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Chapter 0

Introduction

0.1 Organization

0.1.1 Syllabus

These notes are for two courses: MAS364 and MAS61006. All of the material in these notes is
shared between both courses, but only MAS61006 students continue with the course next semester.
Students on MAS61006 have some extra computer sessions this semester in preparation for that,
and will do their project work next semester (and not this semester), but otherwise the teaching
this semester is identical.

Some parts of the notes are marked with a (@) symbol, which means they are off-syllabus, for
everyone. These cover some tangential material, technical proofs and other optional content that
is included purely for interest.

0.1.2 End-of-chapter questions and problem sheets

At the end of chapter of these notes there is a set of problems for you to solve. The questions are
marked with stars to indicate their rough level of difficulty:

I think (or rather, hope) that many people will find this question easy.
I think this question is within the usual range of difficulty.

For whatever reason, I think many people will find this question difficult.

Most of the questions have two stars.

All of the solutions to the end-of-chapter questions within these notes are provided at the end
of the online version of the notes (and not in the paper version) in Appendix |C| You should work
through these questions as we go through the chapters, and review your own solutions using the
typed solutions.

At two points during the semester, a problem sheet of additional exercises will be set. About
one week later, we will go through the questions in lectures, and you should self-mark your
solutions. These do not count towards your final mark.



0.1.3 Assessment

o Students taking MAS364: you will have a two hour exam in January. You also have a
project, involving R or Python (you may choose which), towards the end of the autumn
semester. Details of the project will be released part-way through the autumn. The exam
counts for 85% of your final mark, and the project for 15%.

e Students taking MAS61006: you will have a three hour exam in the summer, which will also
include questions from the second semester. You will do project work as part of the second
semester and you do not do the project this semester. The exam counts for 60% of your final
mark, and the project work in the second semester counts for 40%.

In both cases, all questions on the exams will be compulsory. Some advice on how to structure
your revision can be found in Appendix [B| of these notes.

0.1.4 Website
Further information, including the timetable, can be found on

https://nicfreeman1209.github.io/Website/MASx64/.


https://nicfreeman1209.github.io/Website/MASx64/

0.2 Outline of the course

Bayesian learning is the process of using data to update statistical models. The key principle is
that
d
(a mOdel)‘{model = the data we observed} — (a better mOdel)' (01)

where [; ) denotes conditioning, in the sense of conditional probability. The process of finding
the right hand side, given all the inputs on the left hand side, is known as a Bayesian update.
Performing one or more such updates in succession is known as Bayesian learning.

We begin our course with an introduction to conditional probability in Chapter [1. We intro-
duce Bayesian statistical models in Chapters [2] (for discrete data) and |3| (for continuous data).
These models are similar to those that you will already be familiar with, with the modification
that we treat the parameters of the model as random variables. The operation in acts to
‘update’ these parameters, to make the model better fit the data. In Chapter [8 we introduce
a computational framework in which the operation can be computed numerically, in full
generality.

Bayesian learning is the oldest form of statistical learning and is often traced back to work
of Laplace (1749-1827), but its modern treatment is very different to its history. Before the
advent of modern computers the general methods in Chapter [§| were not available, and it was
(consequently) not possible to perform Bayesian updates except in simple situations. This led to
a period of several decades where statisticians developed approximation theorems, and that theory
gave birth to most of the non-Bayesian statistical methods that are still widely used today — for
example, maximum likelihood estimators, p-values, confidence intervals, ¢-tests and so on. Because
these methods depend on approximation theorems, their results can be hard to interpret and their
accuracy depends upon complicated conditions that are difficult to check. For example, it is very
common to see p-values and confidence intervals misinterpreted, or to see misunderstandings of
the output of well-known statistical tests.

The Bayesian framework avoids most of these difficulties by working directly with conditional
probabilities. It has been growing in popularity ever since computers became widely available and
may, in time, supplant older methods entirely. The only trade off is that, except for some special
cases, it requires complex numerical methods to implement.

Returning to our own course; in Chapter |4] we study the cases in which Bayesian updates
can be performed without the aid of computers. We will use such cases mainly as a way to
better understand how Bayesian models behave. We then study the choice of ‘prior’ in Chapter 5]
This provides a framework for incorporating pre-existing beliefs, known as priors, into statistical
analysis. These beliefs may come in a convenient mathematical form, or may need to be elicited
from subject experts with (perhaps) little understanding of statistics. We study the related
framework of statistical testing in Chapter

We discuss the relationship between Bayesian inference and other statistical methods in Chap-
ter [6] Broadly, we build up a picture which shows that many branches of statistics can be viewed
as simplifications of Bayesian methods. In that sense, Bayesian methods are the most natural
form of statistical inference.



Chapter 1

Conditioning

1.1 Random variables

Let X be a random variable taking values in R. You should think of X as an object that takes
a random value, which is hopefully natural. Most of the things we interact with are random
e.g. when we buy a pair of shoes we do not know how long they will last for; when we walk home
later, we do not know how much rain will fall, and so on. In principle we might think of anything
as being random, but within this course we will restrict ourselves to random variables that take
values in R%. We won’t use bold symbols for vectors in this course. Typically we will write z or
y for elements of R?, and when we need to use coordinates we’ll write e.g. x = (z1,...24) € R?,
where x; € R.

We are interested in two particular types of random variable in this course, captured by the
following definition.

Definition 1.1.1 Let X be a random variable taking values in R

1. We say that X is discrete if there exists a countable set A C R? such that P[X € A] = 1.

In the case d = 1, this will usually mean that either P[X € N] or P[X € Z] = 1. We use the
terminology ‘let X be random variable with values in N (or Z)’ for this case.

In this case the function py(z) = P[X = z], defined for 2 € R, is known as the probability
mass function or simply p.m.f. of X.

The range of X is the set Ry = {z € RY; P[X = 2] > 0}.

2. We say that X is continuous if there exists a function fx : R? — [0, 00) such that
PX € A] = / fx(x)dx (1.1)
A

for all A C R4,

In this case fx is known as the probability density function or simply p.d.f. of X. For d > 1
it is common to write X = (X1, ..., Xy) and refer to fx(z) as the joint p.d.f. of the X;.

The range of X is the set Ry = {x € R?; fx(z) > 0}.

Most random variables used in statistical inference are one of these two types. In this course
we will use reference sheets of named distributions, found in Appendix [A] covering a very large



range of examples. These reference sheets will be made available in the exam. You should be
familiar with relationships between named distributions that were discussed in earlier courses, for
example the relationship between Bernoulli trials and the Geometric and Binomial distributions.

Note that the integral in is over a set A C R?, with variable z € RY. We'll generally use
this notation instead of writing out multiple integral signs (e.g. [ [ [--- [...dz1dzs,...,dzg) in
this course.

Definition 1.1.2 Let X be a random variable taking values in R?. We say that a random variable
X is deterministic if there exists € R? such that P[X = z] = 1.

We will often view a constant, say a € R, as an example of a deterministic random variable. This
is another slight abuse of terminology, but it is natural and it won’t cause any trouble. Note that
deterministic random variables are a special type of discrete random variable.



1.1.1 (©) Technicalities

In this off-syllabus section we mention three technical points. They are aimed mainly at students
with more technical backgrounds in analysis and probability theory. We won’t discuss these points
in lectures.

1. More advanced textbooks use the term absolutely continuous for the class of random variables
that we have called continuous. The complication arises because there are random variables
for which Fx is a continuous function but no p.d.f. fx exists. These random variables are
usually associated to random fractals and are rarely used within statistics, so in statistics it
is common to drop the word ‘absolutely’.

2. In this course we will use the convention that probability density functions must be contin-
uous (as functions) except where they are zero. You can check that all of the distributions
on the reference sheet in Appendix [A] are given in this form.

In fact, probability density functions fx(z) are only defined almost everywhere. The term
for almost all x is also commonly used. We cannot explain the precise meaning of it within
this course, and many (otherwise good) textbooks on Bayesian statistics fail to note that
this difficulty exists. Loosely, the same distribution can be defined using two (or more)
different probability density functions fx(z) and f% (z), but it will always be the case that
[x(xz) = fi () for ‘almost all’ values of . We will discuss the matter further in Section

Remarks and

3. In our definitions and results above, the sets A for which we evaluate P[X € A] must be
Borel subsets of R%. In practice this technicality does not restrict us at all and we will
continue to ignore this point for the remainder of the course.

Taking care of these issues rigorously requires some background on Lebesgue integration, but we
do not assume that background for this course.



1.2 Equality in distribution

Let X be a random variable taking values in R%. The law or distribution of X is the function
A+ P[X € A], which tells us how likely the value of X is to be within the set A C R%

Definition 1.2.1 Let X and Y be random variables taking values in R?. We say that X and Y
are equal in distribution if P[X € A] = P[Y € A] for all A C R%. We write this relationship as

x<y.

In the case d = 1 we also have the cumulative distribution function Fx(x) = P[X < z] which
tells us how likely the value of X is to be less than or equal to x € R. For random variables X
and Y taking values in R,

Fx = Fy if and only if X £V’ (1.2)

We won’t prove (|1.2)) within this course, although it is hopefully not surprising to you.

Example 1.2.2 It is important to understand that Definition is not the same thing as
equality. For example, let X ~ N(0,1) and let Y = —X. Then

o0 ]. 2 z 1 2
PlY <z]=P[-2 < X] = e V2 q :/ e #1124z =P[X < 1],
[ o ] [ a ] /x 2w Y —00 \/ﬂ [ o ]
where we have made the substitution z = —y. Hence Fx = Fy so from (1.2]) we have X dy.

But X =Y only happens when X =Y = 0, which has probability zero.
A perhaps simpler example: if X and Y are independent N(0, 1) random variables then X 4 Y,
but PIX =Y]=PX - Y = (] andX—YwN(O,l—i—l)gN(O,Q) so PIX =Y]=0.

Note that we have used the notation ~ N(0,1) in Example We might wonder what the
difference between the symbols ~ and 4 s, Formally, they have the same meaning, but we tend to
use ~ when we are referring to a named distribution, and 4 when we are comparing two existing
random variables. That is a convention and not a rule, so you can use ~ and 4 interchangeably

if you wish.

10



1.2.1 Identifying distributions

In this section we give some results that help to identify the relationship X 4y Note that this
also helps us identify when random variables have named distributions. The discrete case is easily
dealt with.

Lemma 1.2.3 Suppose that X and Y are discrete random variables. Then X dy if and only if
Px =Py

Note that the statement px = py means that the functions px and py are equal, that is px(x) =
py () for all x € RY. The proof is left for you in Problem

The situation for continuous random variables is a bit more complicated. If X and Y are
continuous random variables with fx = fy, then it is clear from that X < Y, but it is
possible to have X LY and for fx and fy to be ‘different in an unimportant way’. You should
have already seen examples of this situation, like the following.

Example 1.2.4 The probability density functions

fX(x)Z{l for x € (0,1) fy(y)Z{l for y € 0, 1]

0 otherwise, 0  otherwise,

define random variables X and Y. Note that fx(z) = fy(z) for all z € R except for z = 0
and z = 1, so fx and fy are different, but only very slightly! You might think of these as the
continuous uniform distributions X ~ Uniform((0,1)) and Y ~ Uniform([0,1]), but they are
really the same distribution because P[X = 0] =P[X =1]=P}Y =0 =P]Y =1] =0.

We need to handle this point carefully because, in this course, we don’t assume enough math-
ematical background to explain precisely what we mean by ‘different in an unimportant way’. We
do need to know the following facts, however:

o For a random variable X with range in R, changing the value of fx(z) on a finite set of
x € R will not change the distribution of X (as in Example [1.2.4]).

« For a random variable X with range in R?, the same is true, but we can also change the
value of fx(z) on a finite set of lines (in R?) without changing the distribution of X.

Similar things work in higher dimensions too, but we won’t need those.

We sometimes think of random variables as being defined by probability mass functions or
probability density functions. This is a slight abuse of terminology: as we have discussed above,
the p.m.f. and p.d.f. specify the distribution. If you are asked to ‘find’ the random variable X,
or to find the distribution of X, then a statement of the p.m.f. or p.d.f. will suffice. You should
always specify the range of values for which the p.m.f. of p.d.f. is non-zero.

11



1.2.2 Normalizing constants

Often you will find that the p.m.f. or p.d.f of some random variable X appears in the form

PIX =2]=—g(z) or  fx(z)=g(2) (1.3)

where Z does not depend on x. In such cases Z is known as a normalizing constant. Its role is to
make sure that p.m.f. sums (over z € Rx) to one, and the p.d.f. integrates (again, over z € Rx) to

one. We have written % because normalizing constants often appear in a denominator e.g. \/% in

1 _—x%/2

Inon () = o , but they don’t have to appear that way up e.g. A in fr.p) (%) = e A

Lemma 1.2.5 Suppose that X and Y are random variables.

1. If X and Y are discrete, with probability mass functions in the form px(x) = %g(ac) and
py(z) = % g(z) then X dy.

2. If X and Y are continuous, with probability density functions in the form fx(z) = %g(x)
and fy(z) = £g(z) then X 1y,

ProOF: (@) Note that in the normalizing constant Z is determined by g(x); in the discrete
case we have Z = > _pg(z) and in the continuous case we have Z = [ g(x) dx. Hence in both
cases, the fact that X and Y are random variables implies that Z = Z’. The lemma now follows
from Lemma for the discrete case, and from our discussion below Lemma for the
continuous case. |

Example 1.2.6 If X ~ Gamma(c, 3) then fx(z) = %xo‘_le_ﬁm for z > 0, where I" : (0,00) —
(0, 00) is the I'-function. By Lemma if Y is any other random variable in the form fy (y) =

(constant) x 2% 'e7P% then we have Y ~ Gamma(a, 3).

When we have px (z) = £g(z) and py (z) = % g(x), as in part 1 of Lemmam it is common

to summarize this relationship as px o py. In words, px is proportional to py. The same applies
to part 2 of Lemma This notation can save time, but we will avoid using it while we are
focused on understanding conditioning and Bayesian models in Chapters We will begin to
use it in Section 4.1} where it will become very helpful in keeping our calculations tidy, and we
will discuss it further at that point.

12



1.3 Families of random variables

Definition 1.3.1 We use the term family (of distributions) with parameter space ITI C R? to
mean that each # € II corresponds to a random variable My, with parameters given by 6. We
require that all the random variables within a given family have the same range R, which we call
the range of the family.

For example:

o The Beta family refers to the distributions Beta(a, §) where the parameter 6§ = («, 3) takes
values in parameter space I = (0,00)2. It has range [0, 1].

o The Binomial family refers to the distributions Bin(n,p) where the parameter 0 = (n,p)
takes values in parameter space IT = N x [0, 1]. It has range N.

We say that a family is discrete if it is made up of (exclusively) discrete random variables, and
continuous if is it made up of (exclusively) continuous random variables. So the Beta family is an
continuous family and the Binomial family is a discrete family.

We will use this term for statistical models, written (Mp)gerr with parameter 6. For this reason
we will often refer to (Mp) as a model family.

Assumption 1.3.2 For our model families, we require that § — P[My € A] is a continuous
function, for all A C R.

The purpose of this assumption is that if we change 6 slightly then we only change the distribution
of Mjy slightly. This will be necessary for our inference methods later on. This condition holds for
most common families of random variables, including all of those listed on the reference sheets in

Appendix [A]

13



1.4 Conditioning on location

Lemma 1.4.1 Let X be a random variable, and let A C R be such that P[X € A] > 0. Then
there exists a random variable Y such that

1. PlY e A]=1.
2. PV € B] = g3=5] for all B C A. (1.4)

If Y’ is any random variable satisfying these two conditions then Y 4y,

Definition 1.4.2 The distribution of Y is known as the ‘conditional distribution of X given the
event {X € A}. We write this relationship in symbols as Y’ 4 Xlxeay-

Note that we use = and not = in Definition m It is possible to make lots of different
random variables Y that satisfy properties 1 and 2 of Lemma but they all have the same
distribution. Using 4 instead of = captures this fact. We will prove Lemma |1.4.2| shortly, but

let us first concentrate on getting the intuition right. Property 1 in Lemma [1.4.1] says that Y is
always inside the set A. Property 2 says that, inside A, Y behaves like X. (Taking B = A in
property 2 gives property 1, but it will be helpful to refer back to them separately.)

You might like to think of Y as what happens if the random variable X is forced to sit inside
the set A. It is still (in general) a random quantity, and it reflects exactly the random behaviour
of X inside the set A, but all the behaviour of X outside of A is forgotten. Another way to
understand Y is via rejection sampling: we could repeatedly take samples of X until we obtain a
sample of X that is inside the set A. The random quantity that we obtain from this procedure
has precisely the same behaviour as Y.

We will use the usual language of probability to rewrite the event {X € A} when it is more
intuitive to do so. For example, if A = [a,b] then we might write X|{x¢[q)}, O if A = {a} then
we might write X|{x_q).

Example 1.4.3 Suppose that X ~ N(0,1). The values taken by X are spread out across the real

line. The probability density function of X, given by fx(z) = \/%e*xg/ 2 allows us to visualize

the random location of X:

0.8 1 — fx
0.6
0.4

0.2 1

0'0 T T T T T T T T
-4 -3 —2 -1 0 1 2 3 4

The random variable X is more likely to be in locations where fx(x) takes larger values, or more
precisely Pla < X < b] = f; fx(z)dz, the area under the curve fx between a and b.

LetY =X |{ Xe[0,00)}- We can use the properties given in Lemma to find the distribution
of Y, where we take A = [0, 00). Firstly, note that property 1 gives P[Y < 0] =0,s0P[Y <y] =0
for all y < 0. For y > 0 we have

PY <y]=PY <0]+P0<Y <y]

14



(1.5)

= —¢€ xZ.
0o V2r

We therefore obtain that Y is a continuous random variable with p.d.f.

0 fory <0
frlv) = \/26_92/2 for y > 0.

Plotting fx and fy on the same axis we obtain

0.8 R
fy
0.6 1
0.4 e R
-7 S
0.2 1 ,/, ‘\\
”’/ \\~§

0.0 A 77;7__—— T T T T T ~-—-—|¥7

—4 -3 -2 -1 0 1 2 3 4

Note that fy(y) is zero for y € (—00,0), and double the value of fx(y) on y € [0,00). This is
not a coincidence. It occurs precisely because Y retains the ‘same’ randomness as X inside the
set A =[0,00), but Y can only take values inside the set A, so the p.d.f. within in that segment
must be scaled up to ensure that fR fy(y) dy = 1. That fact that this scaling up is by a factor of
2, in this example, comes from and in particular from P[X € A] = %

In Problem [1.7]you can explore Example a bit further, and there is a more general version
in Problem We will now give a proof of Lemma based on the idea of rejection sampling
that we mentioned below Lemma [[.4.1]

PrROOF OF LEMMA [1.4.1} (@) We will discuss this proof in lectures, because Lemma is
fundamental to the whole course and the key ideas of the proof are helpful to understand. The
details are less important to us: our focus is on becoming competent practitioners of Bayesian
statistics, rather than on becoming able to develop its theory.

Let X4, Xo,... be a sequence of i.i.d. copies of the random variable X. Let N € N be the
number of the first copy for which Xy € A. Let us write ¢ = P[X,, € A] > 0. The events
{X,, € A} are a sequence of independent trials with success probability ¢, so the number of trials
until the first success is Geometric(g). In particular, since P[Geometric(q) < oo] = 1, a success
will eventually happen. Let N = min{n € N; X,, € A} be the number of trials until this first
success.

We claim that Y = X satisfies the two properties required in the statement of the lemma.
By definition of N we have P[Xy € A] = 1, which shows the first property. To see the second,
for B C A we have

P[Xy € B =) P[Xy € Band N =n

n=1

15



=Y PXpcBand X, 1 ¢ A, Xp 0 ¢ A,..., X1 ¢ Al

In the above we use independence of the X,, to deduce the third line. To deduce the fifth line we
use that X,, and X have the same distribution, hence P[X,, € B] = P[X € B], and to deduce the
final line we use this same fact with the definition of q. Hence, Y = X satisfies the properties
required.

To prove the final part of the lemma, note that if Y and Y’ both satisfy the two properties
then for any C' C R we have

PX € CnN A

PlY e C]=P[Y e CN(R\A)]+P[Y eCNA =0+ P[X € 4]

(1.6)
and the same holds for Y’. To deduce the last equality in (1.6 we have used property 1 for the
first term and property 2 for the second term. The right hand side of (1.6)) only depends on X,

hence P[Y € C] =P[Y’ € C]. Thus Y £ Y". u

Lemma 1.4.4 Let X be a random variable taking values in R?.

1. Let a € R? be such that P[X = a] > 0. Then Xlix=a} La
2. Tt holds that X|ps < X

PrOOF:  We should think of these two cases as (1) conditioning on ‘X is equal to a’ and (2)
conditioning on ‘X could be anywhere’. The results of doing so should not be a surprise in either
case!

To prove the part 1, if we put A = {a} in Lemma then the first property gives
P[X|{x=a) = a] = 1. Therefore X|(x_q) and a are equal (with probability 1) which means
they have the same distribution.

To prove part 2, put A = R? in Lemma then the second property gives P[Y € B] =
TReD: = BXEE — PIX € B] for all B C R%, which tells us that P[X|z« € B] = P[X € B]. That
is, X|ga and X have the same distribution. |

16



1.5 Conditioning and correlations

This section demonstrates the effect of taking a jointly distributed random variable (X,Y) €
R?, and conditioning X to be within a particular location. If X and Y are independent then
conditioning X will have no effect on Y (see Exercise for details), but if they are dependent
then conditioning on the location of X will change the distribution of the y coordinate. This is
because X and Y affect each other so, if we force X to do something, it will also have some effect
onY.

Let us introduce some notation for these ideas.

« Wewrite (X, Y)[;xeca} as ashorthand for (X, Y)[(x y)eaxra}, Where we restrict the location
of X (to be inside A) but we do not restrict the location of ¥ (because Y € R? is true
anyway).

« We write Y|;xc4; for the y coordinate of (X,Y)[{xeay-

In this notation, we idea we described above is that, if X and Y are dependent, the random
variables Y and Y| x4y will have different distributions.

Lemma 1.5.1 Let X and Y be random variables, with A C Rx, B C Ry and P[X € A] > 0.

Then
PX € A,Y € B]

PROOF: From part 2 of Lemma
P(X,Y)e Ax B P Xe€AY eB
P[(X,Y)lxeay € A x B] = ol Y) L _H | (18)

P[(X,Y) € A x R P[X € 4]

Part 1 of Lemma m tells us that (X,Y)[;xeay has range A X Ry. Hence X|{xca) has range
A, which means that P[Y|(xca) € B] = P[(X,Y)|{xcay € A x B]. Combining this fact with

completes the proof. [ |

If X and Y are discrete then taking A = {z} and B = {y} gives us P[Y[(x—py; = 9] =
%. This formula, and more generally , should feel familiar. In earlier courses you
will probably have seen equations like P[Y =y | X = z| = %, which has essentially the

same meaning but different notation. The reason for introducing Y]{ Xx=A} Is simply that it is
easier to understand probability when we can imagine random objects.

Example 1.5.2 Suppose that we roll a fair dice, with outcomes Z = 1,2,...,6. Define the
random variables
{1 if Z is odd, {o if Z <3,
X — Y =

0 if Z is even, 1 if Z >4,

which are dependent. We can illustrate their joint distribution with a table of values:

Z|1|2|3]4|5]|6
X|1(0/1{0]1|0
Y{O0O[|]0]O|1]1]1
Pleolumn] | & | 2 |5 | s | & |3
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Each column is a possible outcome, each of which has probability é. Conditioning on the event
X =1 forces the outcome to be within the shaded columns.
The distribution of Y is easily found:

PY =0]=P[Z€{1,2,3}] =%+ %+ %=1,
PY =1]=P[Z € {4,5,6}]=¢+¢+§ =3
By Lemma we have
P[Y| _O]_IP’[Y:(),le]_ PZe{1,3})  g+§ 2
=TT TP =1 T PZze{135) I4i4173

and so P[Y|ix—1y = 1] =1~ 2 = 1. As we expected, the distributions of ¥ and Yl(x=1} are
different.

Compare the situation of Example to that of a random variable (X,Y) taking values
in R” x RY = R"*%. Here, X takes values in R” and Y takes values in R%. If X and YV are
dependent, then we should still expect that conditioning one affects the distribution of the other.
This is the key fact that we take away from this section.

Remark 1.5.3 In a multivariate situation, say (X, Y7,Y2), we could do something similar and
find the conditional distributions of (Y1, Y2)|{xea} as well as Yi[(xeay and Ya|(xeay. A slightly
subtle point is that
(Y1, Y2)l(xeay = (Yilixeay Yalixeay) -

In words, conditioning two coordinates on the same event, is equivalent to conditioning each
coordinate individually on that event — as we would intuitively expect.

We will use this fact later on when we work with multivariate situations, but we won’t include
a proof within our course. It isn’t difficult to check, but it wouldn’t help us understand anything
more than we already do.
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1.6 Conditioning on events with zero probability

Lemma requires that the event A, on which we condition, has positive probability. Without
that condition equation would become %, which is undefined. Despite this problem it is
often possible to make sense of the result of conditioning on an event of probability zero. The
mathematical theory here is much more complicated than we can cover, so instead we will explain
the key idea and focus on a small set of well-behaved situations.

We will take a random variable (Y, Z) and condition Z on the event {Y = y}, where Y is
continuous. In this case P[Y = y] = 0. The key idea is this: if there exists a random variable Z*
such that

P [Zl{y—y<e} € A] = P[Z" € A] as € — 0 (1.9)
for all A C R™, then we extend Definition [1.4.2} we say that Z* is the conditional distribution of
Z given {Y = y}, written Z* 4z l{v=y}- There are many examples of random variables (Y, Z)
for which the limit in does not exist, or fails to behave like a conditional probability. There
are, also, many examples where results in a random variable Y that behaves exactly like we
would expect, based on the intuition we have built up from Lemma [1.4.1

Here is a case where it does work, that you've seen before. In earlier courses you may have
been told that was the definition of a conditional p.d.f., but that is not entirely honest. It
is a consequence of and it requires some conditions.

Lemma 1.6.1 Let (Y, Z) be continuous random variables, where Y takes values in R™ and Z
takes values in R, Suppose that fy(y) > 0 and that both fy(y) and fy z(y,z) are continuous
functions. Then Z|ry—yy is a continuous random variable with p.d.f.

fy.z(y, 2)
Ty (y) .

PrOOF: (@) We will sketch an argument to show why the result holds, but we won’t include

[z vy (2) = (1.10)

a proof here. For simplicity, let us assume that Y and Z both takes values in R. From Lemma

[C5.1] we have

PIY —yl<e.ZeB] _ Jo i fra(uz) duds

PlZlgy-wi<a € Bl = —pmy =<4 yyfj fy () du

Our continuity assumptions mean that when € is small and |u — y| < €, we can approximate
fyiz(u, 2) = fy.z(y, z) and fy(u) ~ fy(y). Putting both these approximations in,

fB fYZ y,2) dudz _ 2¢ [ fyz(y, 2) dz _ fr.z(y,2) dz. (1.11)
f;jj: fY( )du 2€fY(y) B fY(y) ‘ '

Because of our approximation the right hand side of does not contain e. This suggests
that letting e — 0 should result in lime_m PlZ|{jy—yj<e} € B fB f"Z y Z) dz. Combining this
formula with Definition and gives that Z ]{y —y} exists and 1s a continuous random
variable, with the p.d.f. as clalmed. |

PlZ]{y —y1<ey € B] =

Example 1.6.2 Let (Y,Z) be a continuous random variable taking values in R?, with (joint)
probability density function

1 eV’ /2
Vo l+ (z—y)?
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for all y,z € R. Note that this is a continuous function (or see the plot below). We can compute

1 2 > 1
_ g L [T Ly
fY(y) /RfY,Z(y7Z) z \/%6 7ool+(z_y)2 <

:71 e_y2/2/<>0 ! dz
2m3 _001+Z2

1 2
=7 3672} 2larctan(z)]>,
T
_ 1 pp (T T
273 2 2
1

2
- e V2,

Ver

which we recognize as Y ~ N(0,1). We will condition on {Y = 1}. Clearly fy (1) > 0, so Lemma
applies, and we obtain

1 —1
; (y):fY,Z(LZ) _ Vs T 1P _ 1 1
Zliy=1y fy(1) \/%e_l Tl4 (2 —1)2

fr.z(y, ?)

0.12

0.10 — feauchy1,1)(%)
0.08

0.06

0.04

0.02

The line on the left hand picture corresponds to 4y = 1. You can see that it has the shape of the
Cauchy(1,1) p.d.f. in the right hand picture.

Remark 1.6.3 (©) It is possible to extend Lemma to weaken the assumption of continuity.
This requires some care and we won’t explore the details here, although we will sometimes use
in these cases. As a general rule it is dangerous to condition when fy z(y,z) features
discontinuities that might influence the conditioning.

Remark 1.6.4 Taking Y = Z in (1.9)), a similar approximation argument to the proof of Lemma

1.6.1 shows that for a continuous random variable Y and y € Ry, we have Y|y_, = y. We
already knew this for discrete random variables, in Lemma |1.4.4] so it is hopefully easy to believe.
We record this fact because we will need it in Chapter
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1.7 Families with random parameters

In this section we are interested to take a model family (Mp)gerr and treat the parameter 6 as
a random variable, which will be denoted by a capital letter ©@. We think of first sampling the
value of © and then (using whatever value we obtain) taking a sample X from Mg. The resulting
distribution is sometimes known as a compound or mizture distribution. We will have a detailed
discussion of how this idea becomes useful in Section 2.1l For now let us note that it increases
the range of models that we have available.

To make sense of the idea, let us state it more precisely. We want random variables X and ©
such that X ]{@:9} 4 Mpy. In this section we show that a pair (X, ©) with this property is given
by the distribution

P[X € 4,0 € B] — / P[M, € Alfe(6) db. (1.13)
B
where (Mjy) is a family of distributions with range R C R", as defined in Section and fg is a
probability density function with range II C R%. This is a type of random variable you may not
have seen before. We will shortly show that the © part is a continuous random variable, but the
X part might be discrete or continuous, depending on (Mp).

Our notation strongly suggests that we expect fg to be the (marginal) probability density
function of ©, and we can confirm this by setting A = R”, in which case equation becomes
P© e B]= | g fo(f). We can also find the marginal distribution of X, by setting B = R?, giving

PX € A]=P[X € 4,0 e RY = / P[My € A]fo(6) db,
Rd

but that formula doesn’t really explain what is going on here. The relationship that we are
interested in comes from the following lemma.

Lemma 1.7.1 Let (Mpy) and (X, 0) have distribution given by (1.13)). Suppose that fo(6) > 0
and that t — fo(t) is continuous at t = 0. Then X|ro—g < M,.

PROOF: (@) We give a sketch proof to illustrate the idea, in similar style to Lemmam From
Lemma [1.5.1] for A € R¢ we have

PO -6l <eXeA [PIM, e Alfo(t)dt
PiXlge-asa € 4=""Fg —g<q - =
= O—ec f@(t) dt

The second equality follows from with B = [0 — ¢,0 + €], for the numerator, and from
the fact that fg is the p.d.f. of ©, for the denominator. Using continuity, from the statement of
the lemma and from Assumption for |6 — t| < e we can approximate fo(t) ~ fo(f) and
P[M; € A] = P[My € A]. This gives

VPMy € Alfo(0)dt 2efo(0)P[My € A]

P[X|6_g<c € A] ~ = = = P[My € Al
{le-9I< 09_+€e f@(@) dt 2¢fo(0)
Letting € — 0 we have P[X|;jg_g<c € A] — P[My € A], so by Definition and (|1.9) we have
that X|(g—p; is well defined and X|(o—gy = Mj. m
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1.8 Exercises on Chapter

* 1.1 (a) Consider a continuous random variable X with range Rx = (—10,10) and p.d.f. fx
sketched as follows:

0.2 — fx@)
0.1 /}
0.0 -
T T T T T T T T T
-100  -7.5 —5.0 —2.5 0.0 2.5 5.0 7.5 10.0

In words, explain which parts of Rx are the most likely locations for a random sample
of X to be.

(b) Let # > 1. Check that the function f : R — [0,00) by f(z) = {“H)f” fora=l g o

0 otherwise
probability density function i.e. check that integrating over its range gives 1.

* 1.2 Let X ~ N(0,1) and let Y be given by P[Y = 0] = P[Y = 1] = 1, independently of Z.

Define a random variable
0 ifY =0,
Z p—
X ifY=1.

Is Z a discrete random variable, a continuous random variable, or neither?

* % 1.3 Let a < b < ¢, all elements of R. Suppose that U has the continuous uniform distribution
on [a,c] and let U’ 4 U|{U€[a,b]}~
(a) Write out the meaning of U’ 2 Ul{vefa,p)y: in words.
(b) Show that U’ has the continuous uniform distribution on [a, b].
(¢) Plot the probability density functions of U and U’ on the same axis, for the case a =
1,b=2,c=4.

* % 1.4 Suppose that G has the Geometric(p) distribution, that is P[G = g] = p9(1 — p) for g €
{0,1,...}, where p € [0,1]. Let G’ 4 Gl{G>n}, where n € N.
(a) Find the distribution of G'.
(b) Consider the following claim.

Recall that G represents the time of the first failure in a sequence of independent
trials, each of which has failure probability p. Conditioning G to be greater than
or equal to n has the effect of forcing the first n trials to be successful, without
changing the distribution of the remaining trials.

Do you agree with this statement? Give brief reasons for your answer.
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* 1.5 Let X ~ Cauchy(0,1) and let z € R. In the files 1_rejection_sampling.ipynb and
1_rejection_sampling.Rmd you can find a rejection sampling algorithm (as described in
our comments below Lemma or within the proof of that lemma) that obtains samples
from X|{X2k}~
Record the time it takes for the code to obtain some samples, for k& = 2" for various values of
n € {1,2,...}. What do you notice? Repeat the experiment with some other distributions.

* % 1.6 Let (X,Y) be a discrete random variable with values in R? (so n = d = 1) with distribution
given by
27%(1—-27Y) forx,yeN

0 otherwise.

PI(X,Y) = (z,y)] = { (1.14)
Here is a plot of this function, with shading to indicate regions for which z > 5 and/or

y =5.

0.25
0.20
0.15
0.10
0.05
0.00

(a) Check that the function given in (1.14) is a probability mass function with range N2
i.e. check that summing over its range gives 1. Are X and Y independent?

(b) (i) Show that for y € N we have P[Y = y| = (%)y
(ii) Show that for x € N we have P[X|y_5 = 2] = (1- 2%) (2%)96_1 .
(iii) Show that for y € N we have P[Y|(x>5 = y] = (1- 2—15) (2%)3"_1 .

* % 1.7 Let X ~ N(0,1) and set A = [0,00), as in Example Let Y’ = |X|. Show that
d
Y' = Xlixeay-
* * Kk 1.8 Let X be a continuous random variable and let A C Rx with P[X € A] > 0. Show that

X|{XeA} is a continuous random variable with p.d.f.

fx () :
SX|ixen (@) = {P[XGA] foed

0 otherwise.
** Kk 1.9 Prove Lemma [[.2.3]
* k% 1.10 Suppose that X and Y are independent random variables, and that P[X € A] > 0. Show

that Y g Y’{XGA}-
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Chapter 2

Discrete Bayesian models

A model is a machine for simulating data. We hope that the data we simulate is a realistic, or
approximately realistic, copy of some part of the real world. In probability and statistics we use
random models, meaning that if we use the same model twice we won’t generate the same data.

The reason for using a random model is that we can express our level of certainty. We don’t
know exactly what will happen, so instead we create a model that includes a range of possibilities,
along with a description how likely these different possibilities are. If we have a high level of
certainty then we might choose a model in which the likely outcomes are very similar to each
other. If not, we might choose a model in which the likely outcomes span a wide range of
possibilities.

We usually allow our models to have parameters. Parameters are ‘input’ values that we can
use to control how a model behaves, and we try to choose them in a way that makes our model

best reflect reality.
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2.1 Models with random parameters

We are often confident in our choice of model, but we are almost never certain what the best
choice of parameters is. In that situation, we usually do have some degree of confidence in which
parameter values should be used. How should we communicate that information? One way is
to use random wvariables for the parameters, as we did in Section If we have a high level of
certainty in which parameter values should be used, then we will choose a random variable in
which the likely outcomes are all very similar parameter values. If not then we choose a random
variable in which the likely outcomes span a wide range of different parameters. The ‘parameters’
become just another part of the random model.

Example 2.1.1 We want to model the random number X of successful experiments, out of a
sequence of 10 independent experiments, where each experiment has the same probability p € [0, 1]
of success. A natural form for X is Bin(10,p), but we don’t know the value of p, so let us set
M, ~ Bin(10, p). Then (M),) is a family of distributions. We hope that one of these distributions
will be a good model.

We are told (by a scientist colleague, say) that a reasonable estimate for p is p ~ %, but they
don’t seem very confident and for now that is all we know. We decide that our model for p will
be a random variable P ~ Beta(2, 8), which has E[P] = % and probability density function

72p(1 —p)"dp for p € [0,1]

0 otherwise.

fr(p) = { (2.1)

— Jfr
4 -
2 .
0 - T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

The decision here to use Beta(2,8) is a bit arbitrary — we will spend a large part of this course
thinking about how to make such choices well! It is only meant here as example of the type of
model that we will be interested in. We have chosen a distribution with range [0, 1], which is the
set of possible values for p, and with most of its mass within the region p ~ % that was suggested
to us.

The random variable (X, P) that results from this procedure is precisely the type we studied
in Section We want X|;p_p, ~ Bin(10,p) and (for now) our best guess for the parameter is
P ~ Beta(2,8). From Section [1.7| we know that the model we want is

PIX = 2.7 € B] = | PIM, = alfr)dp (22)

where z € {0,...,10} and B C R. In particular, Lemma|l.7.1|tells us that X|(p_,, 4 Bin(10, p).
If we wanted to sample X, with the random parameter given by P, we can use a two-step

procedure. First, we sample the value of p according to P ~ Beta(2,8). Then, we sample
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M, ~ Bin(10,p), using whichever value of p we obtained. The result of this procedure is our
model, X, for the data. We’ll come back to this example shortly.

We are now ready to set up the set of type of models we are interested in. We will refer to
them as Bayesian models, for a reason that will become clear in the next section. They come in
two flavours: discrete data and continuous data. We will study the case of discrete data first, in
the next section. In this case the model will be a generalized version of , where we allow any
family of discrete random variables in place of (M),) and any continuous random variable in place
of P. We will handle the case of continuous data later on, in Chapter [3]
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2.2 Discrete Bayesian models

We need two ingredients to construct the model:

1. Let (Mp)geo be a family of discrete random variables with range R C R™ and parameter
space II C R,

2. Let fo : R = [0,00) be a probability density function with range II.

The family (Mpy) is often referred to in textbooks as ‘the’ model, but to avoid confusion we will
use the term model family instead. The possible values of 8 for this family are given by the set
II, known as parameter space of the model. From Definition all elements My of the model
family have the same range, which we call the range of the model.

The function fg is known as the prior or more precisely the prior probability density function,
for reasons that will be explained shortly. The distribution with p.d.f. fg is known as the prior
distribution. This is the distribution that we use to sample a random parameter from.

Definition 2.2.1 The discrete Bayesian model associated to (Mpy) and fg is the random variable

(X,0) € R" x R? with distribution given by

PX — 2,0 € A] — /A P[M, = 2] fo (6) db. (2.3)

The random variable (X, ©) is neither discrete nor continuous. The X part is discrete, and the ©
part (as we will see below) is continuous. Equation (2.3 is ([1.13)) in the special cases of a discrete
model family. Let us unpack our notation in ({2.3)) a bit:

e 0 €1l is a particular choice of parameter;
e O is a random variable with range II, the ‘random version’ of the parameter;

e X is the data sampled by the model, and z is a sample of this data.

From Section and Lemma we know that © has p.d.f. fo and that X|rg_g ~ Mp
whenever fe is continuous at . To find the (marginal) distribution of the data X we set A = R?
in (2.3, giving the probability mass function

P[X = 2] = /R B[My = ] fo(6) db. (2.4)

This is known as the sampling distribution of our Bayesian model.

Example 2.2.2 To fit Example into this notation, take My to be the Binomial family with
10 trials, that is M, = Bin(10,p) where p = 6 takes values in II = [0,1]. The prior chosen in
Example was P = © ~ Beta(2, 8), which takes values in [0, 1], and the p.d.f. we wrote down
in . From we obtain a discrete Bayesian model (X, P) with distribution given by

PX =z,P c A] = 72 <1O> / P —p)'" " p(1—p) dp
T AN[0,1]

10 T —x
= 72< ) / P (1 —p) " dp. (2.5)
T AN[0,1]
Equation (2.5)) is precisely ([2.2)) with the binomial p.m.f. and beta p.d.f. from (2.1) filled in.
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Putting A = R? in (2.5) gives the distribution of X, also known as the sampling distribution
of our model:

PIX = 2] = 72(10) /0 e ey (2.6)

X

Equations (2.5) and (2.6) are not easy formulae. For the moment we will have to tolerate this
sort of thing, before we think of some ways to make our calculations easier in Chapter ] We can
sketch P[X = z] numerically:

0.3
. PX = o]
0.2 1
N I . - -
0.0 1 T T T T T T
0 2 4 6 8 10
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2.3 The posterior distribution

There is one more important piece of terminology associated to (X, ©).

Definition 2.3.1 Let (X, 0) be a discrete Bayesian model. For x such that P[X = z] > 0, the
random variable | {X=z} is known as the posterior of the model, and its distribution is known as
the posterior distribution.

It will take a bit of work to understand why ©|;x—_,} is important. Recall the prior © is a
random variable. The distribution of ©, which we usually specify via its p.d.f. fo(6), is chosen
based on our initial beliefs about where the true value of the unknown parameter 8 might be.
We then obtain some data x, coming from reality. The key idea is that ®|{ X=¢} Will often be a
better choice for the distribution of 6 than our original choice © was. This is because ©|{x—y}
incorporates information from the data that we have. We can summarise this idea as:

(model parameters)|{model = the data we have} = (better model parameters). (2.7)

Here [ ) denotes conditioning. We will use the theory that we developed in Chapter 1| to make
sense of (2.7)).

The ‘update’ of © to O[;x—_, is known as a Bayesian update, and the whole process is known
as Bayesian learning. The terms ‘prior’ and ‘posterior’ are loose synonyms for ‘before’ and ‘after’,
which is why they are used in Bayesian models.

All elements of the discrete family (Mp) have the same range R, so P[My = z] > 0 for all
r € R. It follows that the range of ©|;x_;} is the same as the range of ©. Checking carefully
against the two ingredients at the top of Section this means that we can form a new discrete
Bayesian model, with the same family (Mp), the same parameter space II, the same range R but
with a new prior given by the probability density function fej . _,,-

With our updated prior, we might want to use our new model to sample data (for whatever
purpose). For this we use the sampling p.d.f. , but now applied to the model with prior
Jo|(x_.,- There is a special piece of terminology for this:

Definition 2.3.2 Let (X, ©) be a discrete Bayesian model, with parameter space II and model
family (Mp)gern- Let x be an item of data. The predictive distribution is the distribution of X’

where

PIX = o/) = [ PIMy =1 fo .., (6) . (28)

Here, X’ has the same range as X.
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Example 2.3.3 Let us take the model from Example We noted in Example [2.2.2] that this
model was a discrete Bayesian model. Recall that our model was intended to model the number
of successes from a set of 10 independent but identical experiments, where each experiment has
an unknown probability p of success.

The model family we used is M, = Bin(10, p), with only one parameter p, so we take 6 = p.
The range of this family is R = {0,1,...,10}. The parameter space is II = [0, 1], and our prior
was © = P ~ Beta(2, 8), which has p.d.f. fp(p) that we sketched in Example

Suppose that we learn that a scientist has carried out the 10 experiments, and obtained x = 4
successes. We can use Lemma m to compute the posterior P|x_y4}, as follows. For B C R,

P[X =4, P € B|

B 72(y) S P A=) dp 29)
72(?) f[o,l} p' (1 —p)t74dp .
_ me[o,l] p°(1—p)dp
B B(6,14)
1 5 13

= we (L —p) " dp

/Bm[o,u B(6,14) ( )
= /B fBeta(6,14)(P) dp (2.10)

where B(a, ) = 01 2%~ 1(1 — x)P~!dx is the Beta function, which gives the normalizing constant

of the Beta(a, ) distribution. To deduce we have used for the top and for the
bottom, with = 4. Note that a factor of 72(140) cancels on the top and bottom.

From we can recognize Plrx—4y ~ Beta(6,14) as the posterior distribution of (X, P),
given the data x = 4. Plotting the density functions of P and P|{x_4} gives the following:

6
- s
. IPlix_y
TN
// ~\\
/ ~
21 / \\\
II So
\\
1 Ssao
0— |I T T _‘T T T
0.0 0.2 0.4 0.6 0.8 1.0

The effect of incorporating the datapoint x = 4 is visible here. Updating our prior p.d.f. fp to
the posterior p.d.f. fp| _,, has resulting in the mass (i.e. the area underneath the curve) moving
rightwards, towards the value p = 0.4 that corresponds to having 4/10 successful experiments.
The p.d.f. fp|,_,, feels both the influence of the prior fp, as well as the Bayesian update from
our data.

Suppose that we are now given a second piece of data, which is that a second set of 10
experiments was done, with x = 5 successes. We can use the posterior Beta(6,14) that we
obtained before as our new prior distribution, to incorporate our improved knowledge about the
parameter 6. We keep the rest of our model as before, and do another Bayesian update to find a
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new posterior distribution. Going through the same calculations (we’ll omit the details) it turns
out that the new posterior is Beta(11,19). Including this into our plot we obtain:

6
== fr
- fP‘{X::;}
4 1 —
FPl(xmay)lix=s)
2 <
0 -

We've labelled our new posterior as f to reflect the fact that we’ve done two updates

Plix=ay)l{x=51>
(this is rather lazy notation!). We can see the influence of the new data: our second data point

x = 5 again corresponds to a higher rate of success than our (updated) model anticipated, which
again pulls the mass of the distribution rightwards.

Our model still feels the effect of our initial prior, in the sense that the mean of B(11,19)
is 11/30 ~ 0.37, which corresponds to a lower success rate than both of our data points. We
only have two data points, so it is perhaps best that the initial guess we were given has not been
forgotten.

We can also see that the distributions are becoming less spread out with each update. This
reflects our models becoming more confident (of the posterior distribution they suggest for 6)
as we feed them more data. More precisely we can measure the standard deviations becoming
smaller: from the reference sheet in Appendix Beta(a, #) has variance 0 af

a+p)?(1+a+p)’
which the sequence of standard deviations comes out as 0.12, 0.10 and 0.087, each rounded to

from
two significant figures.

Putting our final posterior Beta(11,19) back into the same model family, we obtain from ({2.8))
that the predictive distribution given by our analysis is

1
P[X/ = 33,] = /0 fBin(lO,p) (‘/L‘/)fBeta(ll,l9) (p) dp
L 710\ |
_ @' (1 _ p)lo—z 1001 _ )18
L () 0= g -

1 10\ [ 1oser 28—a/
- (1 — i,
B(11, 19) (f)/o pt(1=p) P

for 2/ =0,1,...,10. Plotting this p.m.f. gives:

0.3

. PX = o]

0.2

N I I

0.0 - _. .-—_
T T T T T
0 2 4 6 8
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We can compare this figure to the sampling p.d.f. in Example from before we did any
Bayesian updates. As we would expect, our estimate of the number of successful experiments now
places more weight on larger values.

Calculating the distribution of P|;x_4) in Example was a bit complicated. For practical
purposes we will need to find easier ways of doing Bayesian updates. We’ll do that in Chapter [4]
but first we’ll need to finish our development of the theory.

Once you become comfortable with Bayesian updates, it will be tempting to try and compare
this new method of statistical inference to things you already know, and to wonder ‘which is
better?”. We will think about this in Chapter [6, but there is no simple answer.

In Example we’ve used several sketches to help us understand the distributions we came
across. Exercise provides you with template code for doing so yourself. You will find that
code useful for several other exercises too.
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2.4 Bayesian updates

We now write down a general version of the method in Example in the form of a theorem
that we can apply once per update step. It is worth noting that in many practical situations only
one update step is actually needed. This would normally be the case if we receive all the relevant
data at the same time. If our data arrives gradually (e.g. once per year from an annual survey)
then we can provide on-going analysis by carrying out an update step whenever new data arrives.

In Example we only had one parameter, so our parameter space was II C R, and we only
had one piece of data (per update) so our model for the data was a random variable X taking
values in R. In general we will want some number d € N of parameters, so we take IT C R¢, and
we will want to handle some number n € N of datapoints at once, so we let X take values in R™.

Theorem 2.4.1 (Bayesian updates for discrete data) Let (X, ©) be a discrete Bayesian model,
with parameter space 11, prior p.d.f. fo, model family (My) and range R. Suppose that © € R.
Then the posterior @’{X:x} s a continuous random variable and has p.d.f.

Fole_., () = PIMy = 21fo(0) (211)

where Z = [ P[My = z]feo(0) df. The range of Ol(x=y) s II, the same range as for ©.

PROOF OF THEOREM [2.4.1} Let (X,0) be a discrete Bayesian model as given and let z € R.
Note that P[Mpy = x] > 0 for all § because (Mp) is a discrete model family, so from (2.4]) we have

that P[X = z] > 0. By Lemma

PIX =2,0€B] [pP[My=2lfo(0)dd [ 1 .
PX =a]  [puP[My =alfo(6)do /B P[My = ] fe(0) d6

Z
where Z = [, P[My = z|fe(0)df. The denominator here comes from and the numerator
from (2.3)).

The definition of a discrete Bayesian model gives that the prior © has range II, so we may
assume fg(f) = 0 for 6 ¢ II. Hence Z = [;P[My = z]fo(0)df. It follows that O;x_, is a
continuous random variable with p.d.f. as in (2.11)).

Also, fo x_.,(#) > 0if and only if 6 € II, so ©|(x—,} also has range IL. [

Now that we have Theorem and in particular equation -, we should use it to calculate
posterior densities — instead of falhng back on Definition [I.4.2] For example, in Example [2.3.3] we
can go straight from our description of the model to ertlng down the p.d.f. of P{x—4y as

P [6|{X:x} S B] =

Folxouy () = ZEIBIN(10,p) = 4] fragosy (7

_ (140)8(2’ 8) p4(1 _ p)10—4p2—1(1 _ p)S—l

Z
1
= P -p)® (212)
for p € [0,1], and zero elsewhere. Note that we have written % = w in the last line,

without having to do any computation. We only need to care about the part of the formula
that depends on p, because the rest will be a normalizing constant. From Lemma [1.2.5| we can
recognize (2.12)) as the p.d.f. of the Beta(6,14) distribution.

33



2.4.1 Historical notes (©)

Equation is often known as Bayes’ rule, after Thomas Bayes (1701-1761). Bayes was one of
the first mathematicians to study conditional probability, although he only became interested by
it in later life and did not publish his work. Instead, it was edited and published by Richard Price
(1723-1791) after Bayes’ death. Both Bayes and Price were primarily interested in philosophy —
statistics barely existed at the time and mathematics had only recently discovered calculus. In
fact, what Bayes discovered is much closer to Lemma in the special case of discrete random
variables.

The concept of Bayesian inference first appears in work of Pierre-Simon Laplace (1749-1827).
It was originally known as ‘inverse probability’ and kept this name up until the 1950s, during
which the term ‘Bayesian’ became used instead. This makes Bayesian methods one of the oldest
parts of statistics. By comparison, techniques based on maximum likelihood estimators (MLESs)
were not introduced until the 1920s.

During the middle part of the 20th century, statistics was dominated by techniques based
on MLEs and Bayesian techniques fell out of fashion. They become popular again with the
development of modern computing power in the 1980s and 1990s, when it was realized (as we
will see in Chapter [§) that Bayesian updates could be performed numerically without relying on
families of well-known distributions. This provided the possibility of writing down highly complex
Bayesian models whilst still having them ‘learn’ from data.
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2.5 Exercises on Chapter

You can find formulae for named distributions in Appendiz [A]

* 2.1 This exercise provides template code for drawing several sketches of distributions, which you

will find helpful in many later exercises.

Use a computer package of your choice to complete the following questions. You will need
the file 2_dist_sketching.ipynb if you use Python, or 2_dist_sketching.Rmd if you use
R.

(a) You will find code that produces a sketch of the probability density functions of the
Exp(3) and Exp(5) distributions. Modify this code to produce a sketch of the probability
density functions of the Gamma(4,5) and Gamma(6, 7) distributions.

(b) You will find code that produces a sketch of the Geometric(3) distribution. Modify this
code to produce a sketch of the Bin(10, 2) distribution.

(¢) In this question we look at distributions in the form of equation ([2.4)).
You will find code that produces a sketch of the discrete distribution with p.m.f.

1
P[X = 2] = /0 P(Bin(10,p) = o] faerna.0)(p) dp

for z € {0,1,...,10}. Note that this distribution is the sampling distribution associated
to a discrete Bayesian model with model family Bin(10, p) and prior P ~ Beta(2, 3).

Modify this code to produce a sketch of the discrete distribution with p.m.f.

1
PIX = 2] = | PlGeometrictp) = ) fsau(z () d
for x € {0,1,...,}.
* % 2.2 Let (X, P) be a discrete Bayesian model with model family M, ~ Geometric(p) where

p€0,1].
We regard M, as a model for the number of times an experiment fails before the experiment
is successful. The probability of success on each try is p € [0, 1], which is an unknown
parameter. We assume that the experiments are independent of each other.
(a) Write down the probability mass function P[M, = n], and the range of this model.
(b) Take a prior P ~ Uniform([0,1]). Given the single data point « = 5, show that the
posterior distribution is given by P|x_,) ~ Beta(2,6).
(c¢) Use a computer package of your choice to sketch the p.d.f. of this distribution, alongside
the prior distribution.

(d) A second Bayesian update is made using a new data point, z = 9. Find the new
posterior distribution and add it to your sketch from (c).

(e) Write down the p.m.f. of the predictive distribution, after the second update. Use a
computer package of your choice to sketch it.
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* K

* k

* Kk x

2.3 Let (X,A) be a discrete Bayesian model with model family My ~ Poisson(\), where A €
(0,00). Take the prior to be A ~ Exp(5). Find the distribution of the posterior A|¢,—7, and
write down the p.m.f. of the predictive distribution.

2.4 Let (X,Y) be a random variable with distribution

1 1
PX =n,Y € A] = Z/Ae_yy”(l — y)QE dy

forn € {0,1,2,...} and A C (0,1), and zero otherwise.

(a) Find the marginal p.d.f. of Y and hence find the value of Z.
(b) Find the distribution of X|gy—yy.
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Chapter 3

Continuous Bayesian models

In this chapter we expand our results from Chapter 2| to also cover continuous data. This has
the consequence that we will make more use of probability density functions than in Chapter [2]
which causes some of the formulae to change and/or simplify. The key ideas do not change.
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3.1 Continuous Bayesian models

In this section we construct a version of the model from Section 2.2] that is suitable for continuous
data. We use a continuous family of random variables (Mp), in place of the discrete family used
in Section It will behave in much the same way, except that when we used the p.m.f. of the
discrete random variable My, we will now use the p.d.f. of the continuous random variable Mpy.

We need two ingredients to construct the model:

1. Let (Mp)geo be a family of continuous variables with range R C R™ and parameter space
1 C R4 Write fay, : R* — [0, 00) for the p.d.f. of M.

2. Let fo : R? = [0,00) be a probability density function with range II.

We used the same terminology as in Section we refer to the family (Mpy) as the model family,
and we will also use this term for (fyz,). We say that II is the parameter space of the model and
R is the range of the model. The random variable ©, with p.d.f. fg, is known as the prior of the
model.

Definition 3.1.1 The continuous Bayesian model associated to (Mpy) and f is the random vari-
able (X,0) € R™ x R? with distribution given by

]P’[XEA,@GB]:/
B

P{My € Alfo®)d8 = [ [ fu, () fo(6) dodo. (3.1)
BJA
The random variable (X, ©) is continuous, with p.d.f. fu, (z)fe(6).

The symbols 6,0, 2z, X and have the same interpretations as listed in Section and we won’t
repeat that list here. A warning: note that the p.d.f. faz, (x)fe(0) in (3.1) is not in a factorized
form g(x)h(6) because fu,(x) depends on both 6 and x. Just as in Section [2.2] in general X and
O are dependent random variables.

As in the discrete case, from Section [1.7] and Lemma we have that © has p.d.f. fo, and
that X|je—g 4 My whenever fg is continuous at #. To find the (marginal) p.d.f. of the data X
we must instead integrate out the @ variable from the joint p.d.f., giving

@) = [ fa (@) fo(6) 0. (32

This is known as the sampling p.d.f. or sampling density of the model, and the distribution of X
is the sampling distribution.

The posterior of the model is ©|x_,y, which is defined using Lemma m For the same
reasons as in the discrete case, we can hope that using ©|;x_,} in place of © will result in an
improved model. Let’s work out the distribution of the posterior (in general) before we do an
example with some data.

Theorem 3.1.2 (Bayesian updates for continuous data) Let (X, ©) be a continuous Bayesian
model, with parameter space I1, prior p.d.f. fo, model family (My) and range R. Write fyr, for the
p.d.f. of My. Suppose that x € R. Then the posterior @|{X:$} s a continuous random variable
and has p.d.f.

1
f@|{x:m} (9) = ZfMB (IE)f@(Q) (33)
where Z = [ fu, () fo(0) df. The range of Ol(x—y) s II, the same range as for ©.
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PROOF: The proof is similar to our proof of Theorem except that we use Lemma m (in
place of Lemma to find the p.d.f. of ©|{x_z-

A difficulty is that Lemma |1.6.1] requires continuity conditions, which are not always satisfied
in the situation here (although they are often are). For that reason, we will only give a proof
covering the special case where both fyz, (z) and fg(6) are continuous functions. In that case,
from Lemma we have that

~ fxey (@ 0)  fa, (@) fe(0)
ol 0=t = @ o)

We have used p.d.f. coming from Definition in the numerator above. For the denominator,
we already found fx(z) in , which gives fx(z) = Z. This gives . The definition of a
continuous Bayesian model requires that the prior © has range II, so fg(f) > 0 if and only if
¢ ¢ II. Since x € R we have fy,(z) > 0 for all § € II. Hence the range of ©|;x_,y is IL. [

Remark 3.1.3 (©) In fact equation (3.3) only holds for almost all € R, but it works for all x
when we have ‘enough continuity’ in some suitable sense. This is generally sufficient for practical
purposes and we won’t worry about this issue within these notes. To see a natural case where
fails for a particular choice of x, take © ~ F(%, 1) and My ~ N(0,6), with the data x = 0.
Then according to we have fg| _,, (0) = %\/21796_02/291,5//1)91/4_16_9 = %0_5/46_9 for
0 > 0. This does not define a p.d.f. since fooo 0=5/4¢=% d§ = co. The problem stems from fact that
(x,0) — fur,(z) is discontinuous at (0,0), which causes the continuity conditions mentioned in

the above proof to fail. In this case for any x # 0 we do obtain a posterior p.d.f. that integrates
to one.

Equation (3.3) is a ‘continuous data’ analogue of equation (2.11). Both equations are often
known as (versions of) Bayes’ rule, for the historical reasons that we discussed in Section In
both cases Z is a normalizating constant, ensuring that the p.d.f. of G)\{ X=z) integrates to 1. The

only difference between (2.11]) and (3.3]) is that:
o (12.11)) features the p.m.f. P[My = z] of the (discrete) model family;

o (]3.3) features the p.d.f. fas,(x) of the (continuous) model family.

Lastly, once we have obtained ©|;x—_,} we construct a new Bayesian model with ©|;x_,} in place
of ©. As before:

Definition 3.1.4 The predictive distribution is given by replacing the prior © with the posterior
Ol{x =z}, inside the sampling distribution. Hence, from (3.2)), the predictive distribution is of a
continuous random variable with p.d.f.

Pl = [ ) o, 0) b (35)
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3.2 Notation: independent data

We often want to construct a Bayesian model where the data corresponds to n independent, iden-
tically distribution samples from some common distribution. That is, we want our model family
to be of the form X = (Xy,...,X,,) where the X; are independent with the same distribution. It
is helpful to have some notation for this.

Given a pair of random variables Y and Z, we write Y ® Z for the random variable (Y, Z)
formed of a copy of Y and a copy of Z that are independent of each other. We will tend to
use this notation in combination with named distributions. For example, X ~ N(0,1) ® N(0,1)
means that X = (X7, X3) is a pair of independent N(0, 1) random variables. When we want to
create n copies we will use a superscript ®n, so X ~ N(0,1)®" means that X = (X1,...,X,,) is
a sequence of n independent N(0, 1) random variables.

Note that if X has range R then X®" has range R".

Example 3.2.1 Recall that a Bernoulli trial is a random variable X ~ Bernoulli(p), with dis-
tribution P[X = 1] = p and P[X = 0] = 1 — p. The standard relationship between Bernoulli
trials and the Binomial distribution can be written as follows: if (X;)" ; ~ Bernoulli(p)®" then
o Xi ~ Bin(n,p).

Example 3.2.2 Let M be a continuous random variable with p.d.f. fa; and let X 4 M®. Then
X has p.d.f.

n

fx(@) =] fur(@),

=1
where = (x1,...,2,). A similar relationship applies in the case of discrete random variables,
to probability mass functions.
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Example 3.2.3 We are interested to model the duration of time that people spend on social
activities. We will use data from the 2015 American Time Use survey, corresponding to the
category ‘socializing and communicating with others’.

We decide to model the time spent on a single social activity as an exponential random variable
Exp(A), where A is an unknown parameter. This is a common model for time durations. Our
data consists of n = 50 independent responses, each of which tells us the duration that was spent
on a single social activity, in minutes. This gives us the model family

M, = Exp(\)®*°

which has p.d.f.
n
far(z) = [ re 7 = A0e A2, (3.6)
i=1

A single item of data has range (0, 00) so the range of our model is (0, 00)%.

We need to choose a prior for A. As in Example we will make a somewhat arbitrary
choice, because for now our focus is on understanding how Bayesian updates work. Our prior for
the duration of a social activity will be A ~ Gamma(2, 60),

— fAleay V)
200 A
100 4
0 —
T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

We can check that this prior sits roughly within the region of parameters that we would expect: it
has E[A] = % = L which corresponds to an average social activity time of 30 minutes, because

1 30
E[Exp(A)] = 5.
We represent our data as a vector z = (z1,...,250). A histogram of the data is as follows:
60
I duration
> 40 -
2
s
g
« 920
0 = T T
0 50 100 150 200 250 300

It satisfies )} x; = 6638, which we can fill into (3.6).
We can find the posterior distribution A|x—_,y using Theorem It has p.d.f.

Pl oy ) = 31, (0) a0y (V)
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2
— l/\506—6638)\ 60 2—1_—60X

Z I'(2)
1 _
_ ?)\516 6698\ (3.7)

Note that here we have absorbed the factor % into the normalizing constant % to obtain a
new normalizing constant -;. We know that is a probability density function, so by Lemma
we have that Al{x—_,)} ~ Gamma(52,6698), and we know that % must be the normalizing
constant of the I'(52,6698) distribution.

Plotting the prior and posterior probability density functions together gives

=== 2N
200 FAlixzsy (M)
100
0 a i A N o e e
T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Here we see that, even though our prior is spread out across a fairly wide range of values, the
posterior has focused very precisely on a small region. By comparison to Example we have
a lot more data here, so our analysis here has produced a higher level of confidence in the best
choice of parameter values. Consequently our choice of prior has mattered less than it did in
Example [2.3.3

It is sensible to compare the results of our analysis our the histogram of the data x. Our
model is for 50 independent samples, so technically the sampling and predictive distributions
of our model generate 50 real-valued samples, which is awkward to sketch. Instead we use the
sampling and predictive distributions for a single data point (i.e. the n = 1 case of our model).
This gives sampling and predictive distributions, from and , with probability density

functions

fsampling(xl) = /]R fExp(/\) (xl)fF(Q,GO) ()\) d)‘7
fpredictive(xl) = /R fExp()\) (37/1)fr(52,6698)(>\) dA.

Comparing these to the data, we obtain

0.020
duration
0.015 A ) fsampling
fpredictive
0.010 A
0.005 H
0.000 T T T T T T T
0 50 100 150 200 250 300
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It is clear that the predictive distribution is a better match for the data than the sampling
distribution. To make the comparison we have scaled the total area of the histogram to be 1, to
match the fact the area under probability density functions is also 1.

Remark 3.2.4 In both Chapter [2] and [3| we have used continuous distributions for our random
parameters. In principle we could use discrete distributions instead i.e. IT would become a finite
set and © would only be allowed to take values in II. We would need to slightly modify
and for such cases. There aren’t any families of common distributions where the parameters
spaces are discrete, and in practice we rarely have a reason to want models of this type. We won’t
study models of this type within our course.
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3.3

Exercises on Chapter

You can find formulae for named distributions in Appendiz [A]

* 3.1

* % 3.2
* 3.3
* 3.4

This exercise continues Exercise[2.1] It provides template code for drawing several sketches
of distributions, which you will find helpful in many later exercises.

Inside the files 2_dist_sketching.ipynb and 2_dist_sketching.Rmd, below the parts cor-
responding to Exercise you will find the code for sketching

fx(x1) Z/R Texp(0) (T1) faamma(2,60) (M) dA,

which is the p.d.f. of the sampling distribution (for a single item of data) in Example [3.2.3]

(a) Modify this code to sketch the p.d.f. of the sampling distribution of the continuous
Bayesian model (X, ©) with model family My = I'(2,0) and prior © ~ Exp(1).

(b) Do the same as in (a), for the continuous Bayesian model (X, ©) with model family
My = N(6,1) and prior © ~ N(0, 1).

Let My ~ Exp(6), where 6 takes values in the parameter space II = (0,00). Let (X,©) be
the Bayesian model with this model family and prior © ~ Gamma(2, 3).

(a) Given the single data point = 2, show that the posterior ©|;x_s) has the Gamma(3, 5)
distribution.

(b) (i) Show that the sampling distribution of the model has p.d.f.

18

—%= forz >0
fx(@) = &F9) _ (3.8)
0 otherwise.

Hint: Use that fooo fGamma(3,2+3)(0) d0 = 1 to help with the integral.
(ii) Find the predictive distribution in similar form to (3.8)).
(¢) Now consider the model My ~ (X1,...,X,), where n € N and the X; are independent
Exp(#) random variables. Use the same prior © ~ Gamma(2,3) and the data x =

(x1,...,2p), where z; € (0,00) for alli = 1,...,n. Show that the posterior distribution
has the Gamma(n + 2, 3 4 z) distribution, where z = | ;.

With a computer package of your choice, sketch the prior and posterior probability density
functions from Exercise [3.2fa)/(b) on the same graph.

On a separate graph, use the explicit formula you found in Exercise [3.2f(a)/(b) to sketch
the sampling and predictive distributions. Modify your code from Exercise to sketch the
same functions, but without using your explicit formulae. Check that the results agree.

(a) Look at the left hand column of the reference sheet ‘Conditional Probability and Related
Formulae’ in Appendix [A] For each item listed there, identify which Section, Lemma,
equation, or other part of Chapter |1|it comes from.

(b) Do the same for the left hand column of the reference sheet ‘Bayesian Models and
Related Formulae’ (excluding the last item), with Chapters [2[ and
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3.5 Let My ~ Uniform([0,6]) be the continuous uniform distribution on [0,6]. Let (X, ©) be a
Bayesian model with model family (Mpy)gerr, with parameter space II = (0,00). Take the

prior to be © ~ Pareto(3,1).
*x (a) Suppose that we have the datapoint z = % Show that the posterior @]{X:;} has
distribution Pareto(4,1).

* * K (b) Suppose instead that we had the data point x = 5. Find the posterior distribution
Ol(x=5y and calculate the p.d.f. of the resulting predictive distribution.

* x K 3.6 Let (X, ©) be a continuous Bayesian model with parameter space II. Suppose that A C II
with P[© € A] > 0. Show that X|;ge 4y is a continuous random variable with p.d.f.

Pl @ = [ 1102 o1 ey (010

* ok * 3.7 Let (X, ©) be a continuous Bayesian model, with range Rx C R and parameter space IT C R,
and with model family (Mpy). Let fys, denote the p.d.f. of My and let fo denote the p.d.f. of
O.

Consider a second continuous Bayesian model (X', ©) with the same prior, the same range
and parameter space, but with model family (Mj) given by

fug@) = [ fan o = 9)r(o) (39
We require that & : R — [0,00) and [ x(y) dy = 1.

(a) Check that [ far(x)de = 1.
(b) Show that the posterior density of (X', ©) satisfies

folur., (0) / folixe. ., (O)(y) dy. (3.10)

(¢) The operation in (3.9)) is known as the convolution of fys, with x, and the function « is

known as the kernel of the convolution.

Consider the case k(y) = \/%76_92/ 2. Investigate the connection between convolutions

and sums of random variables. Use what you discover to write down (in words) a
heuristic interpretation of the connection between Model 1 and Model 2, and also of
equation (3.10]).
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Chapter 4
Conjugate priors

Recall that we define a Bayesian model (X, ©) using a prior © and a model family (Mp)gerr. The
main result from Chapters |2 and [3|is that we can (at least, in principle) obtain the distribution of
the posterior ©|;x—,y. If the prior and posterior are from the same family of distributions then
we say that this family of distributions is conjugate to the model family.

Note that the setup here involves two families of distributions: (1) the model family (Mp) and
(2) the conjugate family, to which the prior and posterior both belong. The formal definition is a
bit of a mouthful:

Definition 4.0.1 Let (Mp)perr and (T, )aca be two model families, with parameter spaces IT and
A respectively. We say that (My) and (1y) are a conjugate pair if whenever (X, ©) is a Bayesian
model with model family (My) and prior © ~ T,, for all z € Rx there exists b € A such that
Ol{x=z} ~ Tp. We say that the family (7,) is a conjugate prior for (Mp).

The point of using conjugate pairs is that, to specify a Bayesian update step, we only need
to describe how the parameters of the prior distribution should change, to obtain the posterior
distribution. This is in general much simpler than and . We will describe a few
conjugate pairs in this chapter and discuss their limitations in Section
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4.1 Notation: proportionality

In (2.12) and (3.7) we used & and -, for normalizing constants. It was helpful not to worry about
exactly what the value of these constant were. In longer calculations we might need to use several
different normalizing constants in this way, and it is helpful to have some notation for doing so
(beyond simply -, 7 and so on).

Definition 4.1.1 Let f and g be functions within the same domain. We write f o g if there
exists C' € (0,00) such that f(x) = Cg(x) for all z. In words, f is said to be proportional to g.

The relation o< has several nice properties, which are easy to check and are left for you in
Exercise For example, for any function f we have f o« f. Also, f o g if and only if g & f
and, lastly, if f oc g and g oc h then f oc h. We'll use these properties frequently in calculations,
without further comment.

Example 4.1.2 Using the notation oc, Lemma [1.2.5| says that for random variables X and Y:
o If X and Y are discrete and px o py then X 1y,
e If X and Y are continuous and fx o fy then X dy.

We will often use Lemma in this way from now on, including in the next example.

Example 4.1.3 The calculation in (2.12)) can be written simply as

fP)x_sy (P) < P[Bin(10,p) = 4] fpea(e,s) (P)
o pt(1—p) 0?1 = p)* !

o p’(1—p)*.
It follows immediately from Lemma m that P|{x—4y ~ Beta(6,14).

Example 4.1.4 More generally, the key equations (2.11)) and (3.3]) from Theorems and

can be written

f6)ix_0y (0) < P, () fo (0) for discrete Bayesian models,

folx_u, (0) < far, (@) fo (0) for continuous Bayesian models.
We will often use Theorems and in this way from now on.

A complication of using o is that the symbol does not explicitly specify which variables should
be treated as part of the proportionality, and which other variables can be treated as constants. For
our purposes there is a simple way to resolve this difficulty. We we use  there will, in most cases,
be a function on the left of the first o that appears within a calculation. The arguments of that
function (not including subscripts) are the variables that proportionality applies to; everything
else can be treated as constant in so far as o< is concerned.
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4.1.1 The Beta-Binomial pair

Here is our first example of a conjugate pair, which generalizes the calculations in Example
2.1.1H2.3.3]

Lemma 4.1.5 (Beta-Bernoulli conjugate pair) Letn € N. Let (X, 0) be a discrete Bayesian
model with model family My ~ Bernoulli(6)®™ and parameter 6 € [0,1]. Suppose that the prior is
© ~ Beta(a,b) and let x € {0,1}". Then the posterior is ©|;x—z} ~ Beta(a+k,b+n —k) where

PRrROOF: Note that k is the number of Bernoulli trials that generate a 1, and that we have n
trials in total. Under M, each trial has probability p of generating 1. From Theorem we
have that for 6 € [0, 1]

folx=r (0) oc PBernoulli(6)®" = ] fpea(ap) (0)

x <H P[Bernoulli(f) = xJ) IBeta(a,b) (0)

i=1

x (o+( - 0)"F) <B(i’ 50 e)b—1>

x 0a+k71(1 o 9)b+nfk71‘

By Lemma we recognize this p.d.f. as ©|;x—,} ~ Beta(a + k,b+n — k). [

The value of k£ has an intuitive interpretation, because it is the number of successful trials
observed in our data = (here we take a trial to result in 1 if successful, and 0 if failed). Looking
back at Example this allows us to do all of the Bayesian update calculations with one easy
piece of arithmetic.

More generally, we can use the Binomial distribution in place of the Bernoulli distribution, as
in the next lemma.

Lemma 4.1.6 (Beta-Binomial conjugate pair) Let n,m; € N. Let (X,0) be a discrete
Bayesian model with model family

Mg ~ Bin(m,0) ® ... ® Bin(m,,, 0).

with the parameter § € I1 = [0, 1]. Suppose that the prior is © ~ Beta(a,b) and let x = (x1, ..., zy)
where x; € {0,...,m;}. Then the posterior is O|fx—_g) ~ Beta (a + Y 1z, b4+ > my — Y1 x4).

PROOF: From Theorem we have that for 6 € [0, 1]

fol i, (0) o (ﬁ (ZL) 67 (1 — e)miwi> (B(; y 6o (1 — 9)b1>

i=1
o 9(1—&-2? z;—1 (1 o Q)IH_Z? m;—y 1 xi—1 )

By Lemma we recognize this p.d.f. as ©|(x—g ~ Beta (a + Y7 x5, b+ >y m — Y T x;). W

Remark 4.1.7 (@) There is a further generalization of this model to experiments that can have
many possible outcomes. It involves the Dirichlet and multinomial distributions. It is not much
more complicated, but we won’t cover it within this course.
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4.2 Two more examples of conjugate pairs

There are several examples of conjugate pairs in the exercises at the end of this chapter. We
include a couple more here, the first of which generalizes the calculations in Example [3.2.3]

Lemma 4.2.1 (Gamma-Exponential conjugate pair) Letn € N. Let (X, A) be a continuous
Bayesian model with model family My ~ Exp(\)®™ and parameter X € (0,00). Suppose that the
prior is A ~ Gamma(a, 8) and let x € (0,00)". Then the posterior is A|{x—z) ~ Gamma(a +

PROOF: From Theorem we have that for A € (0, 00)

fA\{X:m} ()‘) X fExp ®@n (m)fGamma(a,,B)(A)

(i) (e

x \e~ ADT T\ 167,8/\.

By Lemma we recognize this p.d.f. as O[;x—z ~ Gamma(a +n, 3 + 377 ;). [ |

We’ll now do a more complicated example in which the constant of proportionality would
change multiple times — if we were to write it in, which we won’t, thanks to o. In Section
we will look at Bayesian inference for the normal distribution where both p and o are unknown
parameters. For now we view o as fixed, so the mean p is the only parameter.

Lemma 4.2.2 (Normal-Normal conjugate pair) Let u € R and 0,5 > 0. Let (X,0) be a
continuous Bayesian model with model family My ~ N(0,02)®" and parameter € R. Suppose
that the prior is © ~ N(u, s?) and let z € R™. Then

o2 Zl z; + 2 1 )

®|{Xm}NN( I m T
o? 52 o? 52

(4.1)

ProoF: From Theorem we have that for § € R

f@\{xzz} (0) x fN (0,02)®" (‘r)fN(u 32)(9)

u 1 7%
(Hx/ﬂ - )(me )
o €xp <_2i2 Z(l‘i —0)* — 2%2(6 — u)2>

i=1

x exp (- Q(0))

where

A B C
——

oo D) R D) R )
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Completing the square in Q(#), using the general form of completing the square (which you can
find on the reference sheet in Appendix , we have that

2 2
f@l{xm}(ﬁ) X exp <—A <9_ i) Lo i)

X exp <—2(;) (0 — §)2> .

By Lemma we recognize this p.d.f. as Of;x—_z3 ~ N (%, ﬁ) We have

1
E: a2 21:13311%_s£2 and i 1 -,
A %‘i‘sﬁ 2A %4——

o

w

as required. Note that in the first term we have cancelled a factor of % from both A and B. M

From we can see that the variance will decrease as n — oo, and that for large n it will
be ~ %2 This agrees with our experience in Example in which case we had 02 = 5% = 0.42,
giving variance %. Recall that in our discussion at the end of Example we noted that the
posterior variance had become very small after only 10 obserations, despite the prior having a
reasonably large variance.

In the formulae we obtained in each time a variance appears, for both ¢ and s?, it
appears on the bottom of a fraction. This suggests that we might obtain nicer formulae if we
instead to parameterize the normal distribution as N(pu, %), where by by comparison to our usual
parametrization we have written 7 = # It is common to do this in Bayesian statistics and
the variable 7 is then known as precision. We will do this, for example, in Exercise which
considers the Normal distribution with fixed mean and unknown variance.

You can find a table of conjugate pairs on the reference sheets in Appendix [A] below the tables
of named distributions. It contains all of the examples within this chapter; there is no need for
you to memorize the formulae.

Remark 4.2.3 You are now ready to start on all of the exercises for this chapter.
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Example 4.2.4 Speed cameras are used to measure the speed of individual cars. They do so by
recording two images of a moving car, with the second image being captured a fixed time after
the first image. By analysing the two images the camera can tell how far the car has travelled
in that time, which gives an estimate of its speed. This is not an easy process and there is some
degree of error involved.

Suppose that we are trying to assess if the manufacturers description of the error is accurate.
The manufacturer claims that, if the true speed is 30 (miles per hour) then the speed recorded
by the camera can be modelled as a N(30,0.16) random variable.

We construct an experiment to test this. We set up a camera and drive 10 cars past it, each
travelling at 30 miles per hour (let us assume this can be done accurately, which is not unrealistic
using modern cruise control). The camera records speeds of

30.9, 299, 30.1, 30.3, 29.7, 30.1, 30.1, 29.2, 30.6, 30.4. (4.2)

We record this data as x = (2;)12;.

We will come back to this example in future but for now let us assume, for simplicity, that we
believe the manufacturers claim that the data will have a normal distribution with variance 0.16.
We want to see if mean matches up with the figure claimed. We’ll use the model family

My ~ N(60,0.16)%10 L N (9,0.42)810,
where the mean 6 is an unknown parameter. The parameter space of this model is II = R and
the range of the model is R0,
For our prior we will use © ~ N(30, 5?) which has p.d.f.

1 )
0) — —(2—30)2/10
fo0) = - 77=¢

We will study techniques for choosing the prior in Chapter |5} For now our motivation is that we
expect the true value for 8 is about 30, but we don’t have a lot of confidence in that, so we pick
a fairly large value for the variance.

Remark 4.2.5 It is always sensible to think about what property of reality your ‘true’ parameter
value represents. In this case, the true value of 4 is the average speed that would be recorded by
the camera, for a car that was travelling at exactly 30mph. We don’t know this value.

By Lemma the posterior distribution is

L y0 30 1 . ,
0.16 52 g
Olix=s} ~ N TR Rt (har' = N (30.13,0.04%) .
0.16 52 0.16 52

Here we fill in Z%O x; = 301.4 and round the parameters to two decimal places. As in our previous
examples, let us compare the prior © to the posterior ©|;x_,y.

0.4 4 fo
f@\{x:z}
0.2 1
0'0———————7_— T T T T T __I— ——————
20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0



It is difficult to show them on the same axis, so we have had to miss out the top part of the
curve fo|,,_,,- The outcome is similar to Example in that the posterior has focused in on
a small region. Given our data this seems sensible. The influence of the prior has largely
been forgotten.

We were originally interested to compare the behaviour the manufacturer claimed that the
camera would have, with the results of our experiment. To do so we should compare N(30,0.16),
which is what the manufacturer claimed our experiment should observe, with the predictive dis-
tribution from our data analysis. As in Example what we want here is the predictive
distribution for a single data point (i.e. the case n = 1). For that, our model family is N (6,0.4?),
and our posterior distribution for the unknown parameter 6 is N(30.13,0.042), which gives the
p.d.f. of the predictive distribution for a single datapoint as

Jpredictive () :/RfN(9,0.42)(x)fN(30.13,0.042)(0) do

which we can evaluate numericallyﬂ We obtain

1.5
=== fN(30,0.16)
fpredictive
1.0 A e m——
-~ DN
- ~
- ~
-7 SN
-7 SN
0.5 e S e
”/ \\\
- ~
- ~
” N\
——— TS =T
0.0 F

T T T T T T T
29.00 29.25 29.50 29.75 30.00 30.25 30.50 30.75 31.00

They are quite similar. If our predictive distribution is a true reflection of the cameras behaviour,
it suggests that the camera may be overestimating speeds by a small amount. We would need to
do some statistical testing before saying anything more, based on the 10 datapoints that we have,
and we’ll have to wait until Chapter [7] for that.

We’ll return to this data again in Example where will also treat the variance as an

unknown parameter.

n fact, some further calculation would reveal that this is also the p.d.f. of a normal distribution.
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4.3 Conjugate pairs and the exponential family (©)

For continuous Bayesian models, a very general form of conjugacy is known. We'll restrict here to
continuous models with one unknown parameter. We need to introduce the exponential family of
distributions. This term does not refer to the exponential distribution, but to a much wider class.
We say that a real valued random variable Y is from the exponential family of distributions with
parameter 6 if it has a p.d.f. in the form

fy(y) = h(y)g(0) exp (0T (y)) - (4.3)

Here h,g and T are arbitrary functions, with the restriction h > 0. Many of the families of
distributions that you are familiar with can be fitted into this mould, including the normal,
exponential, gamma, chi-squared, and beta distributions.

Take a Bayesian model (X,0) with model family given by , where both X and © take

values in R. That is,
faa, (@) = h(x)g(0) exp (0T (x)) (4.4)
for z,0 € R. We'll focus on the version of this model that takes n independent items of data,

x = (x1,...,%,) in which case

) = (Do )0y (031000 ) (43)
i=1 i=1
The prior distribution that provides a conjugate pair to this model is given by

fo(8) o< g(0)" exp (b0), (4.6)

where ¢ > 0 and b € R are parameters Note that this distribution is a specialized version of the
form in (4.3), and that the function g must be the same as in (4.5)). Theorem allows us to
compute the posterior density

ol xen (0) < f,(2) fo (0)

x g(6)"" exp

0 (b—kiT(xi))] . (4.7)

Therefore the Bayesian update in this case, from the parameters in (4.6 to (4.7)) is that

n
(a,b) — (a +n, b+ ZT(J:J) .
i=1
Example 4.3.1 Taking h(z) = 1, g(§) = 6 and T'(z) = = obtains the Exp(6) in (4.4). Making
the same choice for g, along with a = a and b = —f, obtains that Gamma(«, 8) distribution
in . Putting these choices for g and T into and applying Lemma m gives that the
posterior is Gamma(a +n, 8 + Y] x;), as we already knew from Lemma m

Remark 4.3.2 There is also a version of this framework for multiple parameters, in which § and
b are row vectors and T is a column vector, and multiplication of these quantities is done via
the dot product. We won’t write down the details of that case here. There is also a version that
applies to discrete Bayesian models, but we won’t detail that either.
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4.4 What if?

In this section we do some numerical experiments to illustrate the sort of things that go wrong if,
for some reason, our model family or our prior is too unrealistic. We will first describe a situation
where the inference works as intended, and then we’ll do some things to break it.

Example 4.4.1 Let (X, ©) be a continuous Bayesian model with model family My ~ Exp(\)®"
and parameter A € (0,00). Take the prior to be © ~ I'(«v, 8), where a, 8 € (0, 00).

For now, we choose the prior with @« = 8 = 1. We will feed our model data consisting of
i.i.d. samples from the Exp(1) distribution. This corresponds to a true value of the parameter
given by \* = 1. In other words, if we set © = X in our Bayesian model then the samples it would
produce for X would have exactly the same distribution as the data. So, we hope that Bayesian
updates based on this data will result in a posterior density with its mass near to 1.

n

The posterior densities that resulted from various amounts of data z, sampled from Exp(1)®",
are as follows.

— fel(9)
f@\{x:r}(e) for n=10
2 1 fo|(x_., () for n=20
fel(x_., () for n=30
—_— f@‘{xzﬂ(ﬁ) for n=40
—_— fe‘{)hz}(ﬁ) for n=50

The Bayesian updates here were calculated using Lemma As expected, although the mass
of our prior is not close to the true value, we can see the posterior densities becoming more and
more focused on the value 1. We can also see the corresponding predictive distributions (for a
single datapoint) converging towards Exp(1). The density functions look like:

—— fored(®) for n=0
1.5 A fored() for n=10
fored(x) for n=20
fored(x) for n=30
()

109 = fpred(x) for n=40
—— forea() for n=50
0.5 4 === fExponential(l)(x)
——
0.0 1 : : : : : | _ :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
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What if the model is wrong?

Example 4.4.2 Here we use the same model as in Example but now we feed our model
data consisting of i.i.d. samples from the ChiSquared(2) distribution. In this case there is no
value of the parameter A for which our model (X,©) is a good representation of the data. We
are interested to see what happens:

6 -
— fo(9)
f(—)\(x:ﬂ(e) for n=2
4 4 f@‘{xzz}(ﬁ) for n=4
f@‘{X:T}(ﬂ) for n=8
f@‘{xzﬂ(ﬁ) for n=16
2 -
—_ fe‘{X;I}(Q) for n=32
o
0 -
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

As before, it looks like our model is trying to focus in on one particular value for A. This time
it looks to be homing in on a value a little below 0.5, although it not yet clear which. Note
that the convergence appearing here actually seems faster than in Example i.e. the values
shown here for n are a bit smaller. Let us draw the probability density functions of the predictive
distributions that come from the posteriors above, and compare them to the true density function
from which our data was sampled:

1.0

——  fored(®) for n=0
0.8 fored(x) for n=2
fored(x) for n=4
0.6 1 fored(x) for n=8
—— forea() for n=16
0.4 1 —— forea() for n=32
______ .fChiSquared(S) (‘T)
0.2 e L T
/” \_
4
004
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

The density functions of the predictive distributions also seem to be converging as n gets larger,
as we would expect from the convergence suggested in the previous graph. But what they are
converging towards is not much like the p.d.f. from which the data was actually generated (shown
as the black dotted line). It puts far too much weight on small values, for example. If we hadn’t
looked at these graphs we might not have noticed that anything was wrong.

In other situations, where we choose a model that is not able to represent the data well, the
posterior distributions won’t converge at all as n — co. In such cases the predictive distributions
tend to be wildly wrong by comparison to the data.
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What if the prior excludes the true value?

Example 4.4.3 We'll use the model Example again, but we’ll change the prior, to be
© ~ Uniform([2, 3]), the continuous uniform distribution with range [2,3]. We’ll feed the model
data consisting of i.i.d. samples from the Exp(1) distribution, corresponding (as in Example
to a true value A* = 1 for the parameter. The key point is that in this case the true value is

outside of the range of the prior. Let’s examine what happens now:

— fe(9)
37 f@‘{xzz}(ﬁ) for n=2
fol(x_., (0) for n=4
2 A fol(x s (0) for n=8
—_— f@‘{xzz}(ﬁ) for n=16
14 — fo|(x_., (0) for n=32
0 -

The posteriors are focusing on the value A = 2, but the most conspicuous feature is that the
posterior distributions place no weight at all outside of [2,3]. In fact we knew this in advance,
because Theorems and both include the fact that the range of ©[(x_,) is equal to the
range of ©, in this case [2,3]. This means that, no matter how much data we give to our model,
it will never converge towards the true value \* = 1. It is trying to do the next best thing, and
get as close as possible. We won’t draw the predictive distributions for this case, but the same

story applies there.

There is an important message to take away from this example. When we assign zero prior
probability to some region of the parameter space, our model interprets it as an instruction that
we do not ever want to consider parameters in that region, even if it later turns out that the
data fits that region better. If we chose to do this based on our own (or our expert colleagues)
opinions, and it turns out that we are wrong, then we have made a serious error.

To avoid that situation, it is generally agreed that the range of the prior should include all
values of the parameter that are physically possible, with a view to the situation that we are

trying to model. This is known as Cromwell’s rule, based on the quotation
I beseech you, in the bowels of Christ, think it possible that you may be mistaken!

which Oliver Cromwell famously wrote in a letter to the council of the Church of Scotland in
1650, in an attempt to persuade them not to support an invasion of England. Cromwell failed
to persuade them and shortly afterwards Scotland did invade England. Cromwell’s own forces
decisively won the resulting battle for the English side.

We have followed Cromwell’s rule in Example where the parameter p represented a
probability and our prior had range [0, 1]. Similarly, in Examplethe parameter 6 represented
a speed and our prior had range R. In the context of that example we would hope that negative
values of the parameter would not be plausible (or the speed camera is seriously malfunctioning!)
but we still allowed, in our prior, a small probability that this might occur.

56



4.5 The normal distribution with unknown mean and variance

We’ve considered the normal distribution with a fixed variance, but with unknown mean, in
Lemma and Example The situation of fixed mean and unknown variance is treated
in Exercise We'll deal here with the case where both the mean and variance are unknown
parameters.

In the formulae obtained in Lemma both variables relating the variance (o2 and s?) only

appeared as % and s% This suggests that we would obtain neater formulae if we parameterized

the variance part as 7 = 4. The parameter 7 is known as precision. We will use this form in the

o2
next lemma, and also in Exercise |4.4
The conjugate prior in this case is complicated. It is the Normal-Gamma distribution, written

NGamma(m, p, a,b) with p.d.f.

fNGamma(m,p,a,b) (Ma T) = fN(m,p%) (M) fGamma(a,b) (7—) (48)
_ pT _pl o 2 b a—1_—bt
— 27reXp< 5 (1 m)> Ta) °©
x 7972 exp (f%(u —m)? — bT) . (4.9)

You can find this p.d.f. on the reference sheets in Appendix [A] Note that it is a two-dimensional
distribution, which we will use to construct random versions of the parameters p and 7 in N(g, %)
The restrictions on the NGamma parameters are that m € R and p,a,b > 0. The range is p € R
and 7 > 0. Here’s a contour plot of the p.d.f. of NGamma(2, 1, 3,2) to give some idea of what is
going on here:
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Let us note a couple of facts about the NGamma(m, p, a,b) distribution before we proceed
further. If (U, T) ~ NGamma(m, p, a,b) then:

o The marginal distribution of 7" is Gamma(a, b).

This follows easily from (4.8). Integrating out p will remove the term fy(,, 1 (x), which is
a p.d.f. and integrates to 1, leaving only term fgamma(a,b)(7)-

« The conditional distribution of U|ip—; is N(m, pT)
This also follows from , by applying Lemma u We already know that fr(t) =

fGamma(a,b) (7—)7 S0

Inem, 2y (R) fr(7)
fUliees, (0) = 0 = fN(m, 1) (1)

pT

Note that we are using U as a capital p and T as a capital 7, to preserve our usual relationship
between random variables and the arguments of their probability density functions. These two
facts won’t be used in our proof of conjugacy, but hopefully they help explain the formula
and the picture below it.

Our next goal is to state the conjugacy between NGamma and the Normal distribution. We
will need the sample-mean-variance identity, which states that for all x € R"

n

S (@ — 1) = ns® +n(@ — p)? (4.10)

i=1
where z = 1 31 2; and s? = 1 37 (z; — 2)2.

Remark 4.5.1 (©) To deduce (4.10)), let Z be a random variable with the uniform distribution
on {r1,...,2,}. Note that E[Z] = Z and var(Z) = s2. The identity follows from the fact that
var(Z) = var(Z — ) = E[(Z — ] — E[Z — ]2

Lemma 4.5.2 (Normal-NGamma conjugate pair) Let (X, O) be a continuous Bayesian model
with model family M, » ~ N(u, T)®", with parameters ; € R and 7 > 0. Suppose that the prior
is © = (U,T) ~ NGamma(m, p, a,b) and let x € R". Then O|;x—z3 ~ NGamma (m*, p*, a*,b*)

where

et = TP P =ntp
n—+p
* n * n p 2
=a+ — b =b+4— ( s° -
a a+2 —|—2<3 —|—n+p(x m)>,

where T = 13T 2, and s? = L 31 (2 — 2)2.

PROOF: (©) From Theorem [3.1.2) we have that for all 4 € R and 7 > 0,

SO (x—ny (w7 (H \/;exp( —ml) ))Ta;exp <_Ig(u_m)2_b7_)
i=1

x 731973 exp [—; (Z(u — ;) + p(p —m)? + 2b>

o 731973 exp [ 72_ (n52 +n(p—2)% +plp—m)? + Qb)]
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x it exp [~ Q(u)]

To deduce the third line we have used (4.10). We have

A B C
Q(u) = p* (n+p) —2p (nx +mp) + (ns® + nz* + pm? + 2b) .

Completing the square (with the help of the reference sheet) we obtain Q(u) = A(u— %)Q—FC— %2

T B\? 1 B?
(%) —m2(e- %)

The right hand side is above in the form of (4.9) and we can now extract the posterior NGamma
parameters. From the exponent of 7 we have a* = a + §. From the term (u — ...)% we have
*= B — 24P a1 d from the coefficient of this term we have p* = A = n 4 p. This leaves only

and hence

n _1
.ﬁUﬂthz”(M»T)@ITQ+a 2 exp

1 B?
b*=-|C——
:1n32+ni“2+pm2+2b— ! (n& + mp)?
2 n—+p
ns> 9 2 9.9 - 2 2
=b+ —+ [(n+ p)nz* + (n+ p)pm” — n°z° + 2mpnz — m°p’|
2 n—+p
ns? 9 9
=b+ —+ [pmi + npm +2mpna’c}
2 n
2
ns np 9
—pa _
T +n—l—p( )

which completes the proof. |

Example 4.5.3 Coming back to Example regarding testing a speed camera, we can now
do a Bayesian update where both the mean and variance are unknown parameters.

folis7) Joten (1:7)

0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000
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On the left we've taken an NGamma(30, ﬁ,l, %) prior. Note that p = 1—(1)2 corresponds to
standard deviation = 10, so our prior is well spread out about its mean m = pu = 30 on the
p-axis. The values chosen for a and b ensure that the prior is also well spread out on the 7-axis.
On the right we have the resulting NGamma(30.14, 10.01, 6.00, 1.24) posterior. These posterior
parameters were computing using Lemma and with the same ten datapoints as in Example
As we would expect from Example the mass of the posterior has focused close to
== 30. The parameter 7 has focused on a wide range of fairly large values, but remember that
T = # so the range of likely values for the standard deviation o will in fact be a small range of
small numbers.

Comparing the predictive densities gives:

1.5
f30,0.16)

104 7 fored (Example 4.2.4)

- fpred

0.5 1

00 T T T T T T T T
29.00 29.25 29.50 29.75 30.00 30.25 30.50 30.75 31.00

Our new predictive distribution is still broadly similar to the manufacturers N(30,0.16) claim,
but it now looks more spread out and the mean remains slightly higher than the manufacturers
claim. A point that might worry us is that our new predictive p.d.f. is not close to zero at 31mph,
whereas the manufacturer claims that it should be; our data suggests that the camera is more
likely to overestimate speeds than the manufacturer has claimed. We can’t reasonably say more
without statistical testing, which we’ll study in Chapter

Think for a moment about how much numerical work has been done to produce a graph of the
predictive pdf here. According to , for each point 2’ on the graph, to obtain fpreq(z) we need
to integrate fN(M%) (") fNGamma(30.14,10.01,6.00,1.24) (14, T) With respect to both y and 7, over a region
of R? that includes the spike visible on the posterior density. Numerical integration over R? is
expensive — doing it once is not very noticeable, but doing it repeatedly usually is. The graph was
made using 30 z-axis values and took 255 seconds to create, using scipy.integrate.dblquad
for the integration. If we had three unknown parameters then we would have to integrate in
R3, which is even worse. In fact, problems of this type with several parameters quickly become
computationally infeasible via direct numerical integration. They need a more subtle numerical
technique, which we’ll introduce in Chapter
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4.6 The limitations of conjugate pairs

The main advantage of conjugate priors is that, when we can use them, Bayesian updates are
simple to perform. Their main disadvantage is that, in many cases, we cannot use them. This

can occur in two main ways:
e Our chosen model family does not have any conjugate priors.

e Our chosen model family does have conjugate priors, but there are no choices of prior pa-
rameters that result in a conjugate prior that matches our prior beliefs.

This case is particularly likely to happen if we use a prior based on expert opinions or on

earlier experimental work.

For that reason the modern approach to Bayesian learning largely relies on the computational
techniques introduced in Chapter

Exercise shows that mixtures of conjugate priors can be handled with similar ease to
conjugate priors. This can help if we need to manufacture a prior distribution to reflect particular
properties, but it only provides enough help in a small fraction of situations.
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4.7 Exercises on Chapter

You can find formulae for named distributions in Appendiz [A]

4.1

4.2

4.3

4.4

4.5

(a) Consider the Bayesian model (X,0) with model family My ~ N(6,22)®3 and prior
© ~ N(0,1).

(i) Use Lemma to find the posterior distribution given the data x = (3.88, 2.34, 7.86),

which satisfies Z? x; = 14.08.

(ii) Write down the probability density functions of the sampling and predictive distri-
butions given by this model for a single data point. Give your answers in the form
Je Iy ()i () d(e).

(b) Inside the files 2_dist_sketching.ipynb and 2_dist_sketching.Rmd, below the part
corresponding to Exercise [3.1] you will find code for sketching the sampling p.d.f. of the
Bayesian model (X, ©) from Example with model family My ~ Exp(A) and prior
A ~T(2,60). Modify the code given to sketch the sampling and predictive distributions
from (a), on the same graph.

Let o, B > 0. Let (X, ©) be a discrete Bayesian model with model family My ~ Geometric(0)®"
and parameter 6 € [0, 1]. Suppose that the prior is © ~ Beta(a, ) and let x = (z1,...,2,)
where z; € {0,1,...,}. Show that the posterior is

Ol{x=s) ~ Beta (a +n, B+ le> .

i=1

Let a, 8 > 0. Let (X, ©) be a discrete Bayesian model with model family My ~ Poisson(6)®™
and parameter § € (0,00). Suppose that the prior is © ~ Gamma(q, ) and let = =
(x1,...,2,) where z; € {0,1,...,}. Show that the posterior is

Ol{x=z} ~ Gamma (a + Zmi, I6] +n> .
i=1

Let o € R and o, 8 > 0. Let (X,T) be a discrete Bayesian model with model family
My ~ N(p, %)®" and parameter 7 € (0,00). Suppose that the prior is T' ~ Gamma(a, 3)
and let © = (z1,...,2,) where z; € (0,00). Show that the posterior is

n l —
T|{x=z} ~ Gamma (a +5 B+ 5 Z(xz - u)2> .
i=1

Using the model from Exercise with g = 0 and prior Gamma(2,2), use a computer
package of your choice to produce a graph of the prior and posterior density functions, given
the data

z=(0.22, —0.17, 1.22, —0.13, 0.05, 0.79, —0.45, —0.30, 0.09, —0.16).

This data satisfies Z%O x? = 2.53. Then, draw a second graph of the sampling and predictive
density functions for a single data point.
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4.6 Let u € R. Let (X, ©) be a continuous Bayesian model with model family My ~ N(8, 22)®10
and parameter § € R. Suppose that the prior is © ~ N(0,2%), and that we have data

x = (5.29, 1.20, 2.94, 6.72, 5.60, —2.93, 2.85, —0.45, —0.31, 1.23).
This data satisfies Zio x; = 133.19.

(a) Use Lemma to find the posterior distribution ©|;x_zy-.

(b) Using a computer package of your choice, implement the Bayesian update given by
Lemma with n = 1, and use it to perform 10 Bayesian update steps, one for each
x;, on the model (X', 0) with model family My ~ N(6,2). Write down the resulting
posterior distribution.

(¢) What do you notice? Investigate this as you vary the data and prior parameters. Would

the same thing happen with the other families of conjugate pairs in this chapter?

4.7 Let a,b,k > 0. Let (X, ©) be a discrete Bayesian model with model family My ~ Weibull(k, 6)®"
and parameter § € (0,00). Suppose that the prior is © ~ Gamma(a,b) and let z =
(x1,...,2y,) where z; € {0,1,...,}. Show that the posterior is

Ol(x=z} ~ Gamma (a +n, b+ fo) .

i=1

4.8 Match each of Lemmas [4.1.5] {.1.6] {£.2.1 [£.5.2] and Exercises to their
corresponding rows on the reference sheet of conjugate pairs given in Appendix [A]

4.9 Recall the relation o from Definition Let f, g, h be functions with the same domain.
Explain briefly why (a) f o< f; (b) if f &< g then g & f; (¢) if f < g and g &< h then f o h.

(©) Remark: These three properties are the definition of an equivalence relation.
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Chapter 5

The prior

We’ve spent most of our energy in Chapters 24 on understanding Bayesian models and performing
the Bayesian update step. In Chapter 4| we focused on techniques for choosing the prior in a way
that would make calculations straightforward to perform. In this chapter we maintain our focus
on the prior, but with the opposite goal. Our interest here is in choosing a prior that best reflects
a set of beliefs.

There are two parts to this chapter. Section [5.1|focuses on techniques for choosing a prior based
on the opinions on experts. We are interested to quantify these opinions, in order to combine
them with data, and we hope that by doing so we will produce more accurate results than could
be obtained from the data alone. Sections [5.2] and are concerned with the opposite situation
where we want to focus solely on the data, and carry out our analysis with as few preconceptions
as is possible.

Neither of these situations gives conjugate priors, in general. Consequently they lead to
Bayesian updates that require computational methods, which we will study in Chapter In
both cases we must continue to abide by Cromwell’s rule from Section the chosen prior
should allow a non-zero probability for all parameter values that are physically possible.
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5.1 Elicitation

Elicitation is the process of extracting an individuals beliefs about some unknown quantity, and
representing those beliefs via probabilities. It is a difficult and inexact process. People often strug-
gle to turn their thoughts into probabilities and are susceptible to many different psychological
biases. There is no reason to expect that a single persons beliefs will be self-consistent. We will
discuss psychological biases in Section For now let us focus on the process of elicitation.
The first question we need to answer is whose prior we actually want. For example, if we are
trying to determine the effectiveness of a drug, should we use the prior beliefs of the pharmaceutical
company, or perhaps the regulators, perhaps even the patients? As a general rule, the prior should
represent the beliefs held by the person(s) who decides what actions should be taken in response to
the statistical analysis. They should, ideally, be the same person(s) as will face the consequences
of a poor or incorrect decision. They are known as the elicitee for the duration of the process.

Eliciting probabilities

We have a limited capacity to think in terms of probabilities. For example, no elicitee can use
their personal experience to judge the difference between probability 0.5 and 0.5001. When
people are prepared to state the probability of some event exactly, it is usually based on some
sort of symmetry. For example most people will tell you that for a fair six sided dice we have
P[throw a 6] = %. In reality the probability is not exactly %, because the dice is not perfectly
symmetric, but it is close enough for most practical purposes.

Except for symmetrical cases, elicitees estimating probabilities will generally rely on a mixture
of their intuition and memory. We can help to understand their beliefs by choosing our questions
carefully. It is good practice to focus on quantities that are meaningful to the elicitee, which
usually means asking about quantities they have actually observed, or about relationships between
quantities that they have expert knowledge of. In a complex model we may have to avoid asking
directly about the parameters, because the elicitee may not understand what these parameters

represent, even though our goal is to choose a prior distribution.

Eliciting distributions

We now consider how to elicit a whole distribution. Whole distributions are complicated objects
and we can never claim that a certain distribution will perfectly represent someone’s beliefs about
an unknown quantity. The best we can hope for a is a reasonable representation.

We generally concentrate on two aspects of the distribution:

¢ Location represents the value, or range of values, where the unknown quantity is most likely
to be. It might be a guess for a mode, median or mean.

« Dispersal represents the level of certainty that the parameter falls within its most likely
range of values. It might be represented using a variance.

Non-statisticians will often have difficulty dealing directly with concepts like mode, median, mean
and variance. Instead of asking directly, a common strategy is to choose a family of distributions
and then elicit probabilities to determine appropriate parameters. We might start this process
by asking the elicitiee to draw the rough shape of the distribution representing their beliefs, and
choose a family able to reproduce that shape.
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It is usually easier to elicit estimates of location than it is to elicit estimates of dispersal. An
elicitee with a good understand of probability might be willing to specify percentiles directly, for
example to state values of ¢ such that P[© < ¢] = 0.95 and P[g < ©] = 0.95, but many people
will find this difficult, particularly for probabilities that are close to zero or one.

The following scheme is known as the bisection method. It focuses on events of equal probability
that (according to the elicitee) have a good chance of occurring. It seeks to elicit information

about a single unknown real parameter 6.

1. The elicitee is first asked to give a value m such that the events 6 € (—oo, m] and 6 € [m, o)
are equally likely.

2. Next, the elicitee is asked to give a value [ such that the events 6 € (—o0o,!] and 6 € [I, m]
are equally likely.

3. Lastly, the elicitee is asked to give a value u such that the events 0 € [m,u] and 6 € [u, 00)
are equally likely.

In more statistical language, the elicitee provides their estimate for the 25th percentile [, the
median of 50th percentile m and the 75th percentile u. We could extend the process by splitting
up further into more intervals of equal probability, or by using other percentiles, but we should
be wary that increasing the complexity of the questions will also increase the risk that the elicitee
fails to communicate their beliefs accurately.

We use the quantities [, m, u obtained to deduce the parameters, within our chosen family of
possible prior distributions. It is helpful that we tend to have three quantities and (for named
distributions) only one or two parameters, because this allows us to check up on how well we have
represented the individuals prior beliefs.

Example 5.1.1 Suppose that we have carried out the bisection method and obtained m =
0.7,l = 0.5,u = 0.8, and the elicitee has sketched a distribution for a parameter 8 € [0, 1]

that looks like this:
7/ / / / M
\

We decide to try and represent this information with a Beta(c, ) distribution. We solve the

equations
P[Beta(a, ) < 0.3] = 0.25, P[Beta(a, 5) > 0.8] = 0.25

numerically to obtain a = 3.04 and § = 1.71. The median of the Beta(3.04,1.71) distribution is
0.66, also obtained numerically. This is close to the elicitees value for m = 0.7. The distribution
we have obtained is:
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fBeta(3.04, 1.71)

T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

It is a reasonable match for what the elicitee has drawn. It also accounts for Cromwell’s rule by
putting a small amount of probability on 6 close to zero, which the elicitee did not think possible.

As part of the elicitation process we usually need to decide how strongly the prior should
focus the values taken by @ into a particular region. A prior that strongly focuses 6 on one (or
occasionally more) small regions is known as a strongly informative prior. A prior that does not is
generally known as a weakly informative prior. These are not mathematical definitions but they
are very commonly used terms. You will often see them shortened to simply ‘strong” and ‘weak’.
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5.1.1 Psychological biases

People often take decisions using heuristics, which are shortcuts that are used to make quick and
effective guesses. For example people will often assume that a more expensive product will be
of better quality, and may base their purchasing decisions partly on this idea; it is often, but
not always, true. These sorts of heuristics can introduce biases into the elicitation process, when
heuristics struggle to capture the reality of a complex situation. Some pitfalls to be aware of

during elicitation:

1. Availability bias. This is where an elicitee overestimates the probability of an event because
it is easy to remember (or notice) that event, or because it has recently occurred.

For example, after hearing news of a plane crash, people are more susceptible to overestimate
the frequency of plane crashes.

2. Anchoring. This is where an elicitee relies too heavily on a single piece of information.

3. Hindsight bias. This is when an elicitee falsely believes that they would have predicted an
event, after that event has happened. This behaviour risks underestimating the probabilities
of other outcomes.

4. Overconfidence. This is the tendency to give too much probability to events that are
believed to be likely, and consequently underestimate the probability of unlikely events.

For example, in many studies where people were asked to provide 95% intervals for various
unknown quantities, the true value lay outside of the estimated intervals as much as 20-30%
of the time.

There are many other ways in which the heuristics we rely on in everyday life can lead to errors
and biases. It is never possible to eradicate them all, but it is clear that experience and training
in making probabilistic statements, as well as making elicitees aware of potential sources of bias,
tends to result in more accurate estimation.
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5.2 Uninformative priors

If we are able to construct a prior distribution based on the opinions of experts, or on earlier
research, then it will often be helpful to do so. It is not always possible, particularly if we are
dealing with a situation in which very little is known, or if (for whatever reason) we wish to test
how well expert opinions agree with the available data. In this section we discuss how to choose
a prior that contains little presumption about what the best parameter values are. The general
term for such priors is uninformative. Let us detail some approaches based on this idea.

Approach 1: uniform priors. Often, the best trick available here is the most obvious one.
If the parameter space II is a finite interval (for each parameter) then we can simply choose the
uniform distribution. This makes our random choice © of the parameter equally likely to be
anywhere within the parameter space II. It is sometimes known as the ‘principle of indifference’,
a term introduced by the economist Maynard Keynes in 1921.

There is a distinction to make here between the concepts of ‘no preference’ and ‘equal preference
for all outcomes’ We will argue in Section that the latter perspective is more helpful.

Approach 2: improper priors. If the parameter space is an infinite interval, we cannot
choose the uniform distribution, because there is no uniform distribution on an infinite interval!
See Exercise [5.6] We need a new definition to understand this situation.

Definition 5.2.1 Let II C R? be the parameter space of a Bayesian model. A function f : II —
[0,00) such that fn f(z)dxr = oo is known as an improper prior, or more strictly an improper
prior density function.

We use the term proper prior density function for the probability density functions of random
variables that we could use for the prior. Note that if [;; f(z)dz < oo then we can define

f(:ﬂ) = mf(m) and then ]? is a proper prior density function with f oc f. Definition [5.2.1

captures the situation that we cannot turn f into a proper prior by including a normalizing
constant. We use the same proper vs. improper terminology for posterior density functions, and
for density functions in general.

For example, the functions

o(0) = {1 for 6 € [0, 00),

L for 6 € (0,1],
and h(oy = {0 €01
0 otherwise,

0  otherwise,

are both improper density functions. You can check that [, g(0)df = [, h(6) df = occ.
When II is an infinite interval, a common approach is to use an improper prior fgo () and use
Bayes rule anyway, in which case we obtain

f6)ix_uy (0) o< Lo, (z) fo (0)

as usual. There are good theoretical reasons for doing so but they are beyond what we can cover
in this course. We will still refer to Theorems 2.4.1] and B.1.2] for these cases.

If [ L, (z)fo(6)df is finite then we can normalize to obtain f@hxq}(G), which is still a
p.d.f. corresponding to some random variable, and we can use that as our posterior. That situation
does happen, but it is also possible that [; Lz, () fe(6) df = oo. In this case we could take our
improper posterior and use it as another improper prior in a future Bayesian update, and so on
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— but if we do not eventually reach a proper posterior density function (after some number of
Bayesian update steps) then we will find it difficult to interpret the results of our analysis.

Approach 3: use a weak prior. To avoid getting involved with improper priors, a common
technique is to choose a weak (but proper) prior distribution that is very well spread out across
all plausible regions of the parameter space. We did this in Example [£.2.4] where we took © ~
N(30,52%) a normal distribution with a variance so large that it contained very little information
about where the value of © ~ 30 would be. A prior with infinite variance, such as the Cauchy
distribution, is also an effective way to implement this idea. Note, however, that in many cases
choosing a prior with this property will take us outside of the conjugate pairs from Chapter []
and when that happens we will have to use numerical techniques (to be introduced in Chapter

to perform the Bayesian updates.

5.2.1 The philosophy of not knowing anything

Various philosophical arguments have been explored to try and make sense of the idea that a
particular choice of prior corresponds to ‘knowing nothing’ For example, consider the following

argument:

A uniform prior © ~ Uniform(0, 1) supposedly contains no preference for any value of
6 € (0,1), but if we use a different parametrization of our model family, say X = 62
then our prior becomes A = ©2 with p.d.f.

L forAe(0,1)

AN = 2VA
0 otherwise,
10.0
fA
7.5 1
5.0 1
2.5 1
0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

and this is biased towards smaller values in [0,1]. If a prior really corresponds to having
no preference for any value, then re-parametrization should not change that fact.

This argument is non-mathematical and exploits the fact that its reader has no clear understanding
of what ‘no preference’ means. If we consider more aggressive re-parametrizations too, say A = %
for large N, then it doesn’t really matter what continuous prior we start with, if A € [0, 1] then
samples of A = O will mostly be very close to zero i.e. nearly deterministic.

What we should take away from this is that Approach 1 and Approach 3 (from Section
are actually very similar. A slight re-parametrization of our model family will turn one approach
into the other, and if we have no strong feeling about which prior is best then we won’t have a
strong feeling for which parametrization is best either. This is fine — re-parametrizing our model

family slightly won’t change the outcomes of our analysis much either.
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I suggest using the (philosophical) viewpoint that the concept of ‘no preference’ does not really
exist. The only way to genuinely have no preference about something is to never have thought
about it; as soon as you think about it you immediately have a preference, including when that
preference is to prefer all outcomes equally.

You will sometimes find that people use ‘no preference’ as a way of disowning (a share of)
responsibility for which outcome actually happens. Doing that is a matter of morals and ethics;
it will not help us choose an uninformative prior.

Remark 5.2.2 (@) To give a mathematical treatment of the argument above, the concept of en-
tropy becomes important. Loosely, entropy measures how different one distribution is to another,
but it is only well-defined as a relative concept — of one distribution to another. The argument
above fails to account for the fact that all entropy is a relative entropy; we can make sense of the
difference between two sets of preferences, and some preferences are stronger than others, but the
concept of ‘no preference’ does not really exist.

The terminology is unfortunately clouded by the fact that the term ‘entropy’ is widely used as
a shorthand for the relative entropy to the uniform distribution on an interval of R (or uniform
measure, more generally).
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5.3 Reference priors

An interesting response to the argument in Section was given by the statistician Harold
Jeffreys in 1946. It leads to a particular suggestion for the choice of prior. Suppose that two
different people, Alice and Bob, construct a Bayesian model, with one parameter. Alice uses the
model family (Mp)perr and Bob use the model family (M), where 6 and ¢ are related by
some function h(0) = ¢, where h : II — II with IT C R and h is strictly monotone increasing and
differentiable. That is, they use the ‘same’ model family, but parametrize it differently.

Alice will choose a prior p.d.f. f; and Bob will choose a prior p.d.f. fo. This means that Alice
constructs a model with sampling distribution

fx () = /H ft, (@) F1(0) dB

and Bob constructs a model with sampling distribution

Fia(@) = [ fun (@)160) 0.

Alice and Bob have never met each other, and in fact they do not even know that each other
exists. Neither of them knows the function h.

This is where we come in. We write the statistics textbook, that both Alice and Bob will both
read. They will choose their prior based on our instructions — the same instructions, for both
people. Can we provide Alice and Bob with a way to choose their individual priors that will make
their models equal i.e. so that fx, (z) = fx,(z)?

Remark 5.3.1 If Alice and Bob did meet each other, then Alice could tell Bob what her prior
© was and by comparing notes they could work out the function h. Bob could then choose his
prior to be the p.d.f. of h(©), where © is Alice’s prior. This choice makes fx,(z) = fx,(x), see
Exercise

Returning to the situation where Alice and Bob do not meet, the surprising answer to the
problem is: yes, this is possible. The solution is that we should tell them both to use the prior

1/2

f(0) xE where (M) ) is their chosen model family and X ~ M).

(i roxtran0))

(5.1)
Let us not worry about how Jeffreys found this solution, and let us just show that it really works.

PROOF THAT THE SOLUTION WORKS: (@) Alice writes down her prior f1(6) o< E[(- log(Las, (X)))?]"/2
and Bob writes down his prior, fa(p) o E[(% log(Ln, (X)))?]Y/2. Then Alice’s model is

fx () o /H fas, (2)1(6) do.

Alice doesn’t know the function h, but substituting 6 = h(\), her model is equal to
Fla) [ fan @RBONIN () )
[t (@) FiHODHO) dA
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x /H Pt (2) 1 (B(0))1(6) db.

In the last line we have simply changed notation by replacing As with #s. Meanwhile, Bob’s model
is equal to

Ix,(x /th(g) ) f2(0) df

It follows that fx,(z) = fx,(z) if we have f2(0) o< f1(h(6))h'(6). We will now show that this
equation holds, for any strictly monotone function h. Bob’s parameter is ¢ = h(6), so we have

B 2
f2(6)° « E (di log(L, <X>>) ]

ocE( log(Laz, (X)) x ‘j;g)]

2
x E ( IOg LMh(e)( )) X h,(9)> ]
= f1(h(0))*H'(6)*.

To reach the second line we use the chain rule. Taking square roots, we obtain that fx, (z) =

fx,(z) as required. n

In the earlier half of the 20" the argument in Sectionwas taken quite seriously, and treated
as a major philosophical reason to question the reliability of Bayesian statistics. In particular,
the objection was that if both Alice and Bob tried to use the same uninformative prior but used
models that were parametrized differently then they would obtain different results, despite having
the same intentions and, from their own perspectives, the same methodology. Jeffreys showed
that this difficulty could be entirely avoided with a particular choice of prior.

These arguments took place before modern computers, when it was difficult to test how well
Bayesian methods worked in practice (except for conjugate priors). We are now better able to test
how much different modelling errors matter. Statisticians today no longer attach much weight to
this objection.

Starting from the ideas above and those in Remark there is a modern branch of statistics
that investigates uninformative priors with particular theoretical properties. A modern approach
is to use a prior that tries to maximise the difference (in some sense) between the prior and
posterior distribution, essentially seeking to maximise the influence of the data. Priors with this
property are known as reference priors. Their theory is beyond what we can cover here, but it
turns out that if we have only one parameter and we model our data as i.i.d. samples then the
reference prior is the same as the prior proposed by Jeffreys — in more complicated cases, they
are different. Let us investigate what the reference prior looks like for some particular choices of
one-parameter model.

Definition 5.3.2 Suppose that (Mp) is a family of distributions with parameter space I C R.
The reference prior © associated (My) has density function given by
1/2

2
fo0) < | g5 1oa(Lan (X)) ] (5:2)
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2 1/2

x E 6702 log(Lays, (X)) : (5.3)

where X ~ Mpy. Both forms and are included on the reference sheets in Appendix .
Equation is often easier to work with because it does not include a (-)? term.

There are some caveats to this definition. The reference prior might be an improper prior, or
if the expectation in / is not finite then the reference prior may not exist.

Remark 5.3.3 (©) Equations (5 and . are equivalent. To deduce (5.3) from (5.2)), use
the partial differentiation 1dent1ty 892 log f(x,0) = f(; ) ale(x 0) — (% log f(x, 9))2 and that

E[f(X@ 802f (X,0) ’9] 692 fR x,0)dr = 0. We omit the details.

Example 5.3.4 For the Bernoulli model family (M)),¢(0,1) Wwhere M), ~ Bernoulli(p), the likeli-
hood is

D for x =0 and p € [0,1]
“(1—p)t=  for p € [0,1]
Ly, (r) = §1—p forz=1andpel0,1] = .
) 0 otherwise
0 otherwise
for x € {0,1}. For the non-zero case, dil g(L,(x)) = d%(x logp+ (1 —x)log(l—p)) =7 — 17—;

and so
2 —p 11—z

7 o el
Hence, from (j5.3), for p € [0, 1] the density function of the reference prior P is given by

log(Lar,)(x) =

9 1/2
Fo(p) x| on( L, ()
X 1—)(}1/2
p? (1-p)?
E[X] 1-E[Xx]\"?
“( p? +(1m2>

1/2
P I—p
x| =5+
<p2 p)?

(1+1—> /2

xp AL p)

<E |+

Using Lemma we recognize that P ~ Beta(3, 3).

A useful fact is that the reference prior for My and M9®" are identical, in the sense that they
are o< to each other. This is shown in Exercise [5.8]
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5.4 Exercises on Chapter

* 5.1 (a) Let X be the age in years of a person sampled uniformly at random from the UK
population. Write down your best guess at P[X > z] for the values

z = 10, 20, 30, 40, 50, 60, 70, 80, 90.

(b) Sketch the distribution that you obtained in (a) as a histogram, of P[X = z| for the
values of x above. Does the histogram accurately represent your prior beliefs about the
UK population? If not, make changes until you think it does.

(¢) In the solutions to this question you will find a table of these statistics, obtained in the

f your estimate

census value (fOI’ example’ if

UK Census 2021. For each value of z, calculate the value o
this value is 2, your estimate was twice the true value). For which values of x was your
prior distribution least accurate?

*k 5.2 Let 7 denote the maximum temperature that will occur outdoors in Sheffield tomorrow.

(a) Sketch your prior density for 7.

(b) (i) Perform the bisection method on yourself (or do this question with a friend) to elicit
your H0th, 25th and 75th percentiles for 7. Use the 25th and 75th percentiles to
construct a Normal distribution N(y,o?) representing your beliefs. How close is p
to your 50th percentile?

To help with this, the code used in Example can be found within 5_elicitation_
example.ipynb and 5_elicitation_example.Rmd.

(ii) Without using your answer to (i), write down your estimation of the 5th and 95th
percentiles for 7.

(iii) Compare your answers to (ii) to the implied probabilities of the distribution you
found in (i). Is the Gaussian distribution a good fit for you beliefs?

(c) Repeat part (b) using the Cauchy distribution instead of the Normal distribution.
Which family of distributions better fits your beliefs?

* % 5.3 Let (Mx)ac(0,00) be the Poisson model family, in which M) ~ Poisson(A). Show that the
reference prior of this model family is given by

A Y2 for A>0

0 otherwise.

fa(A) {

Does this define a proper prior or an improper prior?

* % 5.4 We will model the monthly occurrence of fires within a nameless small town using the
Poisson(A) model family. As very little is known prior to the data collection, we will use the
reference prior A obtained in Exercise

The number of fires recorded during the past 12 months is x = (z1,...,712) € {0,1,..., }'2.
(a) Suppose that z = (0,1,0,0,2,0,0,0,1,0,1,0). Find and sketch the distribution of the
posterior Alyx_z}.

(b) Show that Al{x—,) is a proper distribution for all possible values of z.
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* % 5.5 Let (X,0) be a Bayesian model with model family My ~ Uniform(0,8), the continuous
uniform distribution on (0, 6).
(a) Given the prior © ~ Exp(1), find the posterior density function fg ., ().

You should discover that fg ., (#) = 0 for § < z. Can you explain (without reference
to your calculations) why this has happened?

(b) Instead, let us now use the prior © ~ Uniform(1,2), and suppose that our data is x = 3.
Is the posterior distribution well defined? What has gone wrong here?

* K K 5.6 We say that a random variable U is uniformly distributed on an interval I if, for all a < b and
¢ > 0 such that both [a, b] C I and [a+c, b+c| C I, we have P[U € [a,b]] = P[U € [a+c, b+(]].

Show that there is no random variable U that is uniformly distributed on [0, c0).

** * 5.7 Prove the claim in Remark You should start by finding an expression for the p.d.f. of
h(©), where © has p.d.f. fi.

* x Kk 5.8 Let (Mp) be a family of distributions and let n € N. Let fay, (6) denote its reference prior and
let fyen(0) denote the reference prior of the family (Mg™). Show that fag, (6) o Fren(0).
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Chapter 6

Discussion

We have now understood enough about Bayesian inference to discuss how it compares to other
techniques. We will do so in Section We first give an outline of the various different notations
that are used for the Bayesian framework, most of which are more condensed than the notation

we have used in Chapters
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6.1 Bayesian shorthand notation

Recall that for a random variable Y we define the likelihood function Ly by

py(y) where py is the p.m.f. and Y is discrete,
Ly(y) = { (6.1)

fy(y) where fy is the p.d.f. and Y is continuous.

We continue with our convention of denoting probability density functions by f and probability
mass functions by p.

This notation allows us to write the key equation from Theorems [2.4.1 and [3.1.2] for the

distribution of the posterior, in a single form. If (X,0) is a (discrete or continuous) Bayesian
model, where © is a continuous random variable with p.d.f. fg(6), and the model family (Mp)
has likelihood function Ly, , then the posterior distribution of © given the data x has p.d.f.

folixoy (0) = W (6.2)

where Z = Lx () is the normalizing constant, or equivalently fg| . _,,(0) o< Lag, (z)fo(0). In
both Sections and we noted that My 4 X|{o—gy, which leads to

folxuy (0) < Lx| oy, (%) fo(0). (6.3)

The term Ly|,,_,, (X) is often known as the likelihood function of the Bayesian model and equa-
tion [6.2]is yet another version of Bayes’ rule. It is the most general version of the Bayes’ rule that
we will encounter within this course, and it is the basis for most practical applications of Bayesian
inference.

Some textbooks, and many practitioners, prefer to use a more condensed notation for equations
and . They write simply f(y) for the likelihood function of Y, and f(z) for the likelihood
function of X. Conditioning is written as f(y|z) for the likelihood function of Y given the event
{X = z}. This notation requires that we must only ever write = for samples of X and y for
samples of Y, or else we would not be able to infer which random variables were involved. In this

notation ([6.2)) becomes

f(x]0)f(0)
Olz) = ) 6.4
fiola) = 2 (6.4
which is easy to remember! It bears a close similarly to P[A|B] = L[BHL‘E‘E[B}, which is Bayes’

rule for events. Note that in (6.4)) the ‘function’ f is really representing four different functions,
dependent upon which variable(s) are fed into it — that part of the notation can easily become
awkward and/or confusing if you are not familiar with it.

There are many variations on the notation in ((6.4)).
p(z|0)p(0)

p(z)
Some use a different symbol for likelihood functions connected to © and those connected to

1. Some textbooks prefer to denote likelihood by p(-) instead of f(-), giving p(f|x) =

X, for example p(|X) = % where p denotes prior and posterior and ! denotes the
likelihood of the model family.

2. Sometimes the likelihood is omitted entirely, by writing e.g. 6| to denote the distribution
of the posterior ©|;x—_,}. Here lower case letters are used to blur the distinction between
random variables and data. For example, you might see a Bayesian model with Binomial
model family and a Beta prior defined by writing simply 6 ~ Beta(a, b) and 2|0 ~ Bin(n, ).
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3. Some textbooks use subscripts to indicate which random variables are conditioned on, as we
have done, but in a slightly different way e.g. fx|y(z,y) instead of fx|,_,, ().

In this course we refer to all these various notations as Bayesian shorthand, or simply shorthand.

Using shorthand can make Bayesian statistics very confusing to learn, so we have avoided it so
far within this course. We will sometimes use it from now on, when it is convenient and clear in
meaning. This includes several of the exercises at the end of this chapter. For those of you taking
MAS61006, Bayesian shorthand will be used extensively in the second semester of your course.
Hopefully, by that point you will be familiar enough with the underlying theory that they will
save you time rather than cause confusion.

Remark 6.1.1 You should write your answers to questions in the same style of notation as the
question uses, unless you are explicitly asked to do otherwise.
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6.1.1 A technical remark

Remark 6.1.2 (@) The underlying reason for most of the troubles with notation is that, from a
purely mathematical point of view, there is no need to restrict to the two special cases of discrete
and continuous distributions. It is more natural to think of both Theorems [2.4.1] and [3.1.2] as
statements of the form ‘we start with a distribution (the prior) and we perform an operation to turn

it into another distribution (the posterior)’. The operation involved here (the Bayesian update)
can be made sense of in a consistent way for all distributions, but it requires the disintegration
theorem which takes some time to understand.

At present, the strategy chosen by most statisticians is to simply not study disintegration. This
is partly for historical reasons. It was clear how to do the continuous case several decades before the
disintegration theorem was proved, and the discrete case was understood two centuries before that.
Based on these two special cases statisticians developed the idea of a likelihood function, split into
two cases as in . The use of likelihood functions then became well established within statistics,
before disintegrations of general distributions were understood by mathematicians. Consequently
statistics generally restricts itself to the discrete and continuous cases that we have described in
this course.

There are advantages and disadvantages to this choice. It still gives us enough flexibility to
write down most of the Bayesian models that we might want to use in data analysis — although
we would struggle to handle a model family that uses e.g. the random variable of mixed type in
Exercise Very occasionally it makes things actually go wrong, as we noted in Remark [3.1.3]
The main downside is that we often have to treat the discrete and continuous separately, as we did
in Chapters [2] and [3] That consumes a bit of time and it leaves us with a weaker understanding
of what is going on.
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6.2 The connection to maximum likelihood

You have already seen maximum likelihood based methods for parameter inference in previous
courses. They rely on the idea that, if we wish to estimate the parameter 6, we can use that value

0 = argmax Ly, (2) (6.5)
0ell

Here (Mpy) is a family of models and z is data, and we believe that for some value(s) of the
parameter the model My is reasonably similar to whatever physical process generated our data.

The value of é, which is usually uniquely specified by , is known as the maxzimum likeli-
hood estimator of 0, given the data x and model family (Mpy). Graphically, it is the value of 6
corresponding to the highest point on the graph  — Ljy, (x). Heuristically, it is the value of 6
that produces a model Mpy that has the highest probability (within our chosen model family) to
generate the data that we actually saw.

Recall that, for a discrete random variable Y, the mode is most likely single value for Y to
take, or argmax ¢ g, P[Y = y] in symbols. You may be familiar with the following definition
already, but we are about to need it, so we recall:

Definition 6.2.1 Let Y be a continuous random variable with range Ry. The mode of Y is the
value y € Ry that maximises the p.d.f. fy (y), given by argmax, cp . fy ().

Example 6.2.2 For continuous random variables, P[Y = y] = 0 for all y. The idea here is that in
this case the concept of ‘most likely value’ is best represented by the maximum of the probability
density function. Let Y ~ Gamma(3,4), with p.d.f.

32y%e3Y  for y > 0,
fr(y) = .
0 otherwise.

f
1.0 !
0.5 1
0.0 - T T | T T T T
-1 0 0.5 1 2 3 4
The mode is shown at its value y = % This value can be found by solving the equation

df;i?gy) =32 (2ye W + y?(—4e~ %)) = 32ye (2 — 4y) = 0 and checking that the solution y = %

corresponds to a local maxima.
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From Bayes’ rule we have

folx_., (0) o< Lag, (2) fo (6).

Comparing this equation to (6.3]), we can extract a clear connection between MLEs and Bayesian

inference. More precisely, the MLE approach can be viewed as a simplification of the Bayesian

approach. There are two steps to this simplification:

1.

2.

Fix the prior to be a uniform distribution (or an improper flat prior, if necessary).

With this choice, for § € II we obtain the posterior density
Jolixeuy (0) o< Ly, (). (6.6)

Then, instead of considering the posterior distribution as a random variable, we approximate
the posterior distribution with a point estimate: its mode.

Comparing to (6.5)), this mode is precisely the maximum likelihood estimator 0.

In principle we might make either one of these simplifications without the other one, but they

are commonly made together. When they are made together the methods (based on MLEs) that

result are often known as ‘frequentist’ or ‘classical’ methods. We are now able to discuss how the

two approaches compare:

We’ve seen in many examples that, as the amount of data that we have grows, the posterior
distribution tends to become more and more concentrated around a single value. In such
a case, the MLE becomes a very good approximation for the posterior. This situation is
common when we have plenty of data — see Section for a more rigorous (but off-syllabus)
discussion.

If we do not have lots of data then the approximation in step 2 will be less precise and the
influence of the prior will matter. In this case a well chosen prior can lead to significantly
more accurate analysis.

MLE methods produce a point estimate for the known parameters, which is easier to commu-
nicate but is also more open to misinterpretation. We will discuss these issues in more detail
in Section [7.4] once we have seen the Bayesian version of hypothesis testing and interval
estimates.

If our model is not a reasonable reflection of reality, or if having more data does not help
us infer parameters more accurately, then both methods become unreliable — no matter how
much data we have.

You will sometimes find that statisticians describe themselves as ‘Bayesian’ or ‘frequentist’,

carrying the implication that they prefer to use one family of methods over the other. This may

come from greater experience with one set of methods or from a preference due to the specifics of

a particular model.

To a great extent this distinction is historical. During the middle of the 20" century MLE

based methods dominated statistics, because they could be implemented for complex models

without the need for modern computers. Once it was realized that modern computers made

Bayesian methods possible, the community that investigated these techniques needed a name
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and an identity, to distinguish itself as something new. The concept of identifying as ‘Bayesian’
or ‘frequentist’ is essentially a relic of that social process, rather than anything with a clear
mathematical foundation.

Modern statistics makes use of both posterior distributions and (MLE or otherwise) simplifi-
cations of the posterior distribution. Sometimes it mixes the two approaches together, or chooses
between them for model-specific reasons. We do need to divide things up in order to learn them,
so will only study Bayesian models within this course — but in general you should maintain an

understanding of other approaches too.
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6.2.1 Making the connection precise (©)

Several theorems are known which actually prove, under wide ranging conditions, that when we
have plenty of data the MLE and Bayesian approaches become essentially equivalent. These
theorems are complicated to state, but let us give a brief explanation of what is known here.

Take a model family (Mp)genr and define a Bayesian model (X, ©) with model family M.
This model family represents n i.i.d. samples from My. Fix some value 8* € II, which we think
of as the true value of the parameter 6. Let x be a sample from Mg?ﬁ". We write the posterior
Ol{x=z} as usual.

Let 6 be the MLE associated to the model family M‘?" given the data =z, that is 6 =
argmaxgeyy Lyen (). Then as n — oo it holds that

d 1 o
Ol{x=s} ~ N (9 1 (07) 1) (6.7)

where () is the Fisher information matriz defined by I(6);; = E[% log fpen(X)]. The key
point is that says that the posterior @|{X:$} and the MLE 6* are in fact very similar, for
large n, because of the factor % in the variance.

Equation is known as Laplace approximation. The mathematically precise form of this

approximation, which replaces 9 in by the concept of convergence is distribution, is known
as the Bernstein von-Mises theorem. The first rigorous proof was given by Doob in 1949 for the
special case of finite sample spaces. It has since been extended under more general assumptions,
notably to cover countable state spaces, but the general case (and whatever conditions it may
need) is still unknown. From these results we do know that various conditions are required for
to hold. We can also identify cases in which will fail: for example if My ~ Cauchy(6,1)
then all of the terms in 7(#) will be undefined.
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6.3 Exercises on Chapter [6]

* 6.1 Show that the mode of the Gamma(c, 5) distribution is %, where o > 1. What about
a € (0,1)?
* % 6.2 The following equations, written in Bayesian shorthand, are the key conclusions from results

in earlier chapters of these notes. Which results are they from?

(a) flaly) = L),
(b) If & ~ Beta(a, 8) and x|0 ~ Bernoulli(6)®™ then 0|z ~ Beta(a + k, 8 +n — k), where
z = (z;)7 and k = ] x;.

Write the following results in Bayesian shorthand, using similar notation to that in parts (a)

and (b).

(¢) Lemma[1.2.1]

(d) From Section[d.5] the two facts above Lemma concerning marginal and conditional
distributions of the NGamma distribution.

* % 6.3 The following results are written in Bayesian shorthand.
(a) If © ~ N(0,1) then z|{z > 0} ~ |z|.
(b) If z and y are independent then z|y ~ z.

In each case, write a version of the results in precise mathematical notation. Which parts of
Chapter || are they closely related to?

* % 6.4 Suppose that we model z|@ ~ NegBin(m, )%™, where m € N is fixed and 6 € (0,1) is an

unknown parameter.

(a) Show that f(z]0) oc 6™™(1 — §)X1 %,

(b) Show that the prior § ~ Beta(a, 3) is conjugate to NegBin(m, §)®™, and find the pos-
terior parameters.

(¢) (i) Show that the reference prior for 6 is given by f(#) oc 8~1(1 — )~ /2.
(ii) Does f(#) define a proper distribution?
(iii) Find the posterior density f(f|z) arising from this prior.

Hint: The setup given is a Bayesian model with model family My ~ NegBin(m, 0)®™.

6.5 Suppose that we model z|u, 7 ~ N(u, 2)®", where both p and 7 are unknown parameters.
We use the improper prior f(u,7) o % for 7 > 0, and f(7) = 0 elsewhere.

* % (a) Show that for 4 € R and 7 > 0 the posterior distribution satisfies
T n
f(ulz) oc 72 exp <—2 Z;(a:i - u)2> :
1=
* * (b) Find the marginal p.d.f of 7|x. Show that (u,7)|z is a proper distribution if and only
if n > 2.
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Hint: The setup given is a Bayesian model with model family M, r ~ N(u, %)@’”. For part
(b) use the sample-mean-variance identity (4.10]).

* % 6.6 Let (Mp)gerr be a continuous family of distributions. For ¢ = 1,2, let ©; be a continuous
random variable with p.d.f. fg , both taking values in R?. Let o, 8 € (0,1) be such that
a+ =1

(a) Show that fo(0) = afe,(8) + Bfe,(#) is a probability density function.

(b) Consider Bayesian models (X1, ©1) and (X3, ©2), with the same model family (Mp) and
different prior distributions. Consider also a third Bayesian model (X, ©) with model
family (Mp) and prior © with p.d.f. fo(0) = afe,(0) + Bfe,(0).

Show that the posterior distributions of these three models satisfy

folix—s (0) = O/f@lhxlzz} (0) + fB/f@zl{XQ:z} (©)
where o/ = #Zlﬁzz‘ and 3 = QZ? f;}z?. Here Z; and Z5 are the normalizing constants
given in Theorem for the posterior distributions of (X1, ©1) and (X2, ©2).

(c) Outline briefly how to modify your argument in (c) to also cover the case of discrete

Bayesian models.

* % * 6.7 This question explores the idea in Exercise further, but except for (a)(ii) it does not
depend on having completed that exercise.

(a) Let (Mp) be a discrete or absolutely continuous family with range R. Let (X, ©) be a
Bayesian model with model family M;". Let € R" and write z(1) = (z1,..., %y, ),
2(2) = (T, 415+, 7n). Let (X1,0) and (X, O[(x,—»(1)}) be Bayesian models with
model families Mmel and Mégm?, where ny + ng = n.

(i) Show that
d
O1lx =Pl xa=e@)} = Olix=ay-
Use likelihood functions to write your argument in a way that covers both the
discrete and absolutely continuous cases.

(ii) What is the connection between this fact and Exercise

(b) Rewrite your solution to (a)(i) in a Bayesian shorthand notation of your choice.
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Chapter 7

Testing and parameter estimation

In this chapter we discuss aspects of statistical testing and parameter inference, using the Bayesian
models set up in earlier chapters. Throughout this chapter we work in the situation of a discrete
or absolutely continuous Bayesian model (X, ©), where we have data = and posterior O|;x_,}.
We keep all of our usual notation: the parameter space is II, the model family is (Mpy)gerr, and
the range of the model is R. Note that My could have the form My ~ (Y5)®™ for some random
variable Yy with parameter 6, corresponding to n i.i.d. data points.

We have noted in Chapter |5| that an well chosen prior distribution can lead to a more accu-
rate posterior distribution. Statistical testing is often used in situations where multiple different
perspectives are involved and this makes the specification of prior beliefs more complicated. For
example, trials of medical treatments involve patients, pharmaceutical companies and regulators,
all of whom have different levels of trust in each other as wel as potentially different prior beliefs.
It is common practice to check how much the results of statistical tests depend upon the choice
of prior, often by varying the prior or comparing to a weakly informative prior.
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7.1 Hypothesis testing

Hypothesis testing is surprisingly simple within the Bayesian framework. We first need to intro-
duce the way to present the results.

Definition 7.1.1 Let A and B be events such that PlJAU B] =1 and AN B = ). The odds ratio

of A against B is
P[A]
Oap=—=.
*7 T P(B]
It expresses how much more likely A is than B. For example, O4 p = 2 means that A is twice as
likely to occur than B; if O4 p =1 then A and B are equally likely.

Take a Bayesian model (X, ©) with parameter space II. We split the parameter space into two
pieces: IT = IIy U II; where IIp N1II; = (). We consider two competing hypothesis:

Hy : that 0 € 11y,
Hy: that 0 € 11,

where 6 represents the true value of the parameter i.e. the value for which our model should (at
least, as a good approximation) match up with reality.

Definition 7.1.2 The prior odds of Hy against H; is defined to be

]P)[@ € Ho]
) 7.1
]P)[@ € Hl] ( )
Given the data x, the posterior odds of Hy against H; is defined to be
PO|;x—p €11
[Olx=2} € o] (72)

IP>[('_)‘{X:x} S Hl] '
We might also refer to (7.1)) as the ‘prior odds of IIy against II;’, and similarly for ((7.2)).

Note that the prior odds involve the prior ©, and the posterior odds involve the posterior
@|{ X=¢}, but otherwise the formulae are identical. We assume implicitly that P[© € IIy| and
P[© € II;] are both non-zero, which by Theorems and implies that the same is true for
@]{ X—z}- Note also that the prior and posterior odds are only well defined for proper prior and
posterior distributions, or else we cannot make sense of the probabilities above.

It is often helpful to get a feel for how much the data has influenced the result of the test. For
these purposes we also define the Bayes factor

__posterior odds

B= (7.3)

prior odds

Our next lemma shows why B is important. It is equal to the ratio of the likelihoods of the

event {X = z}, i.e. of the data that we have, conditional on © € Il and © € II;. In other words,
B is the ratio of the likelihood of Hy compared to Hi.

LX‘{eeng} (z)

Lemma 7.1.3 In the notation above, the Bayes factor satisfies B = where L denotes

the likelihood function.

Lxijoenyy
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PrROOF: We split the proof into two cases, depending on whether the Bayesian model is discrete
or absolutely continuous. In the discrete case we have

P[OEIly, X =2 PlOETly, X =2
B_ P[O|{x=a) € TI|P[O € H1] _ melet PX=2] Ip(o e my _ B PlelT,] ] _ PlXltecn,y = 7]
POl(x=r} € TL|P[O € Ho] EOLLiX=tlpig ¢ prp) ZOsfhX=rl  P[X|(ecn,) = 2]

We have used equation (|1.4) from Lemma several times here. The continuous case is left for
you, in Exercise [7.7] |

As a rough guide to interpreting the Bayes factor, the following tableﬂ is often used:

Bayes factor | Interpretation: evidence in favour of Hy over Hi

1 to 3.2 Indecisive / not worth more than a bare mention
3.2 to 10 Substantial

10 to 100 Strong
above 100 | Decisive

Note that a high value of B only says that Hp should be preferred over Hy. It does not tell us
anything objective about how good our model (Mp) is; it only tells us that X|;gery,) is a better
fit for z than X|recm,y is.

Values of the Bayes factor below 1 suggest evidence in favour of Hy over Hy. In such a case
we can swap the roles of Hy and Hj, which corresponds to the Bayes factor changing from B to
1/B, and we can then use the same table to discuss the weight of evidence in favour of H; over
Ho.

IFrom Kass & Raftery (1995).
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Example 7.1.4 Returning to Example suppose that we wished to test the hypothesis that
the speed camera is, on average, overestimating the speed to cars. Recall that in this example:

o Our model was the N(u, %), for the speed recorded by the camera when a car travels at
exactly 30mph.

).
o We found the posterior (i, 7) ~ NGamma(30.14,10.01, 6.00, 1.24).

Y=

o We used a weak prior (u, 7) ~ NGamma(30, ﬁ, 1,

Both the posterior and prior density functions are plotted in Example [£.5.3]

Recall that if (u, 7) ~ NGamma(m, p, a,b) then p|r ~ N(m, p%), so the marginal mean of y is
m. Hence, the speed camera on average overestimates the speed when p > 30, and underestimates
on average when p < 30. The probability that p is exactly 30 is zero, because our posterior
NGamma is a continuous distribution, so we will simply ignore that possibility. We don’t care
about the location of 7 here so we simply allow it to take any value 7 € (0,00). This gives us

hypothesis

Hy : that (u,7) € IIp = (30, 00) x (0, 00),
Hi : that (u,7) € I} = (—00,30) x (0,00).

We want to compute the Bayes factor B. We'll start with the posterior odds ratio. We have

Pl(p, 7) € Ilp] = /30 /0 INGamma(30.14,10.01,6.00,1.24) (14, T) d7 dpr = 0.82,

computed numerically and rounded to two decimal places. Note that P[(u,7) € II1] = 1 —
P[(u, ) € IIp], which gives a posterior odds ratio of

PO](x—s € Ho]  0.82

= = 4.56
P[@‘{X:x} € Hl] 1-0.82

again rounded to two decimal places. The prior odds ratio, calculated via the same procedure, is
exactly 1. This occurs because of the symmetry of the prior NGamma(30, #, 1, %) distribution
(this symmetry is visible in the sketch in Example [4.5.3) gives that P[NGamma(30, ﬁ, 1, %) €

II;] = P[NGamma(30, 155, 1, 1) € Ilg] = 3. Hence the Bayes factor for this hypothesis test is

456

B = —— =4.56. A4
1.00 o0 (74)

Based on our table above, we have substantial evidence that the speed camera is overestimating
speeds.

A potential problem with our test is that we have not cared about how much the camera is
overestimating speeds. The (marginal) mean of y in our posterior distribution is 30.14, which is
only slightly larger than the true speed 30, and this suggests that the error is fairly small. We
would need to be careful about communicating the result of our test, to avoid giving the wrong
impression.

Note that we have used a small amount of Bayesian shorthand in this example, by writing p
and 7 for both random variables and samples of these random variables.
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7.2 High posterior density regions

In this section we look at ways to report interval estimates for the unknown parameter 6. The
key term used in the Bayesian framework is the following definition.

Definition 7.2.1 A high posterior density region is a subset Iy C II that is chosen to minimize
the size of Tlp and maximize P[O|;x—,} € Ilo].

This is a practical definition rather than a mathematical one: we must choose how to balance
the minimization of Tl against maximization of P[O|;x_,} € Ilp] as best we can, and in some
situations there is no single right answer. We write HPD region, for short. They are also commonly
known as HDRs or credible intervals.

Example 7.2.2 Suppose that our posterior has come out as 6|{X:x} ~ N(0,1.5%).

024 fno, 1.52)
HPD region
0.1 A1
0.0 A
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

We choose our HPD region to be [—5,5]. This region is much smaller than the range of ©, which
is the whole of R. The probability that it contains ©|;x—,} is given by P[-5 < N(0, 1.5%) < 5] =
0.97 to 2 decimal places.

More generally, if we are dealing with a continuous distribution with a single peak then it is
common to choose a HPD region of the form Iy = [a, b] where

P [Ol{x=s} < a] =P [Bl(x=y) >b] = 171) (7.5)
and some value is picked for p € (0,1). HPD intervals of this type are said to be equally tailed.
They always contain the mode of ©[;x_,, and from we have P[O|;x_,} € [a,b]] = p. By
symmetry the HPD region in Example is equally tailed, and we will give an asymmetric case
in Example

A value of p close to 1 gives a wide interval and a high value for P[O[(x—,} € [a,b]], whilst
a value of p close to 0 gives a thinner interval but a lower value for P[O[(x_,} € [a,b]]. As in
Example we want to choose p € (0,1) to make [a,b] thin and make P[O|(x_,, € [a,b]]
large, if possible.
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Example 7.2.3 Suppose that our posterior has come out as O[;x—,) ~ Gamma(4,3). We want
an equally tailed HPD region [a, b] such that P[O];x_,} € [a,b]] = 0.8.

1.00

0.75 1

0.50 1

0.25

0.00 -

fGamma(4,3)
equally tailed HPD region

0.0

0.5

1.0

1.5

2.0

2.5

3.0 3.5 4.0

The region is chosen by finding a such that P[O];x_,; < a] = % = 0.1 and b such that
PO|(x=s)} > b] = 1_2& = 0.1. These values were found numerically to be a = 0.58 and b = 2.23,
to two decimal places. You can find the code that generated this example as part of Exercise|7.4l

Remark 7.2.4 (©) It is possible to construct a form of hypothesis testing based on HPDs. For

example, we might by choose an HPD Il with a 95% probability of containing ©[{x—,}, and then
we then reject the hypothesis 8 = 6y if and only if 6y ¢ 1. This approach is known as Lindley’s

method.

Remark 7.2.5 (©) We can define high prior density regions in the same ways as detailed above,

with © in place of @|{ X=z}- These are less useful for parameter estimation although they can

be useful for prior elicitation. We implicitly used equally tailed regions of this type in Example
5.1.1] when we asked an elicitee to estimate their 25th and 75th percentiles.
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7.3 Point estimates

If, for some reason, it is necessary to give a point estimate 6y for the unknown parameter 6, then
we can obtain one in various different ways from the posterior ®|{ X=z}- Common choices are:

1. The mean 6y = E[O|{x—z}]-
2. The median 8 such that P[O]x_,y < 6] = P[O|{x—y} > 0] = 5.
3. The mode 0y = argmaxgpeyy Loy, _,, (6).

When doing so, we should be wary that 6y contains much less information than the full posterior
distribution ©|¢x—_z. If © is close to  with high probability then we can hope it provides a rea-
sonable approximation, but there is no guarantee in any case, and we should plot the distribution
of O©|(x—;) (and, ideally, the corresponding sampling distributions) to assess this.

Note that some or all of these point estimates may fail to be well defined, dependent upon
the distribution of X. For example the Cauchy distributions does not have a well-defined mean.
Formulae for means and variances are listed on the reference sheets in Appendix [A} modes can
usually be obtained (for continuous distribution) via differentiation; medians are usually obtained
either via symmetry or numerically.

Example 7.3.1 In Example the mean, median and mode of ©|(x_,; ~ N(0,1.5%) are
all equal to zero, due to the symmetry of the normal distribution. In Example in which
Ol{x=¢} ~ Gamma(3,4), they are

1.00
fGamma(4,3)
0.75 A —-== mean
~ e median
0.50 - | 1 —+- mode
1
| I
0.25 A . 1
| I
i 1
0.00 + . . :

00 05 10 15 20 25 30 35 40
All of these are reasonable point estimates for Gamma(0, 1.5?). The distribution of Gamma(0, 1.5%)
spreads out across a range of parameters, and we should make this clear in our analysis, perhaps
by giving an HPD interval alongside the point estimate.
Lastly, consider if we had obtained a posterior distribution with the p.d.f. from Exercise [1.1

0.2 - fX('T)
N /)
0.0

—10.0 —7.5 -5.0 —-2.5 0.0 2.5 5.0 7.5 10.0

There is no reasonable way to summarize this distribution with a point estimate. In a case like
this we should decline to give a point estimate, even if we are asked for one.

93



7.4 Comparison to classical methods

You will have seen a different method of carrying out a hypothesis test before, looking something
like this.

Definition 7.4.1 The classical hypothesis test is the following procedure:

1. Choose a model family (Mp)gerr, choose a value 6y € II and define Hy to be the model My, .
This is often written in shorthand as Hy : 60 = 6.

2. Calculate a value p as follows. Assume that Hy is true i.e. use the model My, and using this
model, calculate p to be the probability of observing data that is (in some chosen sense) ‘at
least as extreme’ as the data x that we actually observed.

If p is sufficiently small (in some chosen sense) then reject Hy.

There is no need for an ‘alternative hypothesis’ here. More specifically, rejecting Hy means
that we think it is unlikely that our chosen model My, would generate the data z, so consequently
we think it is unlikely that My, is a good model.

There is nothing else to say here! Rejecting Hy does not mean that the ‘alternative hypothesis’
H, that 6 # 6 is accepted (or true). If p turns out to be small it means that either (i) My, is a
good model and our data x was unlikely to have occurred or, (ii) My, is a bad model for our data.
Neither statement tells us what a good model might look like. Unfortunately hypothesis testing
is very often misunderstood, and rejection of Hy is incorrectly treated as though it implies that
Hi is true.

If we do not reject Hp, then it means that the model My, is reasonably likely to generate
the data we have. This leaves open the possibility that there may be lots of other models, not
necessarily within our chosen model family, that are also reasonably likely to generate the data
we have. This point is sometimes misunderstood too.

Example 7.4.2 A famous example of these mistakes comes from the ‘clever Hans’ effect. Hans
was a horse who appeared to be able to do arithmetic, owned by a mathematics teacher Wilhelm
von Osten. Von Osten would ask Hans (by speaking out loud) to answer to various questions
and Hans would reply by tapping his hoof. The number of taps was interpreted as a numerical
answer. Hans answered the vast majority of questions correctly.

To construct a hypothesis test using Deﬁnition take a model family My ~ Bernoulli(9)®",
where the data z = (x1,...,2,) corresponds to x; = 1 for solving the n'" question correctly, and
x; = 0 for incorrectly. We don’t know exactly how hard the arithmetic questions were, so let us
suppose that the probability of Hans solving a question correctly by guessing at random is 8 = %

(this is clearly a very generous assumption for arithmetic). So, take
Hp : that 6 =1/2 x (0,00) i.e. the horse solves the questions at random

and then the model we wish to test is M 1. The horse is asked n = 10 questions, and it answers
them all correctly. Our model M; says the probability of this is (1)10 ~ 0.001 = p. We reject
Hy. Taking any value 6 < % will lead to the same conclusion.

So, we expect that our model My is a bad description of reality, for each 6 < % This does not
mean that we must accept H; and believe the horse is doing arithmetic i.e. that some alternative
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model Mjy is correct for some larger value of 6. In fact, what is going on here is that Hans has
learnt to read the body language of Wilhelm von Osten, who leans in forwards whilst Hans is
tapping his hoof and leans back upright as soon as the correct number of taps has been reached.
This was established by the psychologist Oskar Pfungst, who tested Hans and von Osten under
several different conditions in a laboratory.

In short, our model that the horse ‘solves’ questions is a bad choice. The horse answers
questions correctly but it does not solve questions. To distinguish between these two situations
we need a better model than (My), as Pfungst did in his laboratory. His model included (amongst
other things) an extra variable for whether Hans could see von Osten.

After the investigations by Pfungst were done, von Osten refused to believe what Pfungst had
discovered, and continued to show Hans around Germany. They attracted large and enthusiastic
crowds, and made a substantial amount of money from doing so — many in his audience wondered
if they should accept Hj.

The point of including this example in our course — in which we focus on Bayesian methods
— is to note that errors in interpretation are less common when using Bayesian approaches. The
reason is simply that the Bayesian approach uses the framework of conditional probability, so we
state our results in terms of conditional probabilities and odds ratios. This makes our assumptions
and conclusions clear.

By contrast, the p-value from Definition [7.4.1| is not a conditional probability because con-
ditioning the model (Mp) on the event {© = 6y} is only possible if we have a random variable
© that we can condition on the event {© = 6y}, and Definition does not include this ran-
dom variable. However, if we take © to be a uniform prior and (My) is well-behaved enough

(e.g. Assumption [1.3.2)) then Me|{o—g,} 4 My, can be shown. In that situation the p-value is the

conditional probability, given {© = 0y}, of observing data that is (in some chosen sense) at least
as extreme as what we did observe. Calculating p is often difficult and instead it is common to
use approximation theorems. These theoremsﬂ tend to contain complicated assumptions that are
difficult to state correctly, particularly when data points may not be fully independent of each
other. The combined result is that Definition [7.4.1| gives a procedure with many potential sources
of error.

Remark 7.4.3 I do not mean to imply that using the Bayesian framework would certainly have
avoided making the mistake detailed in Example Only that, because the framework would
make us state our assumptions and conclusions more clearly, we can then more easily question
which of our assumptions was incorrect.

When a horse claims to do arithmetic we are naturally suspicious. In more subtle situations
it is harder to find mistakes.

Similar considerations apply to the comparison between HPDs and confidence intervals. For
example, a 95% confidence [a,b] intervals is often incorrectly treated as a statement that the
‘event’ 0 € [a, b] has 95% probability. An HPD actually is a statement to that effect, about the
posterior distribution @\{ X=z}» Which makes it much easier to interpret.

2(®) E.g. Central limit theorems, Wilks’ theorem.
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Figure 7.1: Hans the horse in 1904, correctly answering arithmetic questions set by his owner Wilhem
von Osten.
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7.5 Exercises on Chapter

* 7.1 Consider the following sketch of three probability density functions. In each case, discuss
whether you think it would reasonable to approximate the distribution with a point estimate.
If so, would you prefer the mean, median or mode?

0.8 - ..... fx
0.6 fy
— fZ
0.4 A
: T e ’
0.2 1 : R \'\. / N\,
ST e SaonTome i N,

O.O_I____g-__./ . . ‘“\___I_w- .............. mnnn .\..._.._.I

0 2 4 6 8 10

*k 7.2 In the situation of Example the experiments test the success of a medical treatment.

Each trial is expensive, so it is decided by the regulator that further trials of the treatment
will be carried out if and only if there is substantial evidence that p > 0.2.

(a) Using the original prior Beta(2,8) and the posterior Beta(11,19) odds obtained after
the second round of trials, find the prior and posterior odds ratios of p > 0.2, and find
the associated Bayes factor.

(b) Show that the reference prior for the Binomial distribution, with a fixed number of

11

trials and unknown success probability p € (0,1), is P ~ Beta(3, 5

Example [5.3.4)).
How much does using this prior change the results of your analysis in (a)?

) (this generalizes

(c) Discuss briefly whether the regulator would be interested to see the results in (a), or
(b), or both, when making their decision as to whether the trials should proceed further.

*x 7.3 Inside the file 7_earthquakes_japan.csv you will find a dataset listing the number of
earthquakes, of magnitude 7.5 or higher, that occurred in Japan during the years 1984-2023.
We model the occurrence of earthquakes in a particular year as Poisson()), independently
for each year, and we consider the hypothesis Hg : A > 2.

(a) In Exercise we found that the reference prior for the Poisson distribution was

) {/\1/2 for A > 0
XX

0 otherwise.

Are the prior odds for Hy defined, with respect to this prior?

(b) Recall from Exercise that the Gamma distribution provides a conjugate prior to
the Poisson model family. Using the data given and the weakly informative prior A ~
Gamma(%, %), find the posterior distribution for A, and find the prior and posterior
odds ratios of the evidence in favour of Hg over Hy. Calculate the associated Bayes

factor and comment on the evidence for Hy.

(c) Repeat part (b) for Hy : A > 3.
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* 7.4

* % 7.5

7.6

* %

* Kk k

Inside the files 7_hpd_example.ipynb and 7_hpd_example.Rmd you will find code to generate
the figure in Exercise Modify this code (using either file) to construct an equally tailed
HPD region [a,b] for the ChiSquared(3) distribution, such that P[ChiSquared(3) € [a,b]] =
0.7.

In this question we model the number of hurricanes per year making landfall in the United
States of America using the Poisson(f) distribution. We will assume that each year is
independent and we will use a prior § ~ Exp(\).

(a) Perform an elicitation method of your choice from Section either alone or with a
parter, to choose the value of A\ that best expresses your prior beliefs about the number
of hurricanes per year that make landfall in the USA.

(b) Inside the file 7_hurricane_landfalls_usa.csv you will find a dataset corresponding
to the years 2015-2022. Use the result of Exercise to find the posterior distribution
resulting from your prior and this dataset.

Hint: Recall that Exp(\) ~ Gamma(1, A).
(c) Plot an equally tailed 95% HPD region for 6.

In this question we consider HPD intervals for the mean, using the model N (1, $)®" family,
with both parameters unknown. We will use the reference prior for this family, which is an
improper prior with density function

o ¢)_{é for g >0and p e R

0  otherwise.

Write z = 37 2; and S? = 1= 3" (z; — 2)2. It is known that, for this model and reference

prior, the variable t|z = (’gﬁ)/%i has distribution ¢|x ~ Student-t(n — 1).

(a) Inside the file 7_wheat_yields_uk.csv you will find a dataset of the UK wheat yields,
measured in tonnes per hectare of farmland, for the years 1983-2022. You may assume
that the model N (u, ¢)®4° is appropriate for this data. Plot an equally tailed 95% HPD
region for ¢, and hence give a 95% HPD region for p.

(b) Find the posterior density function f(u,®), for the model N(u,$)®™ with the given
reference prior. Hence, verify that the distribution of ¢|x is indeed Student-t(n — 1).

— 7.7 Prove the continuous case of Lemma You should use Theorem along with Exer-

cises and to justify your calculations.
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Chapter 8

Computational methods

We noted at several points that conjugate pairs, from Chapter |4, do not provide enough flexibility
for many practical situations. Instead, Bayesian statistics is heavily reliant on a family of com-
putational techniques, introduced within this chapter. They generate samples from the posterior
distribution and have a moderate computational cost. With simple model families of the kind we
have worked with throughout the course it is reasonable to use desktop machines. More complex
model families can require larger machines.

Throughout this chapter we assume the same setup as in Chapter [/, which we repeat here
for convenience. We work with a discrete or continuous Bayesian model (X, ©), where we have
data x and posterior @]{ X—z}- We keep all of our usual notation: the parameter space is I, the
model family is (Mpy)perr, and the range of the model is R. Note that My could have the form
My ~ (Yy)®™ for some random variable Yy with parameter 0, corresponding to n i.i.d. data points.
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8.1 Approximate Bayesian computation ()

In this section we describe a numerical method for calculating the posterior ®|{ X=¢} that is based
on rejection sampling. Recall that we used rejection sampling in Section to prove Lemma
[[.4.1] and also to give some intuition for our first examples of conditioning.

The algorithm we study here is known as Approximate Bayesian Computation, or ABC for
short. We will describe it first for discrete data, in the situation where the prior (and, consequently,
the posterior) are also discrete distributions. We haven’t studied this case in any of our previous
chapters, so let us first introduce it here.

Definition 8.1.1 (Bayesian model with discrete parameters and discrete data) Take a
prior with p.m.f. pg(#) and a discrete model family (My)perr where II is a finite or countable set.
The Bayesian model (X, ©) has the law

PX =z,0 = 0] = P[My = z]pe(0).

It is straightforward to sum over = and obtain the prior distribution P[© = 0] = pg (), and also
to sum over # and obtain the sampling distribution P[X = z] = > .y P[My = z]pe(f). For
r € Ry we have P[X = z] > 0 and thus the posterior ©|x—_, is defined via Lemma Also
using Lemma the conditional distribution X|;g—g) satisfies

PX =2,0=0] P[My=z|pe(d)

P[X|te=0) = 7| = CET o) = P[My = 7]

d
SO X‘{@:g} = Mg.

In the context of Definition the ABC algorithm for generating samples from O|;x_, is
the following:

1. Sample 6y from the discrete distribution ©.
2. Sample xg from the discrete distribution My 4 Xlto=6y-
3. Then:

- if & # g, go back to step one;

- if 2 = xp,accept Oy as a sample of Ox_,y.

This algorithm is precisely the strategy of our proof for Lemma written as an algorithm and
adapted to the special case of Definition It generates a single sample of the distribution
@]{ X=z}- We can run the algorithm again to obtain more samples.

The ABC algorithm outlined above requires only that we have the ability to take samples from
discrete distributions with known probability mass functions. To handle cases with continuous
priors and/or data, we also need to be able to sample from continuous distributions with known
probability density functions. The modifications are as follows:

o If © is continuous and (Mpy) is discrete then we can adopt the same algorithm, with the
modification that in step 1 we must now sample from a continuous distribution rather than
a discrete distribution.
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o If (Mp) is continuous then in step 3 we will have Pz = x0] = 0. In this case the simplest
strategy is to fix some € > 0 and accept 0 as an approzimate sample of O|(x_,} if [z—zo| < €.

This idea is based on (L.9), which stated that if ©|(x_,) was to be defined then it should be
defined to be the limit as € — 0 of ©[(x_<}.- The terminology ‘Approximate’ Bayesian
Computation comes from this step.

More complex strategies for comparing x and xg can also be used, with the aim of focusing
on the aspects of the data that are most important to us.

The ABC algorithm as described above has a serious drawback. In discrete cases the probability
that © = 2z (in step 3) can be extremely small, meaning that we have to go around the loop
1 — 2 — 3 — 1 many times before we find a sample we can accept. In continuous cases, choosing
€ close to 0 obtains results in good approximation but introduces the same problem; that the
probability of accepting the same xy becomes small. To get handle this difficulty, various ways
of sampling z( (in step 2) have been developed to increase the acceptance probability, without
changing the distribution of zy. One such method is ABC-MCMC, which uses ideas from Section
to sample xg. Another method is sequential ABC, where x( is sampled as a perturbation in
a carefully chosen direction from the (rejected) z( in the previous iteration of the loop. We will
not detail such methods here. They are very popular in some applications.
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8.2 Metropolis-Hastings

In order to perform Bayesian inference computationally, the main requirement is that we can
obtain samples from the posterior distribution @|{ X=z}- We know the p.d.f. from Theorem
but this doesn’t allow us to take samples quickly or easily. The most popular strate-
gies for sampling are based on the Metropolis-Hastings algorithm. We will describe the algorithm
in this section, and explain its application to Bayesian inference in Section

8.2.1 The Metropolis-Hastings algorithm

The Metropolis-Hastings algorithm is a general technique for producing samples from a distribu-
tion. We will describe it in the case where we take samples of a continuous random variable Y
with p.d.f. fy and range Ry C R?. The key ingredient of the algorithm is a joint distribution
(Y, Q), where Q|(y—y) is well defined for all y € Ry, both with the same range as Y.

Example 8.2.1 A common choice is to take Q = Y + N(0,0%) where o > 0 is a constant.

The Metropolis-Hastings algorithm is the following. For now, it won’t be obvious why this
algorithm generates samples of Y, but we will address this point soon after. Let gy be a point
within Ry . Then, given y,, we define y,,11 as follows.

1. Generate a proposal point § from the distribution of Q|gy—,, .}

— min le{Y:m(ym)fY(?])
o {1’ fQ|{Y=ym} @) fy (Ym) } (8.1)

2. Calculate the value of

3. Then, set
i with probability «,
Ym+1 = { (82)

Ym  with probability 1 — a.

The distribution Q|gy—,y is called the proposal distribution, based on its role in steps 1 and 2.
The two cases in step 3 are usually referred to as acceptance (when y,,+1 = ¢) and rejection
(when ym+1 = ym). The key point is that the algorithm only needs samples from the proposal
distribution; we can run it without needing to sample of the distribution of Y directly! The
Metropolis-Hastings algorithm is useful in cases where the distribution of Y is unknown or is too
complicated to efficiently sample from.

Theorem 8.2.2 Let (y,,) be the random sequence obtained from the Metropolis-Hastings algo-
rithm. Then for all A C Ry we have Py, € A] — P[Y € A] as m — oc.

Theorem [8.2.2] says that if we run the MH algorithm for a long time, so that m becomes large,
the random value of y,, will have a similar distribution to Y. We won’t be able to prove Theorem
in this course but we will give a detailed idea of why it is true in Section (which is
off-syllabus). As you might expect, this will involve the precise form of .

From Lemma |1.6.1| we can rewrite equation as o = min (1, %). This is a nicer
formula, but the convention that you will find in all textbooks is to write the form . The

reason for this will become clear in Section [8.2.2
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Example 8.2.3 Here’s some examples of the random sequence (y,,) generated by the MH algo-
rithm, in the case Y ~ Cauchy(0,1) with @ =Y + N(0, 1) as in Example

5.0 4

2.5 4

0.0 4

—-2.541

_50 4

0 20 40 60 80 100

100

We’ve shown five sample runs of (Ym);eq,

starting from zero in each case. You can see that
sometimes for a few steps of time passes whilst a path does not move — that is when the proposal
y is rejected a few times in a row. When the paths do move, each movement is an (independent)
N(0, 1) random variable.

Next we run the MH algorithm 500 times, and in each case we record the value of yig0.
Theorem tells us that each 3199 should be approximately a sample of Cauchy(0,1), so by
taking 500 samples we should be able to see the shape of the distribution. We plot these values

as a histogram and compare to the p.d.f. of Cauchy(0,1), giving

histogram of y100, 500 samples

031 — fCauchy(O,l)
0.2 1
0.1 A

00 T T T T T T T
-20 -15 -10 -5 0 5 10 15 20

We can see that the histogram is a reasonable match for fcaucny(o,1), S0 the MH algorithm is
behaving as Theorem predicts. If we let the MH algorithm have more steps, so that we
consider yy9go instead of y109, then we obtain a better approximation:

histogram of y1000, 500 samples

031 —— fcauchy(0,1)
0.2 1
0.1

0'0 T T T T T T T
-20 -15 -10 -5 0 5 10 15 20

Of course, we could also obtain a better approximation to the distribution of ¥ ~ Cauchy(0, 1)
by taking more samples. The code that generated the plots above is given to you in Exercise [8.1]
and used in other exercises at the end of this chapter.

In statistics you will often hear the terminology ‘y,,, has converged’ used to mean that m is large
enough that ¥, has approximately the same distribution as Y. This is a misuse of terminology,
but it is common and quite helpful in practice. The period before is sometimes known as ‘burn

)

n’.
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8.2.2 The Metropolis algorithm

A common technique when using the MH algorithm is to choose () in such a way that

folyen @) = fylioen (V) (8.3)

for all y and §. The point of doing so is that it greatly simplifies the formula (8.1)) for a, because
the terms on top and bottom involving conditional densities then cancel. The algorithm for
updating y,, then becomes:

L. Generate a candidate point § from the distribution of Q|y—,, 3-

o = min {1, fj;y((y% } (8.4)

2. Calculate the value of

3. Then, set
Y with probability «a,
Ym+1 =
Ym  with probability 1 — a.

This is known as the Metropolis algorithm, or sometimes as the symmetric Metropolis-Hastings
algorithm.

Example 8.2.4 It is often straightforward to write down a @ such that (8.3)) holds. For example,
Suppose that Y is any random variable with range R and take @ = Y + N(0,0?) as in Example
8.2.11 Then from Remark we have

Qliy—yy = v+ N(0,0%) < N(y, o2),

Hence
1 _ w92
e

fQlvey W) = V2ro? 27 = fQliyes (¥)-
More generally, if Y has range R? then will hold whenever () = Y +Z where Z is a continuous
random variable with a distribution that is symmetric about zero i.e. fz(z) = fz(—z). Proving
this fact is Exercise [8.6]
This case is known as the random-walk Metropolis algorithm.
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8.2.3 Why does Metropolis-Hastings work? (©)

In order to explain why the MH algorithm for (Y, @) generates samples of Y, we will need some
of the terminology that has been introduced in earlier courses on Markov chains. These courses
are recommended pre-requisites to this course, but they are not compulsory pre-requisites, so this
section is off-syllabus. We will sketch out parts of it in lectures, if there is time.

The sequence (y,,) defined by the MH algorithm in Section is an example of a Markov
chain with state space R = Ry, the range of Y. In earlier courses you have studied Markov chains
with discrete (i.e. finite or countable) state spaces, but in this case the state space is uncountable,
because Y is a continuous random variable. Processes of this type are known as Markov chains
in continuous space.

The key ingredients of a Markov chain with a finite or countable state space are its transition
probabilities, which record the probabilities of moving between various states. In continuous space
the equivalent concept is the function

p(]I,A) =P [Xm-i-l’{Xm:x} € A} ’ (85)

which is known as a transition function for the Markov chain (X,,,). It gives the probability of
moving to a state within A, from state x, where A C R and R is the state space of the chain. You
will sometimes see the right hand side of this equation written as P[X,,,+1 € A|X,, = z], with the
same meaning.

We say that a continuous random variable X with p.d.f. fx(z) is a stationary distribution for
the chain (X,,) if when X, 4 X we have also that X, 4 X. In symbols, this requirement
means that P[X € A] = P[X,11]{x,,=x} € 4], or equivalently

PIX € A] = /R p(z, A) fx(z) do (8.6)

for all A C R. The expression on the right hand side here comes from , using that
PlXmi1lix,.=xy € Al = E[p(X, A)].

The definitions of periodicity, irreducibility and the various types of recurrence can be upgraded
into continuous space in a natural way. Moreover, there is a convergence theorem for Markov
chains in discrete space, which gives conditions (similar to those for discrete space) for the chain
to converge to a unique stationary distribution, as time becomes large. We will not cover these
ideas here, but note that our condition in Section that Q|{y:y} is a continuous random
variable with range Ry means that the sequence (y,,) might jump to anywhere within Ry on
any step of time. Under that condition the convergence theorem applies and it is known that the
chain (y,,) will converge to a unique stationary distribution. The stationary distribution will be
a continuous random variable and will satisfy .

We will show here that the transition function given by the MH algorithm satisfies
with stationary distribution Y. When this fact is combined with the convergence theorem for
continuous space Markov chains, it leads to Theorem [8:2.2]— but we will only cover the calculation
of the stationary distribution here. The transition function given by the MH algorithm is

p(z,A) =P [Bernoulli(ozx’QhY:m}) =1and Qliy—y € A] + LyzenP [Bernoulli(aw,th:m}) =0]
=E [Bernoulli(ax7Q|{Y:I})1{Q|{Y:I}GA}] + 1izeayE [1 - Bernoulli(aI,Q‘{y:z})]

- Aax,nyl{yw} (y) dy + ]]'{.TEA} /}2(1 - O‘x,y)le{y:w} (y) dy (87)
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where

Qg = Min fQ‘{Y=y}(x)fY(y)
o <1’ anW(y)fy(x)) (8:8)

is such that o, 5 is precisely (8.1f). The MH algorithm will have stationary distribution Y if and
only if for all A C R,

P[Y € 4] = /R P, 4) fy (2) dy (8.9)

The rest of the argument will concentrate on proving that (8.7)) and ({8.8)) imply that holds.
The choice of «v in (8.8) is key. Our next goal is to show that

al":nyHY:z} (y)fY (.1‘) = O‘waQ\{y:y) (.I')fy (y)> (810)

which by Lemma is equivalent to

aﬂ?anyQ(x7y) = ay,:va7Q(y)x)~ (8.11)

Using (§8.8)), this equation can be checked by considering two cases:

o if fyg(z,y) < fro(y, ) then agy =1 and oy, = ;}‘:Zg:z;,

o if fyg(z,y) > fro(y, ) then g, = f;gi% and oy, = 1.

In both cases, (8.11]) holds.

Remark 8.2.5 Recall the heuristic interpretation of probability density functions: fp(p) repre-
sents how likely P is to be close to p. From the MH algorithm, this means that the left hand side
of represents the likelihood of y,,11 ~ = given that y,, ~ y, where y is sampled from Y,
The right hand side of represents the same concept but with time run in reverse, that is
the likelihood of y,,,+1 ~ y given that y,, ~ x, where x is sampled from Y. The choice of a; 4 in
(8.8) ensures that these quantities are equal.

Equation is closely related to detailed balance equations, which you have seen in earlier
courses for discrete space chains. Loosely, gives detailed balance equations for the chain
conditional on the event that a proposal is accepted. The quantity «,, controls how likely a
proposal for the jump x — y is to be accepted, or equivalently how likely the chain is to stand
still rather than move to y. Because a,, depends on y, this also controls how likely all of the
various possible moves are, which in turn controls the stationary distribution.

We will now show that holds. We have

/R o, A) fy () dy /R /A iy Sty () () dy dz + /R /R 1geay (1= ) folry., fy (@) dy da

:/R/Aax7yfy,Q(a;,y)dydx+/A/R(1—a@y)fy,cg(:c,y)dydfﬂ

:/R/Aay’fo’Q(y’x)dydijA/I%fKQ(x’y)dydx_/A/Ro‘x,ny,Q(fUay)dydCC

- / / yelraly, ) drdy +PIY € 4,Q € K —/ / oy fy.q(e.y) dy de
AJH AJR

=PlY € 4]
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In the first line of the above we use to expand p(x, A). To obtain the second line we use
Lemma, m To obtain the third line we use for the first term, and for other terms we
simply split the integral into two. In the fourth line we exchange the order of integration in the
first term, and note that the second term can be expressed as a probability. The final line follows
because the first and third terms cancel (re-label x and y as each other in the first term to obtain
the third) and because P[Q € R] = 1. We thus obtain (8.9), as required.

Remark 8.2.6 It is possible to weaken the conditions on (Y, Q) and allow cases where the range
of Ql{y—,) is a subset of the range of Y. In this case it becomes necessary that the random
sequence (yy) defined by the algorithm satisfies the condition P[In € N,y,, € A] = 1 whenever
PlY € A] > 0, regardless of the starting point of the chain (y,). This condition is known as
Harris recurrence.

The same algorithm can also produce samples from discrete distributions. In this case we must
replace the p.d.f fy by the p.m.f. py, and similarly for the conditional parts in , but otherwise
we proceed exactly as before. We have focused on continuous prior and posterior distributions,
with the consequence that we won’t need the discrete case of Metropolis-Hastings within this

course.
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8.3 Markov Chain Monte Carlo

We now take a Bayesian model (X, 0). We will assume that the parameter space II is a subset
of R%. Recall from Theorems and that II is also the range of both the prior © and
the posterior ©fx_z). As usual, we will assume that the prior distribution © is a continuous
distribution with p.d.f. fo.

Markov Chain Monte Carlo, or MCMC, is a general term for algorithms that use Markov
chains to sample from probability distributions. In particular, we can use the Metropolis-Hasting
algorithm from Section to construct samples from the posterior distribution ¥V = O[;x_,.
Let us think about what we capabilities we need, in order to do this.

1. We first need a choice of joint distribution (Y, @), and the ability to take samples g from
the proposal distribution Q|{y:y}, for any value of y.

Random walk case: General case:

Choose Q = Ol{x—,) +Z, where Z satisfies | If we want to use a more complicated pro-
fz(z) = fz(—2), as in Example posal distribution, then there is a more dif-

Then ¥y = y + Z has the distribution ficult choice to make here.

@Ol x-n =0}
2. The second requirement is that we can calculate the value of « in (8.1])/(8.4).

Random walk case: General case:

We can calculate the p.d.f. fg| . ., using | If we don’t use the symmetric case, then
Theorems2.4.7]and[3.1.2] In the symmetric | we also need to evaluate fg ,_ , from our
case this is all that we need. chosen joint distribution (Y, @). Our choice
of (Y,Q) (in the step above) will usually
result in us being able to write down the
joint p.d.f. fy,@, from which we can (at least
in principle) use Lemma to calculate

fQ|{Y=y}'

3. The last thing that we require is that the proposals are accepted fairly often, in step 3 of
the MH algorithm. As a rough guide, an acceptance rate of 15 — 50% is generally viewed as
best.

« An acceptance rate that is very high (i.e. moderately close to 100%) often means that
the MH algorithm is not moving very fast, so won’t converge quickly.
« An acceptance rate that is too low (i.e. close to 0%) tells you that few proposals are

being accepted. This also prevents the MH algorithm from converging quickly.

A good acceptance rate happens naturally in some cases. When it does not, a bit of hand-
tuning or additional techniques are required, some of which appear in the MSc material next
semester.

We’ll focus on the symmetric case from now on. We’ll write down a full description of the MCMC
algorithm for Bayesian inference, for the random walk case, in Section [8.3.1
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8.3.1 MCMC algorithm for the random walk case

Take a (discrete or continuous) Bayesian model (X, 0), with parameter space IT C R%. We want
to obtain samples of ©|;x_,1, and we know the p.d.f. fo|x_., from Theorems|2.4.1)13.1.2

We must first choose an initial point y9. We ideally want this value near where the typical
values of ©|;x_,y sit, because that will (at least, initially) give a higher acceptance rate. If we
choose the initial state poorly then the algorithm will take a bit longer to converge, which often
doesn’t matter too much.

We must also choose a continuous distribution for Z satisfying fz(z) = fz(—z) for all z € R.
A common choice is Z ~ N(0,0?), as in Example for some chosen value of o.

Then, given y,,, we define y,, 11 as follows.

1. Sample z from Z and set § = y,,, + 2.

folx—u (@) )

2. Calculate @ = min (1, 7
9\{X:m}(ym)

7 with probability «,
3. Then, set Y41 =
Ym  With probability 1 — a.
We repeat steps 1-3 until m is large enough that values taken by the y,,, are no longer affected by
the choice of yg. This often can be judged by eye, from a plot of the sequence (y,,).
Repeating the whole procedure obtains multiple samples of @\{ X=z}, Which we can plot in a
histogram to get an approximation of the distribution. This is exactly what we already did in

Example [8.2.3
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8.4 Gibbs sampling

Recall that our parameter 6 may really be a vector of parameters, as in Section where we
considered the model M, ) ~ N(u, 02) with 0 = (u,0) € Rx (0, 00). In this section we introduce
a technique for handling models with many parameters 6 = (61,...,604) € R% For those of you
taking MAS364, this section is non-examinable and is included for interest only. For those of you
taking MAS61006, this section is on syllabus and will feed into your work next semester.

For d = 1 or d = 2 the MH algorithm as described in Section [8.3]is effective. For much large d,
what tends to happen is that it takes a very long time for the sequence (y,,) generated by the MH
algorithm to explore the parameter space II C R%, which means that it takes longer to converge
to (the distribution of) ®|{X:$}. This happens simply because there is a lot of space to explore
inside R when d is large; this phenomenon is often known as the curse of dimensionality.

Example 8.4.1 Imagine you have parked your car inside a multi-story car park and then for-
gotten where you’ve parked it. If you know which level your car is on then you will only have to
search on that level, and you will find your car in minutes. If you don’t know which level, it will
take you much longer. The first case is exploring d = 2, the second is d = 3. Actually, to make
this example properly match the difference between d = 2 and d = 3, the car park should have
the same number of floors as there are parking spaces along the side-length of each floor! The
problem only gets worse in d > 3.

One strategy for working around this problem is to update the parameters (61, ...,60;) one at
a time. That is, we would first change #; while keeping (62,...,0y) fixed, then we would change
02 while keeping (01,03, ...,04) fixed, and so on. After updating 63 we would then return to 6;.
It is helpful to introduce some notation for this: we write _; = (61,...,0;-1,0;41,...,04) for the
vector 6§ with the 6; term removed. We use the same notation for the random vector © e.g. ©_;.

Remark 8.4.2 In reality, instead of updating the 6; one-by-one, it is common to update the pa-
rameters in small batches. For example we might update (01, ...,604) in one step, then (65, ..., 0g)
in the next step, and so on. It is helpful to put related parameters, with values that might strongly
influence each other, within the same batch.

When we update the parameters in turn, a common choice of proposal distribution is to set
Q ~ @i‘{eiizgih X—¢} in the update for 6;, where _; are the values obtained from the previous
update. This choice of proposal has the effect that, from , we end up with o = 1 and all
proposals are then accepted. When using proposals of this form, the MH algorithm is usually
known as the Gibbs sampler.

Definition 8.4.3 The distributions of ©;] ©_,=0_,,X=z}, for i = 1,...,d, are known as the full
conditional distributions. From Lemma

the i'" full conditional has p.d.f. given by
_ folix_uy (0)
Jraos fol ey (015 051,05, 0541, ..., 04) dO_;
X fo) xosy () (8.12)
We can calculate fg ,_,, from Theorems 2.4.1 which provides a strategy for calculating

(8.12)) analytically. Note that o< in (8.12)) treats 6_; and x as constants, and the only variable is
0;.

fei|{9_,;=9_,;, X=z} (92)
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Remark 8.4.4 The notation ©;lte_,—g_, x—y) for the full conditionals is a bit unwieldy. In
Bayesian shorthand we would write simply 6;|0_;, z which is much neater.

The Gibbs sampler that results from these strategies is as follows.

1. Choose an initial point yy = (950), e 0((10)) eIl

2. For each i = 1,...,d, sample ¢ from @i’{(a,:e(j’?’) Xz} and set
Ym+1 = (0§m)7 AR 92(7_’11)’ ga erb(:_nl)v RN gc(lm))

Note that we increment the value of m each time that we increment i. When reach i = d,
return to ¢ = 1 and repeat.

Repeat this step until m is large enough that values taken by the ., are no longer affected
by the choice of .

3. The final value of y,,, is now a sample of O[;x_,}.

Note that we need to take samples from the full conditionals ©;]| (6 ,=0, x—y} D Step 2. This
isn’t always possible, and the Gibbs sampler is only helpful if we can do that. It is often used in
cases where the full conditionals turn out to be named distributions, or nearly one as in Example
R.4.5 below.

For the MH algorithm we had Theorem to tell us that y,, was (approximately) a sample
of O[{x—y}, justified by the discussion in Section It is possible to make similar arguments
for the Gibbs algorithm above, but we won’t include them in our course.

If the full conditionals can’t be easily sampled from, then one strategy is to use the MH
algorithm (run inside of step 2 above) to obtain samples of @_i\{ X=z}- This technique is known
as Metropolis-within-Gibbs. In practice, once the parameters are divided up into batches, as
described in Remark some batches may be amenable to Gibbs sampling, whilst others may
require Metropolis-within-Gibbs. The details will depend on the model. Trial and error is often
required to find the best combination of techniques. We won’t try to write down algorithms of that
complexity within these notes, but you should hopefully end the course with an understanding of
how (and why) each piece of an algorithm like that would work.

Example 8.4.5 This example comes from Sections 1.1.1/7.5.3/8.6.2 of the book ‘Bayesian Ap-
proach to Intrepreting Archaeological Data’ by Buck et al (1996). The data comes from radiocar-
bon dating, and is a vector (z1,x2,...,2,) of estimated ages obtained (via carbon dating) from
n different objects. We write 6; for the true age of object 4, which is unknown. Our model for the
age of each object is z; ~ N(6;, v;) and we assume that the estimation errors are independent, for
each i. For simplicity we will assume that the v; are known parameters, so our model family has
n parameters 6 = (01,...,6,). We thus have the model family

My = N(&l,vl) X...RQ N(&n, Un).

From the historical context of the objects, it is known that 6; < 6y < ... < 6, so we condition
our model My on this event. We can use Exercise to do this conditioning, resulting in a new
model family M) given by

Sy ()
v (x) — {P[N(Gl7’Ul)<N(92,U2)<...<N(9n7vn)]

0 otherwise

for; <Oy <...<6,
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o {H?l fN(Qi,,vi)(mi) forf; <Oy <... <6,

0 otherwise

N exp(—%Z?ﬂW) for 01 <0y <...< 0,

0 otherwise.

We use the Bayesian model (X, ©) with model family M, and the improper prior

fe(0) =

1 for0<b<b0y<...<0,,
0 otherwise.

By Theorem we obtain that the posterior distribution has p.d.f.

0 exp (—%Z?:l (0;73”)2) for0< 01 <0y <...<0,,
~ ;

folixon (8.13)

0 otherwise.

This is the same density as My, except now we treat 6 rather than x as the variable. The density
is symmetric in x and 6 so we already know this distribution. It is the distribution of 6 ~
N(z1,v1)®...®N(zp, v,) conditioned on the event 0 < §; < 2 < ... < 6,,. One way to simulate
samples of this distribution is via rejection sampling: simulate § ~ N(x1,v1) @ ... ® N(xp,vy)
and reject the sample 6 until it satisfies 0 < 07 < 62 < ... < 6,,. The trouble is that unless n is
small, we will mostly end up rejecting the samples because the condition we have imposed is an
unlikely one.

From (8.13)) and (8.12)) we have full conditionals given by

Jo. (6) exp (—% > M) for 0; € (0i—1,0i41),
i{O_;=0_;, X=a} \"¥

0 otherwise
exp <_%(6;7$)2> for 0; € (6i—1,6i+1),
x
0 otherwise

(where we set 8y = 0 and 6,41 = 0o to make convenient notation). Note that 6; is the only variable
here, and the second line follows because 6_; and x are treated as constants. We recognize this full
conditional distribution as that of §; ~ N(z;,v;) conditioned on the event 0; € (6;—1,6;+1). These
full conditionals are much easier to sample from: we use rejection sampling, sample 0; ~ N(z;, v;)
and reject until we obtain a sample for which 6; € (0;—1,60;+1). Hence, in this situation we have
all the necessary ingredients to use a Gibbs sampler.
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8.5 Exercises on Chapter

* 8.1 Inside the files 8_mh_random_walk case.ipynb and 8_mh_random_walk_case.Rmd you will
find code that generates the first two plots in Example [8.2.3]

This question investigates some modifications to the code from Example [8.2.3]

(a) In each case (i)-(iv) listed below, start from the original code and make the change(s)
listed. Then, note any differences between the two new plots and the two plots in
Example Give a brief explanation for any differences you notice.

(i) Change the proposal distribution from @ =Y + N(0,1) to @ =Y + N(0, 10).
(ii) Change the initial location from 0 to 10.
(iii) Change the initial location from 0 to 20.
(iv) Change the initial location from 0 to 20 and change the proposal distribution from
Q=Y +N(0,1) to @ =Y + N(0, 10).

(b) For (i)-(iv) in part (a), in which cases does it look like the MH algorithm has converged

after 100 steps?

(c) Change the target distribution from Cauchy(0,1) to Exp(1). You should now notice
that the sequence (y,,) generated by the MH algorithm never goes below zero. Why
has this occurred?

*x 8.2 A Cauchy distribution My = Cauchy(0,6) with parameter 6 € (0,00) is used to model the
errors made by a financial model, which forecasts the price in dollars of a particular asset.
By using historical data it is possible to compare the predictions of the model to the prices
that were later observed. Using ten independent time periods, the following errors were
observed

(—11.93, 23.26, —13.17, 38.25, —0.36).

It is decided to use a prior density

1(6) {912 for 6 € (1, 00)

0 otherwise.

(a) Find the posterior density of #|z. Is this a proper or improper density function?
(b) Write an MCMC algorithm that produces samples from 6|z and plot a histogram of 100
samples.

Hint: Re-use some of your code from FExercise|8. 1)

* 8.3 Look at the right hand column of the reference sheet ‘Bayesian Models and Related Formulae’
in Appendix[A] For each item listed there, identify which Section, Lemma, equation, or other
part of Chapter [7] it comes from.

Do the same for the both columns of the reference sheet ‘Some Useful Algorithms’, with

Chapter

* % 8.4 (a) Convince yourself that, within the MH algorithm, the choice of proposal distribution
@ = Y would result in o = 1 i.e. all proposals are accepted. This observation is not
helpful in practice — why not?

113



(b) A related question: what happens if we try to use the Gibbs sampler, as described in
Section with d = 17

*x 8.5 Write Definition in Bayesian shorthand.
— 8.6 In this question we prove the final claim in Example [8.2.7)

(a) Let X be a continuous random variable with p.d.f. fx. Show that X 4 _Xifand only
if fx(z) = fx(—x).

(b) Let Y, @ and Z be continuous random variables with range R. Suppose that Q =Y + 7,
where Z is independent of (Y, Q) and fz(z) = fz(—=z) for all z € R. Show that

le{y:y} (g) = fQ|{y:g} (y)

for all y,y € R, assuming that both are well defined.
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Appendix A

Reference Sheets

The reference sheets displayed on the following pages will be provided in the exam. Full size
copies will also be given out alongside these lecture notes, at the start of the course.

SOME DISCRETE DISTRIBUTIONS

Name Parameters Genesis / Usage p(x) =P[X =z] E[X] Var(X) | Comments
and non-zero range
Uniform (discrete) | k € N Set of k equally likely outcomes. ij ki;l Fair dice roll with k& = 6.
Bernoulli trial 0<(0,1] Experiment with two outcomes; 0 0(1—0)
typically, success = 1, fail = 0.
Binomial neN Number  of successes in | p(z) = (1)§"(1-6)""" | nf nf(1—0) | Often written Bin(n, ).
0e0,1] i.i.d. Bernoulli trials. z=0,1,2,..,n Bin(1, ) ~ Bernoulli(f)
Geometric 0e(0,1] Number of failed i.i.d. Bernoulli tri- | p(z) = 6(1 — 0)” 19%5 ﬁT Alternative parametrisations:
als before the first success. r=0,1,2,... swap 6 and 1 — 6,
or X' = X 41 to include the final trial.
Ncgative Binomial | k€ N Number of failed i.i.d. Bernoulli tri- k(26) k(;e) Many alternative parametrisations.
0 € (0,1] als before the k" success. NegBin(1, ) ~ Geometric(6).
Hypergeometric NeN Number of special objects in a ran- %
ke€{0,...,N} | dom sample of n objects, from a
n € {0,...,n} | population of N objects with k spe-
cial objects.
Poisson X € (0,00) Counting events occurring uni- A A
formly at random within space or
time.
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SOME CONTINUOUS DISTRIBUTIONS

Name Parameters Genesis / Usage f(z) = p.d.f. E| Var(X) Comments
and non-zero range
Uniform a,BeR The uniform distribution for a | f(z) = Sla atd @
(continu- with a < 3 continuous interval. ze (o, f8
ous)
Normal neER Empirically and theoretically | f(z) = ‘/27_7 exp ( %) It o? Often written N(y, 02).
€ (0,00) (via CLT) a good model in | z ¢ R Alternative parameter: 7= 5
many situations. aN(u,0%) +b~ N(ap+b, aga2)
Exponential | A € (0, 00) Inter-arrival times of random | f(z) = Ae " 1 = Often written Exp()).
events. z € (0,00) Alternative parameter: 6 = 1.
Gamma a € (0,00) Lifetimes of ageing items, multi- | f(z) = Fz:) zole=hr % e Often written I'(, ).
B e (0,00) inter-arrival times. € (0,00) Alternative parameter: 6 = %
Gamma(1, A) ~ Exp())
Beta a € (0,00) Quantities constrained to be | f(z) = g @ 11— 2)P! el m Beta(1,1) ~ Uniform(0, 1)
B e (0,00) within intervals. zelo, 1]
Cauchy aeR Heavy tailed, pathological cx- | f(z) = #% undefined undecfined
b€ (0,00) amples. zeR
Pareto a € (0,00) Heavy tailed quantities. flz)= %,r a"f (aﬁl')y?% Sometimes written Pareto(8, a).
B € (0,00) z € (B,00) fa>1 ifa>2 log (W) ~ Exp(a)
Weibull k € (0,00) Lifetimes, extreme values. flx) = ﬂk:ck"'e’ﬁ""k LQ+l/k) "O*l);/‘:”l)z Alternative parameter: A = 3~ 1/%
B e (0,00) z € (0,00) B Weibull(k, )% ~ Exp(1)
Log-Normal | p € R Quantities related to exponen- | f(z) = ﬁ exp (—(1"%‘[7_")2) eht3ot (e"2 -1 Often written LogN(u, o2 )
€ (0,00) tial growth. 2 € (0,00) xente log(LogN(1,02)) ~ N(p, 0%)
Chi-squared | n € N Statistical testing. flz) = mz"ﬂ’lc"/z n 2n Often written x2.
z € (0,00) X2 ~ Gamma(n/2,1/2)
X; ~ N(0,1) iid = YT X2~ 2
Student £ neN Statistical testing. flz)= «/"71(” (1 + % oyt 0ifn>1 kg if n>2 | Often written ¢,.
reR Can allow n € (0,00).
t; = Cauchy(0,1)
Inverse a € (0,00) Quantities related to the | f(z) = [(Q —o~lexp (—f3/x) ﬂ—zl ifa>1 Wl;ﬁ Often written IGamma(c, 3).
Gamma B e (0,00) Gamma distribution. 2 € (0,00) ifa>2 IGamma(a, 3) ~ (ammlm
SOME CONJUGATE PAIRS
Model family Prior family Data Posterior parameters
Bernoulli(#)®" 0 ~ Beta(a, b) z€{0,1}" a*=a+Y 1z
br=b+n—3>"w
Bin(my,0) ® ... ® Bin(m,,6) | 6 ~ Beta(a,b) ze{0,1,...,}" a*=a+Y Tz
with mq,...m, € N fixed where z; € {0,...,m;} br=b+ > mi— Y @
Geometric(8)®" 6 ~ Beta(a, b) ze{0,1,...,}" a*=a+n
b =b+> 1w
Poisson(6)*" 6 ~ Gamma(a, b) ze{0,1,...,}" a*=a+Y Vi
b*=b+n
Exp(\)®" A ~ Gamma(a, b) € (0,00)" a*=a+n
br=b+> T
Weibull(k, )®™ 6 ~ Gamma(a, b) z € (0,00)" a* =a+n
with k € (0, 00) fixed =b+>pak
N(#,0%)em 6 ~ N(u, s%) zeR” w = (5 e+ 1;”7) /(&+%)
with ¢ € (0, 00) fixed (s)?=1/(%+%)
N(6, 1)® 0 ~N(u,}) zeR" = (T {mi+ut)/(tn+t)
with 7 € (0, 00) fixed L=1/(m+1)
N(p, 1)en 7 ~ Gamma(a, b) zeR" a*=a+y
with p € R fixed b =b+ 53 (i — p)?
Ly x Tt
N(u, £)&" (p,7) ~ NGamma(m, p, a,b) rzeR® m* = "ZJ:;F
pr=n+p
a=a+y
b*:b+%(s o2 (zfm))
where T = %21 ; dnd 2 = %Zi’(z, —7)?

Sce the sheet on conditional probability for the Normal-Gamma distribution.
For all other distributions, see the reference sheets of discrete and continuous distributions.
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CONDITIONAL PROBABILITY AND RELATED FORMULAE

We say that a random variable X is discrete if there exists a countable set
A C R? such that P[X € A] = 1. In this case the function px(z) = P[X = z],
defined for € R?, is known as the probability mass function of X. The
range of X is the set Rx = {z € R?; P[X = z] > 0}.

We say that a random variable X is continuous if there exists a function
fx : RY — [0,00) such that P[X € A] = [, fx(z)dz for all A C R In this
case fx is known as the probability density function of X. The range of
X is the set Ry = {z € R?; fx(z) > 0}.

If X and Y are discrete, and px o py, then X dy,
If X and Y are continuous, and fx o fy, then X iy,

If X is a random variable and P[X € A] > 0 then the conditional distribu-
tion of X|(yeay satisfies P[X|(xca) € A] =1 and
P[X € B]

P[X|(xeay € Bl = PXc 4|
for all B C A.

If X and Y are random variables, with A C Rx, B C Ry and P[X € A] >
then

0,

PXeAYeB
P[Y|ixeay € B] = w

If (Y, Z) and random variables and P[Y = y] = 0 then it is sometimes pos-
sible to define the conditional distribution of Z|y_,; via taking the limit
P [Z|(y—yi<e} € A] = P[Z|(y=y} € A] as e — 0.

Let (Y, Z) be a pair of continuous random variables. If the conditional distri-
bution of Z ‘(yiy) exists then it is given by

frz(y,2)

Jaon B = 505

For a discrete or continuous random variable X, the likelihood function of
X is
Lx(z) = {

The general formula for completing the square as a function of § € R is
A2 —20B+C=A(0-5)+C -5

PX = 1]
fx(X)

if X is discrete,

if X is continuous.

The sample-mean-variance identity states > (z; — )% = ns? + n(z — p)?
where 7 =1 3" z; and s = L 320 (2 — 7)%

The Beta and Gamma functions are given by

1 oo
B(a,b) = / 22711 - 2)" " da, T'(z) = / et dt.
0 0

INOING)

They are related by B(a,b) = Tath)

. ForneN, (n—1)!=T(n).
The Normal-Gamma distribution has p.d.f. given by
INGamma(m.p.ap) (1 T) = fN(m_l%)(llr) JGamma(as)(T)
o« 773 exp (*%(ﬂ —m)?— bT) .
for 4 € R and 7 > 0, and zcro otherwise. The paramcters are m € R,

p € (0,00), a € (0,00) and b € (0,00). If (U,T) ~ NGamma(m,p,a,b) then
T ~ Gamma(a, b) and U|gp—yy ~ N(m, pi/\)

BAYESIAN MODELS AND RELATED FORMULAE

The Bayesian model associated to the model family (Mg)oenn and prior
p.d.f. fo(f) is the random variable (X,0) € R" x R? with distribution given
by

PX € B,O € A] = / P[My € B)fo(6) do.
A

The model family satisfies X|o_g) 4 M.
The distribution of X is known as the sampling distribution, given by
PX =a] = / P[My = ] fo(0) d6 if (Mp) is a discrete family,

- *)

fx(z) = / vy () fo(6) db. if (Mp) is a continuous family.
Rd

The distribution of (—)\(X:v,} is known as the posterior distribution given
the data . Bayes rule states that

Folen ®) = ZLuty(2)fo(6)

where Lyy, is the likelihood function of Mpy; the p.d.f. in the absolutely con-
tinuous case and the p.m.f. in the discrete case. The normalizing constant Z
is given by Z = [i; L, () fo(0) df, which is equal to P[X = ] in the discrete
casc and cqual to fx () is the continuous case.

The predictive distribution is given by replacing fo in (x) with f(_)“)(:ﬂ‘

If 6 is a real valued parameter and X ~ Mpy, where My models one or more
items of i.i.d. real valued data, then the reference prior © associated to the
model family (Mp) has density function given by

d 271/2 1/2
(@ log(Layg, (X))) } xE [ log (L, (X))

2

d
fo(0) xE i

Consider a Bayesian model with unknown paramecter 6 and data z. Let Hy
be the hypothesis that 6 € Iy, and I be the hypothesis that 6 € II;, where
Iy and II; partition the parameter space II. The prior and posterior odds
ratios of Hy against Hy are

PO € II)
PO € II]

P[O|(x—s) € o]

and ——
P[Ol(x=s) € Th]

: __ posterior odds
The Bayes factor is B = rior odds

guide to interpreting the Bayes factor.

. The following table provides a rough

Bayes factor | Interpretation: evidence in favour of Iy over IT;

1to 3.2 Indecisive / not worth more than a bare mention
3.2 to 10 Substantial

10 to 100 Strong
above 100 | Decisive

A high posterior density region is a subset II C II that is chosen to
minimize the size of Iy and maximize P[O[(x—,} € Io].

If ©|(x—s) has a distribution with a single peak then it is common to choose
an equally tailed HPD region of the form Iy = [a, b] where
1

—-p
]P’[@\(x,,} <(1} :]P’[G\(X,_,} >b} 21
and some value is picked for p € (0,1).

Tf Z ~ N(0,1) then P[Z > 1.645] ~ 0.05, P[Z > 1.96] ~ 0.025 and P[Z >
2.58] ~ 0.005.
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SOME USEFUL ALGORITHMS

The Metropolis-Hastings algorithm for simulating (approximate) samples
from the distribution of Y is as follows. The key ingredient of the algorithm is
a joint distribution (Y, Q), where Q|(y—,; and Y|(q—,) are both well defined
for all y € Ry, both with the same range as Y.

Let yo be a point within Ry. Then, given y,, we define 41 as follows.

1. Generate a proposal point § from the distribution of Q|(y.

3

=ym}

f oy m) fy (9)
2. Calculate the value of o = min {1. #W

] with probability «,

Ym

3. Then, set y —
’ e { with probability 1 — a.

For sufficiently large m, the distribution of y,, is approximately that of Y.

The distribution Q\(y:y} is called the proposal distribution, based on its role
in steps 1 and 2. The two cases in step 3 are usually referred to as acceptance
(when Y41 = 7) and rejection (When Y1 = Yim)-

The Metropolis algorithm is the special case

Tty =y @) = fQly—yy W) (1)

Iy (§)
 Frlym)

in which case step 2 simplifies to a = min {1

1.

The random walk Metropolis algorithm is the choice Q@ =Y + Z, where Z
is independent of Y and @Q and satisfies fz(z) = fz(—z) for all z € Rz. In this
case Q|(y—y} 4 y + Z which implies (1). A common choice is Z ~ N(0,0?).

The random walk MCMC algorithm is obtained by applying the random
walk Metroplis algorithm to find the posterior distribution of a Bayesian model.
The algorithm is as follows. We start with a (discrete or continuous) Bayesian
model (X,0), where the parameter space is II = RY. We want to obtain
samples of ©|ry_, and we know the p.d.f. fB\(x:,»)‘

Choose an initial point yo € II. Choose a continuous distribution for Z satis-
fying f7(z) = fz(—z) for all z € R. A common choice is Z ~ N(0,0?).

Then, given y,,, we define y,,+1 as follows.

1. Sample z from Z and set § =y, + 2.

Toiix

* folgx—

2. Calculate o = min (1

] with probability «,

3. Then, sct ym+1 = {
Ym

with probability 1 — a.

The Gibbs sampler for 6 = (61,...,0q) is as follows.
initial point yy = (9;“), .. ,9,(,0)

from ©_;[{x—,} and sct

/e first choose an
) € II. Then, for each i = 1,...,d, sample §

o), 5,087

) i+1‘r'"’0((lm’))'

Ym+1 = (9§m)q-~-

Note that we increment the value of m cach time that we increment 7. When
reach i = d, return to i = 1 and repeat. For sufficiently large m, the distribu-
tion of ym is approximately that of ©[(x—_,}.

The distributions of (‘){‘{@71:971.)(:1}, for i = 1,...,d, arc known as the full
conditional distributions of ©. They satisfy

LY PN (e ST ()

Here o treats §_; and x as constants, and the only variable is 0;.
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Appendix B

Advice for revision/exams

There are two different exam papers, one for MAS364 (sat in January) and one for MAS61006 (sat in the summer).
The MAS61006 exam contains additional questions on the material taught in semester 2. For both exams the
rubric reads:

Candidates should attempt ALL questions. The maximum marks for the various parts of the questions
are indicated.

Within these notes, material marked with a (@) is non-examinable for everyone. You do not need to study these
parts during your revision.

e You will be asked to solve problems based on the material in these notes. There will be a broad range of
difficulty amongst the questions. Some will be variations of questions in the assignments/notes, others will
also try to test your ingenuity.

o Many of the important definitions and results appear on the (six page long!) reference sheets. You should
practice using the reference sheets to help you solve problems.

¢ You will not be expected to reproduce long proofs from memory. Most proofs are marked as off-syllabus
anyway, within these notes. You are expected to have followed the techniques within the proofs when they
are present, and to be able to use these techniques in your own problem solving (e.g. Lemma|l.5.1)).

e There are marks for attempting a suitable method, and for justifying mathematical steps, as well as for
reaching a correct conclusion.

Revision activities

The most important activities:

1. Solve the assignment questions, and end-of-chapter exercises that are at x and xx difficulty levels. Check
your solutions against the typed solutions.

2. Learn the key definitions, results, and examples.
3. Do the practice exam paper and mark your own solutions.

In all cases, you are welcome to come and discuss any questions/comments/typos. Please use office hours or email
to arrange a convenient time.
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Appendix C

Solutions to exercises

Chapter

[ (a) Samples of X will tend to be in one of three different locations: (1) sharply clustered around —7.5,
(2) a broad cluster between approximately [—4,4] and (3) close to 10, but not greater than 10.

(b) We have
oo 1—g 7 °
/er(CU)dCL‘:/ (Q—I)Q*de: [(9_1)L:| -1
* ! 1-0 =1
as required.

Neither.
To see that Z is not continuous: recall that for any continuous random variable Z’ we have P[Z' = 2] = 0

for all 2. However, P[Z =0 =P[Y =0} +P[Y =1,X =0] =  + $(0) = 1.

To see that Z is not discrete: note that Z takes values across all of R, coming from the case where Y =1,
which has probability .

3] (a) U’ has the conditional distribution of U given the event {U € [a, b]}.
(b) We apply Lemma with A = [a,b]. Part 1 gives that P[U’" € [a,b]] = 1. Part 2 gives that for all

B C [a, b] we have
dx
:/ L dx.
gb—a

— for z € [a, b]
’ = biu] ’
Jor(w) {0 otherwise.

This is the continuous uniform distribution on [a, b].
(c) We have:

1
—a
—a

b gl = FUEB _ Inzadr_ [s:
PUeAl b 1 dyp b

c—a

Hence U’ is a continuous random variable with p.d.f.

for ()

Lo - - fow)

0] — —

L4 Suppose that G has the Geometric(p) distribution, that is P[G = g] = p? ' (1 — p) for g € {1,...}, where
p €[0,1]. Let G 4 G|{G>n}, where n € N.

(a) We apply Lemma with A = {n,n+1,...}. From part 1 of the lemma we have P[G' € {n,n +
1,...,}] = 1. From part 2, for g € {n,n+1,...} we have

o PlG=g]  p(1-p)  p(l—-p) _ p’(0=p) _ gn
AC=d= e~ T r0-p Cnoer (-pz 7 4P

1-p
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(b) The claim is correct. For g € {n,n+1,...,}, the —n term in p?~" above corresponds to removing the
factors p corresponding to success/failure of the first n trials, from what would otherwise have been
p? in the p.m.f. of G.

You should notice that as n gets larger it takes longer to obtain samples, and it quickly becomes impractical
to do so as m grows large. This is because it becomes more likely that samples fall into (—oo,n) and are
rejected, so it takes longer to find a sample that is accepted.

1.6] (a) We have

222;2_“%1_2_%::Z;G“‘?W)EZQ 2;j1_2 1_2 ! §: - 1i€?2—

as required. Here we use that the summations are geometric sums.

The random variables X and Y are not independent because (|1.14)) does not factorise into the form
9(x)h(y).
(b) (i) To find the marginal distribution of ¥ we sum over all possible values of z, giving
- 27Y 1\
= 277 N=01- 1-2""—= =135
— )= z )= -2y e Y= (3)

for y € N.
(ii) Using Lemma [1.5.1 we have

In the middle equality we use (1.14) and part (a).
(iii) Again using Lemma we have

PX >5,Y =]

PY[ix>5y =y] = PX > 5

We need to calculate the top and bottom of (C.1). For y € N,

P[X >5Y =y = ir’”‘u —27Y)

o —y\5
— —yﬂ_ —5y
(1-27")> (2~ —2Y) o =2

=5

Hence P[X > 5] = Zoo 27% = 20:1(275)3/ =

2759(1 —279) 1 1\Y!
P[Y|{X25}:y]:?= 1—2? %
for y € N.

The distributions found in (b) are all Geometric distributions. They have range {1,2, ..., } rather
than {0,1,...,} i.e. using the alternative parametrization mentioned on the reference sheet.
7 Let X € N(0,1) and set A = [0, 00), as in Example Let Y/ = |X|. Show that Y’ < X|ixecay-
Note that P[Y" > 0] = 1. For y > 0 we can calculate,

25 . . .
7-5=5- Putting these into (C.1)) we obtain

PY' ' <y]=P[X > —yor X <y]= ny(x)dx: fx(z dx+/ fx(z dm—2/ fx(z

-y -y

The last equality follows by symmetry (or a v = —y substitution) because fx(z) = fx(—=z). Differentiating,
for y > 0 we have fy:(y) = 2fx(y). Hence Y’ is a continuous random variable with p.d.f.

) 2fx(y) fory>0
o) = {O otherwise.

This matches the distribution of X|{x>0} that we obtained in Example
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[I.8] From part 2 of Lemma [1.4.1] for B C A we have

PIX € ANB] P[XeB] [,fx(x)da :/ fx ()
5P

P[X|(xeca) € B] = PXe€A  PXecA  PXcA

X € 4] dx.

By part 1 of Lemma we have P[X|(xca} € B] = 1. By Definition X is a continuous random
variable with p.d.f.

fx (z) :
fX{XeA}(x)Z{P[XEA] fze A

0 otherwise.

Let us write Lx(A) = P[X € A] for the law of X.
For the ‘if’ part, suppose that X < Y. Take A = {z} in Definition , where z € R, then Lx({z}) =
P[X € {z}] =P[X = z] = px(z), and similarly for Y. Since Lx = Ly we have px(z) = py (z).
For the ‘only if’ part, suppose that px(z) = py(z) for all z € R?. Note that for any A C R? we have
Lx(A)=PX €Al =3 .PX =a] =3 .4px(z), and similarly for Y. Hence Lx(A) = Ly (A).

101 Suppose that X takes values in R™ and Y takes values in R?. We apply Lemma [1.4.1} conditioning (X,Y")
to be inside the set A x R%. By part 2 of that lemma, for all B C R? we have
P(X,Y)c AxB] PXecAYcB] PXecAPY cB]

F(X,Y)cAxRY] _ PXcd ~  Pxea Y eB (€2

P[(X,Y) € Ax B] =

where we have used the fact that X and Y are independent. By part 1 of the lemma we have P[(X,Y)|(xca} €
A x RY = 1, which since (X,Y)|{xea} = (X|{xea}, Y|{xeca}) means that P[X|{xea} € A] = 1. Hence,
for all B C R?

P[Y|{X€A} S B] :P[X|{X€A} € A and Y|{X6A} S B] :IP[(X7Y)|{X€A} € Ax B} = P[Y (S B}

The last equality above uses (C.2). Thus Y 4 Y|{xeay-

Chapter
211 See 2_dist_sketching_solution.ipynb or 2_dist_sketching_solution.Rmd
2.2] (a) PIMp, =n]=p(l —p)" forne {1,2,...,}.
(b) From Theorem the posterior distribution is given by
1

fol P[Geometric(q) = 5]fUniform([0,1]) (q) dq
_ 1
Jy a1 = q)° dg
1 5
1—
Be, 6)p( p)

fP\{xzs} (p) = P[Geometric(p) = 5]fUniform([O,1])(p) dp

p(1—p)°

for p € [0,1] and zero elsewhere, which we recognize as the p.d.f. of Beta(2,6).
(c) We obtain

6
=== funifro, 1)
4 R fBeta(Z,G)
2 -
0 { T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

(d) From Theorem [2.4.1} now with the prior taken as P ~ Beta(2,6) and the new data point = 9, the
posterior distribution is given by

1
fol P[Geometric(q) = 9] fBeta(2,6)(q) dq

FPlx—oy (P) = P[Geometric(p) = 9] fBeta(2.6) (P) dp
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_ B(2,6) 1 I
N 8(2, 6) fol q(l _ q)5q(1 _ q)quqp(l p) p(l p)
— L 201 14

= B(.15)7 (1-p)

which we recognize as the p.d.f. of Beta(3,15). Including this into our graph from (c),

6
=== funif(o, 1))
4 —— fgeta(2,6)
— faeta(3, 15)
2_
0 T T
0.8 1.0

(e) The p.m.f. of the predictive distribution is
1
PX' =2']= / P[Geometric(p) = w/]fBeta(3’15)(p) dp
0

for 2’ € {0,1,...}. We sketch this:

0.20
| fextpred
0.15 A
0.10 A
I T
000 I N =
0 2 4 6 8 10

[2:3] From Theorem the posterior has p.d.f.

1

Iax=sy(N) = 15 P[Poisson(l) = 7] fexp(s) (1) dl

_n____ 1
T[T e tBe5l dl

1 7 _—6X
= 007A
=reoa™
6° 1 5,~62

oo 8 _

L®) f5° {5l7e o di
68 1 7 _—6X
L(8) [ faamma(s,s) dl

68 \Te—6A

- T®)

P[Poisson(A) = 7] fexp(s) (A)

- —5X\
Ae *pe®

for A > 0 and zero otherwise. We recognize this as the p.d.f. of the Gamma(8, 6) distribution.
The predictive p.m.f. is given by

PX' =2] = /Ooo P[Poisson(A) = z] faamma(s,6)(A) dA

[eS) Aze—k 86 7 6
_/O e e

86 oo
= / AHEem ™ g,
72! J,

for z € {0,1,...}.
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24 (a) For A C (0,1) we have

PX =n,Y € A] = ooP[X =n,Y € A]

n=0

1 & o 51
== 1 —d
ano/e vy (l—y) —~dy
1 —y 200 e Yy"
=5 [y

n=0

1 2
== [ (1-y)d

z A( y)~ dy

Taking A = (0,1) we have 1 = % fol(l —y)*dy = - 5-, which gives Z = L and

27(1 —y)? fory e (0,1
fy () = (1-v) y .( )
0 otherwise.

We recognize the distribution Y ~ Beta(1, 3).
(b) Using part (a) we have

e Yy

]P’[X:n,YGA]:/

Wy = [ PlPoisson(s) = nl e 0 (1) d.

Hence (X,Y) is a Bayesian model with prior Y ~ Beta(1, 3) and model family X|;y—,} ~ Poisson(y).
In particular, the last part solves the question.

Chapter
[B.1] See 2_dist_sketching_solution.ipynb or 2_dist_sketching_solution.Rmd
B.2] (a) From Theorem the posterior distribution has p.d.f.

1
fe‘{x:z} = EfExp(G) (2).fGamma(2,3) (0)

for 6 > 0 and zero otherwise, where -, = %% We recognize O|(x=2} ~ Gamma(3,5).

(
(b) From (3.2 the sampling distribution has p.d.f.
fX (.Z') = / fExp(Q)(x)fGamma(ZS)(e) do
0
3 /oo —0xp —36
= —— fe ""0e 7" db
I'(2) Jo
=9 / T g0+ g
0

=9 2 )3 /OO (a: + 3)3 926_9(m+3) dé
0

(x+3 2
) oo
-9—= 0) do
9 (.’E T 3)3 A fGamma(3,1+3)( )
B 18
T (x+3)3

for x > 0 and zero otherwise.
From (3.5) and part (a), the corresponding predictive distribution has p.d.f.

fX’(x) = /; fEXp(é’) (x)fGamma(3,5) (0) dé
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= 5—3/00 0e 0% 4
INGYI

=5 [T et g

2 0

5° T'(4) /°° ($+5)493e—9(z+5) do

2 (@@+5* ), TI'4)

5 6 oo

= Em/o fcamma(a,z+5)(6) d0
375

(z+5)4

for x > 0 and zero otherwise.
(¢) Using independence, the p.d.f. of the model family now becomes

n

Sy (2) = HGe_ex" = Qe 0T o,

i=1

Let us write z = > ;. From Theorem we have

fo iy (0) = g (@) 2. (6)

13 02, —30
—— en Ze
ZT@)" ¢ "¢
1 n+1l_ —6(3+z)
A

for 6 > 0 and zero otherwise. We recognize the Gamma(n + 2,3 + z) distribution.
We obtain:

2.0
=== fGamma2,3)
1.5 — fGamma(3,5)
R s et S,
0.5 -
0.0 ¢ : : : : :
0.0 0.2 0.4 0.6 0.8 1.0
1.00
I fsampling
0.75 1 N I fpred
Y
0.50 A X
0.25 1
0.00 A
0 1 2 3 4 5

B4 (a) In order: Section[L.1] Section[I.2] Lemma [1.4.1] Lemma [I.5.1] equation (L.9)), Lemma [1.6.1]
(b) The first part combines Definition (discrete case) and Definition (continuous case). The

second part combines equations (2.4) and (3.2). The third part combines Theorems and [3.1.2}
as discussed at the end of Section The fourth part combines equations (2.8) and (3.5).

In this solution we will keep track of the mormalizing constants. If you prefer to write them as % in the
style of e.g. (3.7) and use Lemma to recognize the distributions, or to use x as introduced in Chapter

that is fine — but it is difficult to make that approach work for the predictive distribution in part (b)!

In this question we need to be very careful with the limits of integrals. The Uniform(][0,6]) p.d.f. is zero
outside of [0, ] and the Pareto(a, b) p.d.f. is zero outside of (b, c0). This matters particularly for the integrals
in part (b).

(a) From Theorem the posterior distribution has p.d.f.

1
B f]R fUniform([O,t]) (S)fPareto(&l) (t

fe|{x:5} (9) ) dt fUniform([O,G])(%)fPareto(l,S) (9)

125



B 1 1
T [ L3t1dt o
B 1
[Tt dt
[P

= ﬂe
=407°

3075

for & > 1 and zero otherwise. We recognize the p.d.f. of the Pareto(4, 1) distribution. Note that to
deduce the second line we used funitorm(jo,6))(3) = %, which was true because 1 < 6.

(b) From Theorem the posterior distribution has p.d.f.

1
0 = niform([0, 5 areto(3, 0
fol x_s, (0) fRfUniform([O,t])(S)fPareto(l,B)(t)dth form([0,8]) (5) fPareto(3,1) (0)
1 1.,
- 1 s<0y 30
[Z 1pen 13ttdt =76
1 -5
= e o<
5

1 _
= —1lp<nd”
3%

= 1{5§9}544975

We recognize the p.d.f. of the Pareto(4,5) distribution.
From (3.5) the predictive distribution has p.d.f. given by

fX’ / fUnlform([O 9])( )fPareto(4 5) (9) do

[° 55%467°d0 for x> 5
J7 §5%467°d0  for x € [0,5]

f ]]-x<95 40=%d9 for x > 5
[°5%4607° do for z € [0, 5]

{544 5]20 forx > 5

5%4 555?0 for z € [0, 5]

5441:E_5 for x > 5
5'4157°  for z € [0,5]

_ {5341:5 for x > 5

= for z € [0, 5]
for x > 0 and zero otherwise.

Noting that P[© € A] > 0], we will use Lemma For B C Rx we have

MW%“emzpﬁﬁiafﬂ @eA//}m )fo(6) db dz

::/[K/ﬁfﬁh(w)ﬁauaeA}(Q)dex.
BJA

To deduce the last line above we use Exercise It follows from Definition 1| that X|{eca} is a
continuous random variable with p.d.f.

Flgeen @ = [ F0(@) oo 0.

B7 (a) We have

[ tg@de= [ [ o= nndyds = [ w) ( / fMg(a:—y)da:> dy = [ wtw)dy =1.

Here we used that far, is a p.d.f. which integrates to 1, and also our assumption that  integrates to
1.
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(b) By Theoremwe have fo| (_,,(0) = + fuy(2) fo(0) and also that

Folpsrony ) = i Faay@1o(0) = 7 [ Dot =) fol0) dy = 5 [ for i,y O dy

as required.
(¢) In the case where x(x) is the p.d.f. of N(0, 1), the convolution applied to Model 1 is equivalent to

adding a N(0, 1) random variable to the data, which gives Model 2. That is, X’ 4x +N(0,1). Model
2 is therefore a version of Model 1 that is designed handle (additional) noise.

It helps to visualize things, which is left for you here: the effect of convolution on the probability
density functions is to smooth them i.e. to spread out high peaks into lower and wider regions.
Equation says that the posterior density of (X', ©) can be obtained by taking the posterior
density of (X, ©) and smoothing it in this way (with respect to the x coordinate).

Chapter
M1 (a) (i) The posterior is

(§(14.08)+% 1
R T

where we have rounded the parameters to two decimal places.

) 4 N(2.01,0.76%)

(ii) The p.d.f. of the sampling distribution is

Ix () Z/RfN(e,z)(iU)fN(o,l)(e) dg.

The p.d.f. of the posterior distribution is
Ixi(z) = / fN(e,z)(m)fN(zm,o,m?)(e) dg.
R

(b) See 2_dist_sketching_solution.ipynb and 2_dist_sketching_solution.Rmd.
From Theorem [2.4.1] we have

f@|{X:w} (6) X P[Geometric(0)®n = x]fBeta(a,B) (9)

o . N\T 1 a—1 _ pn\B-1
<£[19(1 0) )B(ame (1—0)

o " (1 — 0)=T TigaTl(1 — g)°!
o 0a+n—1(1 o 0)6-‘—2? z;—1

for 6 € [0, 1] and zero otherwise. Using Lemma [1.2.5] we recognize the Beta(a+n, 8+ Y ] ;) distribution,
as required.

[E3] From Theorem 2.4.1] we have
f®\{x=z) (0) ]P’[Poisson(&)®" = 2] fGamma(a,8) (0)

T 0%eT !\ BT s
“(H il >F(a)6 ¢

i=1

o 92? T4 —nGoa—le—,@B

e
o POTET =1 ,—0(B+n)

for 6 > 0 and zero otherwise. Using Lemma [1.2.5| we recognize the Gamma(a + "7 @i, 8+ n) distribution,
as required.

4] From Theorem [3.1.2] we have

f@\{xzm} (T) o8 fN(u,%)®” (I)fGamma(a,B) (T)
- \/F 77"’(17;7“)2 ﬂa a—1_ —pB7
x ——€ 2 T e
e e
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n
o< 7—% exp (;— (xl _ H)2> Ta—le_BT
1

o exp |:—7' <B + % ;(ml — N)2>:| .

Using Lemma [1.2.5] we recognize the Gamma(a + 2, 8+ 3 Y7 (z; — p)°) distribution, as required.
We obtain

I fprior

0751 T — fposterior

0.50 1 ~
/ N

0.25 A

~
~~~_

0.00 A

0.6 1 sampling

fpred\ctive

0.4

0.2 % \

~~=

004 — ===~
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

[4.6] (a) The posterior is N(2.013,0.36).
(b) Writing the code is left for you. The result will be the same as in part (a).

(c) We have seen that the Bayesian updates here can be done all at once, or piece by piece, and will
give the same results. Checking the formulae for the conjugate priors, in every other case covered in
this chapter it is obvious that this will be the case — only in Lemma are the update formulae
complicated enough that it is not obvious from the formulae.

In fact, this principle holds with or without conjugate pairs, as we will see in Ezercise[6.7]

[ From Theorem [3.1.2] we have

fol(x—ay (0) o fiweibun(r,0)@n (%) faamma(a,b) (0)

O((Hek(mi)kleex§> %0“7164’9
i=1

n k
— A -1 —
en 037 af aa bo

o 9a+n71679(b+2? xf) )

Using Lemma we recognize the Gamma(a +n,b+ >_7 x¥) distribution, as required.
A8 Omitted.
[4.9] (a) Taking C =1 in Definition [f.1.1] gives f  f.
(b) If f(z) = Cg(x) then g(z) = & f(z). Note that Deﬁnition gives C' >0, so & > 0.
(c) If f(z) = Cg(z) and g(z) = C'h(z) then f(z) = CC’h(z). Note that Definition 4.1.1] gives C,C’ > 0,
so CC’ > 0.

Chapter
5.1 The data from Census 2021 is as follows.
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Age band | Population | Proportion (2dp)
10+ 60096227 0.89
20+ 52089688 0.77
30+ 43661735 0.65
404 34458842 0.51
50+ 26028478 0.39
60+ 16814195 0.25
70+ 9316631 0.14
80+ 3399106 0.05
90+ 609904 0.01

The total population was 67596281.

The point of this question that you will (probably) find it more difficult to give accurate estimates for events
that have smaller probabilities.

This is up to you!
53] For the model family (Mx)xe(0,00) in which My ~ Poisson()) we have
Ae
f
Las, (z) = =] or A\>0
0 otherwise

where z € {0,1,...}. Hence % log(Las, (%)) = 44 (zlog(A) —A—z!) = £ —1 = 232, For A > 0, the density
function of the Jeffrey’s prior is given by

R
=
H — —

o< % [(xX = )22
x %V&I"(X)UQ
1,172
-
A
1
x 117z

Noting that fooo ﬁ d\ = oo, this is an improper prior.

-4l Our model here is My = Poisson(\)®'2. From Theorem we have

1 )\xie—/\ 1

12 1
o~ )\zl zi_§€_12)\.

Using Lemma we recognize the Gamma(3 + >} z;,n) distribution with n = 12. This is a proper
distribution for all values of z, which answers part (b). For part (a) we have 3 1>x; = 5, so we obtain

Al{x=z} ~ Gamma(L},12). A sketch looks like

2.0 — fa
1.5 4
1.0 A

0.5 A

0.0 A
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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(a) From Theorem we have

0 otherwise, 0 otherwise.

Le=%  for 0>z >0, e % for >z >0,
folix—ay (0)  funitorm(0,0) (%) fExp(1) () ox {9 x

The distribution Uniform(0, ) only generates values in (0,0), so in order to generate the data = it
must have x € (0,0). For this reason our posterior places zero weight on § < z. (The boundary = = 0
has probability zero, so it does not matter what happens there.)

(b) The posterior is not well defined in this case. Formally the condition € R of Theorem is not
satisfied. From a more practical point of view, we have failed to account for Cromwell’s rule. Our
prior density is zero outside of € € (1,2) but our model makes sense for all # > 0, and to generate the
data r = 3 we would need to have 6 > 3.

We argue by contradiction: suppose such a U does exist. Take ¢ = 1 and [a,b] = [n,n + 1] and we obtain
that P[U € [n,n+1]] = P[U € [n+ 1,n + 2]]. By a trivial induction we have P[U € [0,1]] = P[U € [1,2]] =

P[U € [2,3]] = ..., but then
1=P[U € [0,00)] = i]P’[U €[n,n+1]] = iIF’[U € [0,1]].

This a contradiction: the right hand side is either 0 (if P[U € [0, 1]] = 0) or equal to co (if P[U € [0, 1]] > 0).

5.7 Bob chooses his prior to be h(©), where © is Alice’s prior with p.d.f. fi. As h is strictly monotone increasing
and differentiable, this means that Bob’s prior has p.d.f.

120 = L (07 0).

Take Alice’s sampling distribution and substitute 8 = h(\) to obtain

fr (@) = /H Faty (@) f1(6) dO

_ dh™!
:/1‘[th(>\)(x)f1 (h’ 1()\)) d\ dX

= /nth()\)(x)fZ()\) dA
= fx,(x)

as required.
[5.8] By independence we have LMg@n () =TT, Ly (x:), hence log LM{;@H (z) = > 7log Lagy(x;). Taking X =
(X5) ~ M?" so that X; ~ My for all i, we have

d d
E —WlogLMggn(X)] =E |:—da2 Zl:logL]VIG(Xi):|

- E F%mm (Xi)} -

=1

Hence by (5.3)
Frgpn (8) > Farg (0) o< nfary (0) o fary (0)
1=1
as required.

Chapter [6]

We have fGamma(a,s)(®) 2% 1e % when z > 0 and zero otherwise. Differentiating, we have
(= 1)z 2e P 4 27 (=B)e P =2 2 P (o — 1 — Ba).
This takes the value zero when, and only when, o — 1 — B2 = 0, which gives x = =%, If o > 1 then this

value is within the range of Gamma(a, 8). Since foamma(a,s)(0) = 0 and limz 0o faamma(a,s)(€) = 0, and

130



there is only one turning point, that turning point must be a global maximum. Hence it is also the mode,

given by C“T*l .

If a € (0,1) then from we have that foamma(a,s) (@) has negative derivative for all z > 0. Hence it is a
decreasing function, and the maximum will occur at © = 0. So the mode is zero, when « € (0,1).

(a) Lemma [1.6.1]

Lemma

If (u, 7) ~ NGamma(m, p, a, b) then

Example [[.4:3]

If A ~ Gamma(a, 3) and z|A ~ Exp(A\)®" then Az ~ Beta(a +n, 8+ 3.7 ;).

7 ~ Gamma(a,b) and u|r ~ N(m, p{)

If X ~ N(0,1) then X|{x>0} 4 |X|. This is the result of Exercise , which is closely related to

If X and Y are independent random variables then X |ry—,3 £ X. This is true if the conditioning is

well defined, as discussed (in more general terms) at the start of Section

We have fxegBin(m,o) (i) oc 6™ (1 —

0)*, for x; € {0,1,..

., }. Hence

f(.'l?|0) = fNegBin(m,9)®” ('I:) X H em(l - 0)11 X emn(l - 0)21 o
=1

From Theorem we have

f(0|17) X fNegBin(m,€)®" (x)chta(a,ﬁ) (0)

By Lemma we recognize 0|z ~
(i) The reference prior is given by

(c)

f(0) xE |—

xE |-

x E

x E

“(

where we use that X; ~ NegBin(m, 6) has mean

o) (

(i) £(6) o< 071 (1

1

/

67 (1 —0)"?*d0 > /

x 0™ (1 — 0)=1 Tiga (1 — g)F !
oc 9T - g)PFET i

Beta(a*, 8*) with & = a+mn and 8* = 8+ 3.7 zi.

2

de?
d2
do?

1/2
log LegBin(m,0) (X)}

. 1/2
log (9’”"(1 _ )i X)]
n 1/2
(mn log 0 + Z X;log(1— 0)):|
1
XX ]1/2

Ta-op
mn(1l —0)
0

-
- de?

[mn

02

1
1-0

mn
02

o)

m(19—0) . Hence

mn(1l — 0) + mnd

1/2 ,
-1 —1/2
71 -0) ) x6 7 (1-0) .

0)71/2 not define a proper distribution. To see this,

1
T071(1/2) 2 d6 = .
0

(iii) From Theorem the prior is given by

F(0)z) o< 0™ (1 — 0)=T g~ (1 — 9) /2

1
2 .

x ™1 — 9)=T T

Using Lemma we recognize 0|z ~ Beta(mn, Y.} ; + 3).
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(a) By Theorem the posterior distribution has p.d.f.

1
fu, mlz) o (H Frigu, 1)(@:) ) -

1 _17-(35,_”)2>1

x H—e 20 —

(i_lﬁ T
n_q T u 2
xrtesn (<53

1

where s* = 1 37 (z; — p)*.

(b) To find the marglnal distribution of 7 we must integrate over p, giving

ey o [ 75 e (—QZ(:Q —m?) an

1

21 _T 24z d
O(/RT exp( 2(ns (Z — p) )) "

x 731"z’ /71/2 exp (,%(@ - /L)Q) du
LO=E S | 717'n5
ocrT e RACRSIBEL
x 7%7167%7-”52
Using Lemma [1.2.5] for n > 2 we recognize 7|o ~ Gamma(a*,b*) where a* = =L and b* = ins®. If
n = 1 then this does not correspond to a Gamma distribution, because in this case a* = 0 and the
Gamma distribution requires parameters in (0, o).
We have
o0 oo
[ [ swroyduar= [ srjo)ar
o Jr 0
x [ sl
0
which is finite if n > 2 because the Gamma distribution is proper. If n = 1 then we have
oo oo 1
1 —1742 N 1
/ /f(u,ﬂx)dpdrz/ T e 277 dr>e 2 / —dr =0 (C.3)
o JRr 0 o T

1,2
Here we use that e”27°

when n = 1.

where

>e 2" for 7 € [0,1].

We have fo,(0) > 0 and «, 3 > 0 so also fe(6) > 0. Also,

/Rf@(G) o = a/Rfel(e) a0 + B/RfeQ (0)d0 = (1) + B(1) =

By Theorem we have

Iy (%) fo (0)

fel{x a‘}(e)

fRn fMe f@( )
afumy (w) fo, (0) + Bfm, (7) fo, (0)
fRn fMe f@l( dm + fan fMe (x)f@z (0) dx
=« f@ﬂ{xl:z}( ) + /Blfell{xlzz} (9)
o afRn st z)fo,(0) do _ aZy
0 Jon Tty (0)f0, (0) du+ B [y Faty (@) fo, (0)dz — aZy+ B2
8= /Bf]Rn fMe f@2( ) _ BZ2
OéfRn fu, () fo,(0) dx + 5fRn iy (2) fo, (0) dx T aZy + BZs

Hence f(p,7|z) defines an improper distribution

where Z1 and Z, are the normalizing constants (from Theorem ) for fo,|x,—.; a0d foo| x _.y
respectively, as required.
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c) To cover discrete Bayesian models, instead of probability density functions fas, in (b) we can use
6
probability mass functions par,. We then need Theorem in place of Theorem [3.1.2] but the
argument is otherwise the same.

We could also cover both cases at once by using likelihood functions and (6.2]).
6.71 (a) (i) From the combined version of Bayes rule (6.2)) we have

o1y (6) 5 Ly (1) o 0)
Applying twice, we obtain
folix,—aqay (0) LM?'H (=(1)) fo(0)
F@1ix, =) xa=a(ay () 0 Ly ona (2(2)) Ly m (2(1)) fo (0)

‘We note that by independence

Lyyenz (2(2) Ly en (2(1) = (H LMe(rEi)) ( II LMs(mz')) = (H LMe(xi)> = Lyen(2).

i=n1+1

Hence f(e\{xlzmu)})l{xz:xm} (0) x f@|{X:w} (6), which by Lemmaimplies that (O1x,=2(1)}) [{X2=2(2)} 4
O|{x=z} as required.
(ii) Applying a trivial induction to the result in part (a) we have shown that, in general for indepen-
dent data, performing Bayesian updates in individual steps for each data point (or combinations
of datapoints) will give the same results as performing one Bayesian update with all our data at
once. This implies the result of Exercise

(b) From Bayes rule we have

f(0]z) o< f(]0)f(6)
f(0lz(1)) o f(2(1)]0)f(6)
F(0lz(1),2(2)) o< f((2)]0) f (x(1)[0) f(6)-

By independence (or more strictly, by conditional independence of x(1) and z(2) given #) we have
f(@]0) = f(x(1),2(2)]0) o f(2(1)]0)f(x(2)]0)
hence f(0]z) x f(0]x(1),z(2)). By Lemmawe have 0|z 4 0lx(1), z(2).
Chapter [7]

[T fx can be reasonably approximated by its mode. The median and mean would not be particularly bad
choices, but the mode is best because the long right-hand tail (that does not contain much mass) will pull
the median and mean slightly rightwards, away from the from region of highest density.
fy is tricky, because now the right hand tail contains substantial mass. It would be better not to approxi-
mate it with a point estimate, but if we had to do so then the median or mean would be reasonable choices,
depending on the context. Alongside our point estimate, we should try to make sure the right-hand skew
of the distribution is communicated in some way. The mode will be far below most of the mass of the
distribution, so is a bad choice here.

There is no reasonable way to approximate fz with a point estimate. We could not capture the key feature
of the distribution: that it has two approximately evenly sized peaks in different regions.

[7.2] (a) We find numerically that the prior and posterior odds ratios are

P[Beta(2,8) >0.2] _ . . P[Beta(ll,19) > 0.2]

P[Beta(2,8) < 0.2] P[Beta(11,19) < 0.2 7

to two decimal places. The Bayes factor is 64.30.
(b) For z € {0,1,...,m} and p € [0,1] we have

—T

LBin(m,p)®" ('T) X px(l - p)m
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50 1og Ligin(m,p) (z) = xlogp + (m — x)log(1 — p). Hence
2

d
TpQ 1Og LBin(m,p) (1‘) =

—r, l-e
P (1-p)?*
Setting X ~ Bin(m, p) and using (5.3), the reference prior has density

E[X] 1m—p£m 1/2
( P l—p)2>

Using Lemma we identify then Beta(3, 3) distribution.
We find numerically that the prior and posterior odds ratios are

P[Beta(

)>02] 5 39 and P[Beta(3 + 9, + 11) > 0.2]
P[Beta( '

=191.15
) <0.2] P[Beta(4 + 9,1 + 11) < 0.2]

11
272
11
272
to two decimal places. The Bayes factor is 80.05.

The Bayes factor has not changed much, even though the odds ratios are quite different. For both
choices of prior it suggests strong evidence for Hy over Hj.

(c) The regulator will be interested by both sets of analysis. In particular, by the fact that both Bayes
factors (using the informative prior elicited from the scientist and the uninformative reference prior)
point towards the hypothesis 8 > 0.2, suggests that the analysis is robust i.e. is not overly sensitive
to the particular methodology used.

This is a highly stylized example. Medical trials tend to be complex experiments with multiple subgroups,
typically with outcomes that are not easily reducible to success vs. failure. The process of deciding what
statistics will be reported is often done in negotiation with the regulator, before the trial begins.

[C.3] (a) The reference density f(\) is not proper, so we cannot calculate the probabilities that A € [0,2) or
A € [2,00) with respect to this density. The prior odds are not well-defined in this situation.

(b) The data given has n =40 and ) 7 @; = 109. Hence the posterior is Az ~ Gamma(5 + 109, £ +40) 4
Gamma(110.25,40.2). We find numerically that the prior and posterior odd ratios are

P[Gamma,(

> 2
)22 .40 g PlGamma(110.25,40.2) > 2]
P[Gamma(

= 1093.84
) < 2 P[Gamma(110.25,40.2) < 2] 093.8

5 1
45
5 1
45
to two decimal places. The Bayes factor is 319.75.

We have (very) strong evidence for Hy over H;. A Poisson model is known to be reasonable, at least
over large enough intervals of time, for large earthquakes. Assuming that we believe this model, we
have strong evidence that Japan will, on average, experience two or more earthquakes of magnitude
above 7.5 every year.

In case this sounds like unreasonably many earthquakes: earthquakes can occur deep underground, as
well as offshore, and in such a case you may not hear much about them.

(c) For our new hypothesis Hp : A > 3, we find numerically that the prior and posterior odd ratios are

P[Gamma,(

=1 .9«) n [ nma 11025, 402 >
P l; a; d G ( ) - 3
amma( —

=0.1
) < 3] P[Gamma(110.25,40.2) < 3] 0-19

5
Vel
5
VRl

to two decimal places. The Bayes factor is 0.09.

There is no evidence here to favour Hy over the opposite hypothesis H; : A < 3. In fact, swapping Ho
and H; will mean that the Bayes factor becomes 1/B, which in this case is 1/0.09 = 10.14, meaning
that we have strong evidence to favour Hi over Hy.
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[T-4] You should obtain @ = 0.80 and b = 5.32 to two decimal places, and the following figure.

[T.5] (a)
(b)
()

2.6 (a)

fehia(3)

021 equally tailed HPD region

0.1+

0.0 A

0 2 4 6 8 10
I will spare you the details, but I have conducted an elicitation procedure on my wife who has
(somewhat reluctantly) supplied us with the prior distribution Exp(:).

The dataset has n = 8 and Y.} @; = 18. Hence the posterior distribution is Gamma(1 + 18, 1% +8) =
Gamma(19, 8.59) with parameters to two decimal places.

An equally tailed 95% HPD region is [1.33,3.31], to two decimal places, and looks like

0.8 A
fGamma(lQ,B.SB)
0.6 - equally tailed HPD region
0.4
0.2 1
00 _I T T T T T
0 2 4 6 8 10

From the dataset we have n = 40, = 7.55 and s®> = 0.51, to two decimal places. Hence tlz ~
Student-t(39) with a 95% HPD region [—2.02,2.02],

0.4

fstudent-t(39)

0.3 1 equally tailed HPD region

0.2

0.1

0.0 1

T T T T T

-4 -2 0 2 4

The relationship between u|x and ¢|x is that |z =z + (t|x)@ Note that the distribution of t|x is

symmetric about 0, hence the distribution of y|z = T+ (t|1:)@

and the mean of |z will be Z. An equally tailed 95% HPD region is given by [Z — 2.02%, E+2.02@].
Putting in Z, n and s, and this comes out as [7.33,7.78] to two decimal places.

will also be symmetric about its mean,

The posterior density function is given by

flp, ¢) = <H fN<u,¢>(xi)> %

1 1 &
o g7zt P <_2¢ zlj(m - u)2>

o ﬁexp (—% (ns® +n(z — ,u)2))

where we have used (£.10) and the notation of that identity, z = > 7 z; and s* = L > V(z; — z)°.
Hence the marginal density f(u|z) satisfies

flule) o< [ g e (—i (ns® + n(z - m“’))) s,

To compute this integral we make the substitution ¢ = ﬁ(nﬁ +n(Z —p)?). We have % = %(nﬁ +

n(Z — p)?), and hence

T 2¢°
f(plz) o /0 on/2H1 € wnSQ +n(z — p)2 b
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1 /Oo n/2—1_—v
x P e " d
(ns? +n(@ — p)?)" Jy v

X = n/2
(ns® +n(Z — p)?)

where we use the fact that fooo Jaamma(n/2,1)(¥) dip = 1. We lastly transform ¢ = S/\F’ to transform
the probability density function of u|z into that of 7|z, giving

dp
di

( ) S2t2)n/2
x (ns"+n
n
2 —n/2
o<<1+ ¢ )
n—1

Note that %‘ is constant, so is absorbed by oc. In the last line we use that ns®> = (n — 1)S?. By
Lemma we identify 7|z ~ Student-t(n — 1), as required.

We have

f(rle) oc f(plx)

do P[© € Hi]
dO]P[@ € Ho)

P[O|(x—ry € IoP[O € Hi] 7 Ju, Jats () fo (0

(

B = P[@|{X:z} (S Hl]P[@ (S Ho] o % fl_ll fMe ({E)f@(a
(
(

0
_ fno fMH(x)]P’[J;?E(H)O do fno frtg () fol 0eny, (0)d
fnl frg (x )]p[feoeleq)l do fnl far (2 fel(OeHl} 0

le{QeHo} (:17)
df le{(_)EHl}(x)'

Here, the third equality is a consequence of Theorem The second-to-last inequality uses Exercise
and the final equality uses Exercise

Chapter
BTl (a,b) (i) We will answer both (a) and (b) here:

T
0 20 40 60 80 100

histogram of 100, 500 samples
0.3

fcauchy(0.1)

0.2 4

0.1

00 T T T T T T T
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Not much has changed from Example here; it is clear that the MH algorithm is making
larger movements but the approximation to the Cauchy(0, 1) distribution is still quite good.
(ii) We obtain:
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Here the MH algorithm is struggling to converge, due to being started (just) outside of the bulk

of the Cauchy(0, 1) distribution that we are trying to sample. We can see in both pictures that
too many samples are appearing at large values.

(iii) We obtain:
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The MH algorithm is failing to converge here. The effect of the initial value is still very visible
after 100 steps. most of the samples are too large.

(iv) We obtain:

60
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histogram of 109, 500 samples
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Here, by comparison to part (iii), the MH algorithm is producing good approximations to the
Cauchy distributions, despite begin started at an unhelpful initial value. Increasing the step size
from N(0,1) to N(0,20%) has helped it to find its way back into the bulk of the distribution,
quickly enough to have converged within 100 steps.

(¢) Any proposals y < 0 will be rejected, because

. fExp(l)(m} I { 0 } _
o= {1’ fExp(l)(y) - 17 fExp(l)(y) =0

due the fact that fryp1) has range (0, 00). Hence the MH algorithm will never move below 0.
B.2] (a) The posterior density is
5 2
0 1
f(61) o <H :1c+6’> 2
for 6 > 1 and zero otherwise.
There isn’t any advantage to multiplying this expression out — it won’t simplify into anything nice!
Noting that % <1, we have f(6|z) < 57, which means that [, f(0|z)d6 < [~ 672 df < co. Hence
f(0|x) is a proper density function.
(b) See the files 8_mcmc.ipynb and 8_mcmc.Rmd in the solutions folder.
B3] (a) In order: Definition [7.1.1} equation (7.3 and the table shortly below it, Definition [7.2.1} equation
(7.5).

(b) In order, left column: Section Section 2| Example [8.2.1] / Exercise
In order, right column: Sectlon Sectlon 4| (the algorlthm is below Remark , Definition
B43

[B-4] The point is that we need to take samples of @ in step 1 of the MH algorithm. If we already had an easy
way to generate samples of Y, then we wouldn’t bother using the MH algorithm anyway. So it doesn’t help

to set @ dy.
If we try to use the Gibbs algorithm in d = 1 then, strictly, our definition of the full conditionals in Definition
no longer works as intended because if © = (1) then ©_; = (), the empty vector! However, if we

try to use the same idea in d = 1 and take the proposal @ 4 Ol{x=s}, then we run into an instance

of the problem described above, here with Y 4 ©|{x=2}, which is the posterior distribution that the
MCMC/Gibbs algorithms are trying to sample from.

The full conditional distribution of 6; is the distribution of 8;|0—i, z. It has p.d.f. f(6;|60—i,z) o< f(6), where
on the right hand side we treat 6; — f(0) as a function of 8; only and f(0) is the density of § = (01, ...,0q).

B.6] (a) Suppose that X 4 _X. Then PX <] =P[-X <z] =P[-z < X],s0 [*_ fx(u)du= [T fxudu.
Substituting v = —u in the second integral we obtain

P[Xﬁw}=/;fx(u)du=/;fx(—

Hence the function v — fx(—v) is the p.d.f. of X, which we know is also fx(z). Swapping v for z

gives that fx(z) = fx(—x).
Now suppose that fx(x) = fx(—x). Then, using the substitution v = —u,

PX <z]= /fx du—/ fx(—u)du = fx() =P[-z < X]=P[-X < z].
Hence X < —X.

Strictly, when we write fx(z) = fx(—z) here, we should take into account the comments about
probability density functions only being defined ‘almost everywhere’ from Sectzons_ and-
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(b) By Remark we have Q|{y =y} 4 y + Z. From the first equation we have
PQliy=ypy <9l =Ply+Z<g]=P[Z<j—yl
Hence, differentiating with respect to ¢, the p.d.f. of Q|(y =,y is
Fales o, @) = 25— v).
Using this fact along with fz(z) = fz(—2),

falyeyy @) =f2(§—y) = fz(y = 9) = faiy—y V)
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