time, this will slowly decrease in

mass! We know that the weight is a normal distribution with expected

value 1 kilogram and standard deviation 20 micrograms. What (approx- g
imate) proportion of measurements are correct to within 10 micrograms? ( ‘Cj = (0" mic ‘IOS'”\’MS

Ld/)( b= A WeEight of fue Yotk .

F(X)= | o, 000 o2
P = 20 (-1o) (4 1)
Vot () = Q0% = 4o P ( 999,999,990 & Xé | 622,00 6 610)
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42 Arbitrary continuous distributions

In this section we’ll look at two examples of continuous distributions
which are not ones that are normally seen. Like this you can see how
we can find a distribution from arbitrary density functions and not just

the “normal/standard” ones. We do these through examples.

Example 42.1 Suppose that we have a bacterial colony which appears
uniformly distributed at random on a circular plate of radius 1. Let R
be the random variable which represents the distance from the centre
of the plate. What is the probability density, probability (from a to b),
expected value and variance of R.
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Example 42.2 Let X have the probability density

1 : .
)= {“”” izl

0 otherwise

. 0
What is P(X > 3) and E(X)?

P(X%):Tﬁ\ad‘ = - - ~(——l——>

(3

3

43 Empirical distributions

In this section we’ll look at what happens when we take empirical data
and try and create a continuous distribution out of it. Say I have done
some experiment multiple times and I get some random histogram that

looks bizarre.
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With the above histogram, we might want to draw a “best-fit” curve.

This is normally done by something called “numerical analysis” and
is a whole topic in mathematics. We won’t get into it to much, but
there are ways to approximate this curve. For us, you’ll be given this
approximation so don’t worry about it. (Numerical analysis is actually
a real cool class!)

The idea is that if we have a random histogram after some experi-
ments, we can ask a numerical analyst to look at the data and create a
best-fit function. We can then take that function, say f(z), and create
a probability out of it if we add the stipulation that the area under the

curve must be 1. This distribution is given by

- hidh a e e
\&’X W ij; 3(& P(a,b) =~ g 'z(-x-\ Ak
A )

We can actually use indicator functions to help us compute averages

from our empirical data. If we let I(,4)(2) be the indicator function

Lk xela)
0 0fw

then we get a way to look at our probabilities. Looking at our histogram

I(a,b) ({L‘) =

we have [ " X
P(avb): —_ z T{ b-)<x(
where z; is inside some list of numbers (1, s, . . ., ) from our empirical

data. This is basically keeping track of how many of our boxes actually

occur. If we combine our two ideas, we end up with

x
ren~ T (96 dx

This is true since z is 0 outside of (a, b) and so we can make this assertion.
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This might seem like a complicated thing to do, because we’re basi-
cally multiplying by 1, but it actually gives us a powerful tool. What
we basically have shown is that

’Z_ T, @(&'\ ~ S T, (ﬂ f(x) dx

We can generalize this to give us the integral approzimation for aver-

ages. To generalize we just use an arbitrary function g(z) instead of the

indicator function. 20
7 36) £ ) Jefl)d
\ =) ) - So

Notice how both of these functions are giving us the expected value.
The left hand side is the expected value of g(X) where X is picked at
random from the list (x1,xs2,...,2,) (aka discrete version). The right
hand side is the expected value of g(X) for a random variable X with
density f(z).

One thing, right off the bat that we can use this for is moments. If

we let g(z) denote the kth moment, i.e., q(‘};\'r- )_h' , then we
have n Do )
( x= "-)
AT SN oo —

1

The left hand side is known as the kth moment of the empirical distribu-

tion. The right hand side is known as the kth moment of the theoretical We never defined the empirical

distribution. distribution, but you can read
When k£ =1 and k£ = 2 we have enough information to calculate the more about it on wiki.

expected value and the variance. Wikipedia: Empirical Distribu-
But how good is our approximation? To be honest, it’s definitely tion

a little complicated. The following is(ENCBYCHCSRNEqUALTDIor any

e > 0:

I won’t solve this or show that it’s true. There’s more information in the
book if you’d like, but the main thing to know here is that we are able
to calculate how close the approximation is. Another thing to notice is
that if n is very large compared to the variance, then the approximation
gets better and better.

Why do we care about all of this? Because integrals are hard! What
this is basically telling us is that if we have a difficult integral, we can
estimate the integral by a sum! If we take a uniform set of n values, we

can approximate our integral using the left hand side. This method is
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Wikipedia: Monte Carlo method

Wikipedia: Exponential distribu-

tion
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known as the Monte Carlo method and is used heavily in physics.

44 Exponential Distribution

Next up, we'll look at distributions where something changes over time.
You can think of this as the time it takes for a computer process to be
completed, the time it takes for atoms to decay, the time it takes for
organisms to evolve, the time it takes for water to boil, etc. Usually
time starts from now and goes on into the future. Mathematically we
can think of “now” as 0 and the far, far future as co. So, for example, if
I want to think about the probability of something happening between
1 and 2 days from now, then if I let T" be the random variable which
calculates the number of days, then I'm asking for P(1 < T < 2). Since
we’re talking about continuous distributions this week, you can expect

this to be equal to an integral:

Q
rasrsa= [ L(L) G
|

If we want to think of something just goes on forever starting from

a certain time d, then we can calculate
§ po
noen-§ ot o
d

What this means is we can break down P(a < T < b) into the following

P(a<T<b)= P(a ,LT)" PG" (‘T)

What function we chose to put for f(t) changes based on the model

or the question we are asking. There are many different distributions
that can be used with respect to time in this way, but the main one we
will focus on in this section is the exponential distribution.

Therexponential distribution with rate X is the continuous distribution

0=\
for t > 0.

What does this distribution look like?

where

G
Notice that if @ = 0 and b = oo, then we get that the enfire area is equal
to 1.

‘_>\.° f-Av/Q [ \ —_ ,_J_.. —~ —_
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But look at what this formula implies! If I kept b = oo and I let a be
anything then we have

~A A
Pla<T)= e -0 =\e

~eg—
That is so cool! It’s actually a super easy formula for us to remember.

The nice thing about this is that the expected value and the standard

deviation are also really nice numbers:

E(T) :,\_ and SD(T) :_\__

A
So the formula is cool and all, but what does this A mean? X is
basically the value of the instantaneous “bye bye” rate (aka death rate).
In other words, it keeps track of how much of a certain thing goes away
after a certain amount of time. (Depends on what your “unit” of time

is)

Example 44.1 Suppose that you just bought a new charging cable
for your phone. You know that, on average, the cable will last you_30
days and you are told that the distribution is exponential. What is the

probability that the cable will be working after 15 days?

(,eE- X o 1‘#4:? Q\“\}S fra calle W

=30 =4 > o e

~Aex _ 15 |
P(x>18) = € = e . _7F

=S

45 Poisson point process

Remember how the normal/Poisson distribution(s) could be seen as the
continuous version(s) of the binomial distribution? It turns out that the
exponential distribution is just the continuous version of the geometric
distribution! For the geometric distribution we looked over the numbers
{0,1,2,3,...}, but in the exponential we look at all non-negative num-
bers. For a geometric random variable X we had that E(X) = % where
p is the probability. If our probability is small enough, then E(X) is
very large! We can then take this and rescale X by the expected value:

X X -
E(X) Vo —P)(
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Then, recalling that (P(X >n)=(1 —p)j in the geometric case, we have

P p(X5E) = (ep) T 2 $P)

=C

This last approximation is coming from the fact that (1 — p) =~ e™? for
| |

really small p. For example, if p = 0: ‘/

‘ '-'[l-D\ Y .6_-0'5 \

There’s also a way to look at the exponential distribution through
the lens of the Poisson distribution. When we had first looked at the
binomial distribution, we were keeping track of how many successes we

have in n trials. If we had k successes then we had

()" (™

for the binomial distribution. But, there’s another way to think about
this. Instead we can look at when certain successes occur and look at
the gaps in between them.

As a quick example, let’s see what I mean about the two ways of
looking at this. Suppose we have 10 trials and 2 successes. As an
example, we can think of the black dots as successes and the white dots

as failures: g

O/\'olooooo\o}ooo'
S FFF® F FS F BB

(1) In the first way, we look at it by the number of successes that

happen altogether and where these successes might occur. In our
example, this is represented by the black circles being in the 1st
and the Tth positions. This is where the (120) number is coming

from.

(2) In the second way, we look at the gaps between successes. In other
words, with our example, we see there are no failures, followed by
1 success, followed by 5 failures, followed by 1 success, followed by
3 failures. So we can represent this as (0,5, 3). In other words, we
can think of this as the ways to add up any three (non-negative)

numbers a, b, ¢ such that their sumisn —k=10—-2=28:

0+5+3=28
[

Notice that this first way of looking at things is the binomial distribu-
tion. On the other hand, looking at things in the second way is the
geometric distribution (since we ask for “how long do I have to wait
before something happens”). These two ways of looking at things give
Wikipedia: Poisson point process a description of what’s called the Poisson point process with rate .

The book calls this the “Poisson

arrival process”.
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(1) Points/Arrivals: If we let I be a fixed (time) interval of length ¢
then we can let N(I) be the number of “successes 2 {usually called

arrivals). This gives us a Poisson distribution with parameter A¢.
S

In this case, A is the number of successes we expect to see per unit
of time.

(2) Counts/Times: Alternatively, we can start from the beginning

(t = 0) and count the number of success we get as our time in-

creases. This gives us an exponential distribution with expected
— e

1
value .
These two ways of looking at things are equivalent.

Example 45.1 The standard example in this case is to look at phone

calls, but we’ll use dms instead. Suppose that you get roughly 3 dms
per_minute (look who’s popular!).

Using the first way of looking at the Poisson point process, we can

@ look at this as a Poisson distribution. Since we’re talking about “per

minute” our unit of time is | minute(s). If we let our interval I be

from {%m_i,n@e future to 6 minutes in the futurg then we know

t ai;;_ :a’ 3 So \tgin our Poisson distribution parameter is given by

Using the second way of looking at the Poisson point process, we can

@ find an exponential distribution. Since we get 3 dms per minute, that

means our average wait time between dms is % of a minute. This means,

the expected value is % =4 . In other words, we have an exponential
e

What is the probability that you get 0 dms in the first four minutes
e

(t=0tot=4)7 j::(blq')

distribution with rat

M.)V\U'\& = UV\f\Los B

?S; S50 O X M

What is the probability that we get our first dm after 4 minutes

(t=4)7 'r:: ’H\N‘Q -{5 \5" Q‘y—\_‘

—

= O,ogoobg[q-q-

Sawe, .
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What is the probability that you get no ds in the fizstsninute and

then at most 3 dms in the'second minute?

PNG,) =0 (A £D) = 3@,@_};3 DD L

_J% 'M%f%éyzfz?

—5 (]—\-S“’i" ?;7‘\

€ €

0. 03222

KP(NKO,\\ = T>9«> = Mo)b P(T>>Q3

S

- &4 2 Ar\?/\
ol it

Wikipedia: Erlang distribution
Note that the book calls this a
“Gamma distribution”.

e ‘t = e = £

What is the probability that you get no dms in the first minute and the

wait time between your second and third dm is more than 2 minutes?

-2 ~3-3 -3t _g
= 0-00o 1224y

What is the probability that yout fifth dm takes more than 4 minutes

to arrive? T(. = ’le UV\'\:\\ \%A.M .
G
= P( N(o a) L@) <«

= —l—.‘L V>
3!

4/‘ < -]2233 545 007

46 Erlang Distribution

Our next distribution uses the Poisson point process to create a new
distribution. If we look at the second definition of the Poisson point
process (where we look at the time between successes), then we can
keep track of the time of the kth arrival after time 0. Let T; be the time
it takes for a success between the i — 1st success and the ith success,
i.e., we assume that T; has an exponential distribution. So Tj is how
long it takes from 0 until the first success, 75 is how long it takes from T}
until second success, etc. Then we let G, =T1 +To + ...+ T}, i.e., how
long it takes from 0 until the rth success. The distribution P(G,) is
known as the Erlang distribution with parameters X\ and r. In order to
distinguish the two parameters; A is called the rate parameter and r is
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known as the shape parameter.

The probability densit
by the function ~Nr C

distribution is given

[
Note that it is dependent on the rate A and the parameter r. Also, note

that r must be an integer.

Let X be an Erlang random variable with rate A\ and parameter r.
Then r \F(-:

EX) = >\ and SD(X) =
and the tail sum is given By

r—1 k
AT

P(X>:v):Ze N
- N

Example 46.1 - Suppose that it’s winter in Toronto and we know that,
on average, it snows once every 10 days. Furthermore, suppose that “it
snowing” is an exponential distribution. (In other words, the days it
snows are exponentially distributed),/What is the expected time for the

—\
next four snow days to occur?

L ((:74—>7 %

=4 cwwe W2 oaNgaQ\LTVS A‘&V\owg .
(1= lo =% 3 A>T

4-
¥ (oD~ o = 40

What is the probability that the next four snow days will occur next

week? (7 days from now until 14 days from now)
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46.1 Gamma Distribution

In our final distribution for this week we look at the Gamma distribution.
If we look at the Erlang distribution we notice that whenever we have
G, we required that r be an integer since it’s counting the number of
time something happens. If let » be any real number with the same
density function as the Erlang distribution, then we get the Gamma
distribution. In other words, the: Gamma distribution with parameters

A and r is the distribution with density function

Y BN R

fo)= € N X
(-0t o—

Wikipedia: Gamma distribution where 7 is any positive number. In order to distinguish the two pa-
rameters, A is called the rate parameter and r is known as the shape
parameter. Note that if k is an integer, then the Gamma distribution is

just the Erlang distribution.
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