Carlos Mana

Probability and Statistics
for Particle Physics

@ Springer



Carlos Maiia

Departamento de Investigacion Basica

Centro de Investigaciones Energéticas,
Medioambientales y Tecnologicas

Madrid

Spain

ISSN 2198-7882 ISSN 2198-7890 (electronic)
UNITEXT for Physics

ISBN 978-3-319-55737-3 ISBN 978-3-319-55738-0  (eBook)

DOI 10.1007/978-3-319-55738-0

Library of Congress Control Number: 2017936885

© Springer International Publishing AG 2017

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Contents

1 Probability. ...... ... .. .. ... . . 1
1.1 The Elements of Probability: (Q,B,1). . ... ... .. 1
1.1.1  Events and Sample Space: (Q).................... 1

1.1.2  o-algebras (Bg) and Measurable Spaces (Q,Bq) ... ... 3

1.1.3  Set Functions and Measure Space: (Q, Bq, u). . ....... 6

1.14 Random Quantities . . . . ......................... 10

1.2 Conditional Probability and Bayes Theorem ................ 14
1.2.1  Statistically Independent Events . ... ............... 15

1.2.2  Theorem of Total Probability ..................... 18

123 Bayes Theorem. ............. ... ... ... ... ...... 19

1.3 Distribution Function. . . ......... .. ... .. .. ... ... . ... 23
1.3.1  Discrete and Continuous Distribution Functions. . ... .. 24

1.3.2  Distributions in More Dimensions ................. 28

1.4 Stochastic Characteristics. . .. ........... ... ... ... ....... 35
1.4.1  Mathematical Expectation. . ...................... 35

1.42  Moments of a Distribution . ... ................... 36

1.43  The “Error Propagation Expression™. ... ............ 44

1.5 Integral Transforms . ............ ... ... ... 45
1.5.1  The Fourier Transform ... ....................... 45

1.5.2  The Mellin Transform. . .......... ... .. .. ... ... 53

1.6 Ordered Samples . . ....... .. ... .. 63
1.7  Limit Theorems and Convergence . ....................... 67
1.7.1  Chebyshev’s Theorem. . ......................... 68

1.7.2  Convergence in Probability. . .................. ... 69

1.7.3  Almost Sure Convergence ....................... 70

1.7.4  Convergence in Distribution. .. ....... ... ... ... ... 71

1.7.5 Convergencein L, Norm .. ................... ... 76

1.7.6  Uniform Convergence. . ......................... 77



3

APPendiCes. . . . ..o 81

References ... ... .. . 85
Bayesian Inference . ... ............ ... ... ... ... . ... .. .. ... 87
2.1  Elements of Parametric Inference. . ....................... 88
2.2 Exchangeable Sequences . ............... ... .. ... ...... 89
2.3  Predictive Inference . . . . ... ... . ... 91
2.4 Sufficient Statistics. . . ... ... 92
2.5 Exponential Family ... ....... ... ... ... ... ... ... ... 94
2.6 Prior Functions. ... ......... ... . ... ... .. 95
2.6.1  Principle of Insufficient Reason ................ ... 96
2.6.2  Parameters of Position and Scale .................. 97
2.6.3 Covariance Under Reparameterizations. . ............ 103
2.6.4 Invariance Under a Group of Transformations ........ 109
2.6.5 Conjugated Distributions. . . ...................... 115
2.6.6  Probability Matching Priors ... ................ ... 119
2.6.7 Reference Analysis............................. 125
2.7  Hierarchical Structures. . .. ........ ... ... .. .. . . ... 133
2.8  Priors for Discrete Parameters . ... ....................... 135
2.9  Constrains on Parameters and Priors . ..................... 136
2.10 Decision Problems . ... ...... ... ... ... .. . . ... 137
2.10.1 Hypothesis Testing . ... ........ ... ... .. ... 139
2.10.2 Point Estimation .. ............ ... . ... .. ...... 145
2.11 Credible Regions . . ....... ... ... ... ... . . . 147
2.12 Bayesian (B) Versus Classical (F) Philosophy .............. 148
2.13 Some Worked Examples . .............. ... .. ... ... .... 154
2.13.1 Regression ............. ... 154
2.13.2 Characterization of a Possible Source of Events. . ... .. 158
2.13.3 Anisotropies of Cosmic Rays .. ................ ... 161
References ... ... ... 166
Monte Carlo Methods . ......... ... ... ... ... ... .. ........ 169
3.1 Pseudo-Random Sequences ............................. 170
3.2 Basic Algorithms . .. ...... ... ... .. ... 171
32.1 Inverse Transform. ............... ... .. ........ 171

3.2.2  Acceptance-Rejection (Hit-Miss; J. Von Neumann
1951) oo 178
3.2.3 Importance Sampling . .......................... 183
3.24  Decomposition of the Probability Density. . .......... 185
33 Everythingat Work . ... ... ... .. . L 186
3.3.1 The Compton Scattering. . ....................... 186
332  An Incoming Flux of Particles . ................... 192
34  Markov Chain Monte Carlo. . ........... ... ... ... ....... 199

3.4.1 Sampling from Conditionals and Gibbs Sampling . . . .. 214



3.5 Evaluation of Definite Integrals . .. ....................... 218

References . . ........ .. 219
Information Theory ........... ... ... ... ... ... ... ........ 221
4.1  Quantification of Information. . . ......................... 221
4.2 Expected Information and Entropy. .. ..................... 223
4.3  Conditional and Mutual Information ...................... 226
4.4  Generalization for Absolute Continuous Random Quantities . ... 228
4.5  Kullback-Leibler Discrepancy and Fisher’s Matrix .. ......... 229

451  Fisher’sMatrix ... .........c ... 230

4.5.2  Asymptotic Behaviour of the Likelihood Function . . . .. 232
4.6 Some Properties of Information. .. ........ .. .. ... ... ... 234
4.7  Geometry and Information. . ... ... ... ... ... ... ... ... ... 238

References . . ... . 244



Introduction

They say that understanding ought to work by the rules of
right reason. These rules are, or ought to be, contained in
Logic; but the actual science of logic is conversant at present
only with things either certain, impossible, or entirely
doubtful, none of which (fortunately) we have to reason on.
Therefore the true logic of this world is the calculus of
Probabilities, which takes account of the magnitude of the
probability which is, or ought to be, in a reasonable man’s
mind.

J.C. Maxwell

These notes, based on a one-semester course on probability and statistics given in
the former Doctoral Program of the Department of Theoretical Physics at the
Universidad Complutense in Madrid, are a more elaborated version of a series of
lectures given at different places to advanced graduate and Ph.D. students.
Although they certainly have to be tailored for undergraduate students, they contain
a humble overview of the basic concepts and ideas one should have in mind before
getting involved in data analysis and I believe they will be a useful reference for
both students and researchers.

I feel, maybe wrongly, that there is a recent tendency in a subset of the particle
physics community to consider statistics as a collection of prescriptions written in
some holy references that are used blindly with the only arguments that either
“everybody does it that way” or that “it has always been done this way.” In the
lectures, I have tried to demystify the “how-to” recipes not because they are not
useful but because, on the one hand, they are applicable under some conditions that
tend to be forgotten and, on the other, because if the concepts are clear so will be
the way to proceed (“at least formally”) for the problems that come across in
particle physics. At the end, the quote from Laplace given at the beginning of the
first lecture is what it is all about.

There is a countable set of books on probability and statistics and a sizable
subset of them are very good, out of which I would recommend the following ones
(a personal choice function). Chapter 1 deals with probability and this is just a
measure, a finite nonnegative measure, so it will be very useful to read some
sections of Measure Theory (2006; Springer) by V.I. Bogachev, in particular
Chaps. 1 and 2 of the first volume. However, for those students who are not yet



familiar with measure theory, there is an appendix to this chapter with a short
digression on some basic concepts. A large fraction of the material presented in this
lecture can be found in more depth, together with other interesting subjects, in the
book Probability: A Graduate Course (2013; Springer Texts in Statistics) by A.
Gut. Chapter 2 is about statistical inference, Bayesian inference in fact, and a must
for this topic is the Bayesian Theory (1994; John Wiley & Sons) by J.M. Bernardo
and A.F.M. Smith that contains also an enlightening discussion about the Bayesian
and frequentist approaches in the Appendix B. It is beyond question that in any
worthwhile course on statistics the ubiquitous frequentist methodology has to be
taught as well and there are excellent references on the subject. Students are
encouraged to look, for instance, at Statistical Methods in Experimental Physics
(2006; World Scientific) by F. James, Statistics for Nuclear and Particle Physicists
(1989; Cambridge University Press) by L. Lyons, or Statistical Data Analysis
(1997; Oxford Science Pub.) by G. Cowan. Last, Chap. 3 is devoted to Monte Carlo
simulation, an essential tool in statistics and particle physics, and Chap. 4 to
information theory, and, like for the first chapters, both have interesting references
given along the text.

“Time is short, my strength is limited,...”, Kafka dixit, so many interesting
subjects that deserve a whole lecture by themselves are left aside. To mention some:
an historical development of probability and statistics, Bayesian networks, gener-
alized distributions (a different approach to probability distributions), decision
theory (games theory), and Markov chains for which we shall state only the relevant
properties without further explanation.

I am grateful to Drs. J. Berdugo, J. Casaus, C. Delgado, and J. Rodriguez for
their suggestions and a careful reading of the text and much indebted to Dr. Hisako
Niko. Were not for her interest, this notes would still be in the drawer. My gratitude
goes also to Mieke van der Fluit for her assistance with the edition.



Chapter 1
Probability

The Theory of Probabilities is basically nothing else but
common sense reduced to calculus
P.S. Laplace

1.1 The Elements of Probability: (2, B, )

The axiomatic definition of probability was introduced by A.N. Kolmogorov in 1933
and starts with the concepts of sample space (£2) and space of events (Bg) with
structure of o-algebra. When the pair (2, Bq) is equipped with a measure . we have
a measure space (E, BB, u) and, if the measure is a probability measure P we talk
about a probability space (2, Bg, P). Lets discuss all these elements.

1.1.1 Events and Sample Space: (£2)

To learn about the state of nature, we do experiments and observations of the natural
world and ask ourselves questions about the outcomes. In a general way, the object
of questions we may ask about the result of an experiment such that the possible
answers are it occurs or it does not occur are called events. There are different kinds
of events and among them we have the elementary events; that is, those results of
the random experiment that can not be decomposed in others of lesser entity. The
sample space (£2) is the set of all the possible elementary outcomes (events) of a
random experiment and they have to be:

(i) exhaustive: any possible outcome of the experiment has to be included in €2;
(i) exclusive: there is no overlap of elementary results.



2 1 Probability
To study random phenomena we start by specifying the sample space and, therefore,
we have to have a clear idea of what are the possible results of the experiment.
To center the ideas, consider the simple experiment of rolling a die with 6 faces
numbered from 1 to 6. We consider as elementary events
e; = {get the number i on the upper face}; i=1,...,6
so Q = {ey, ..., e6}. Note that any possible outcome of the roll is included in €2 and
we can not have two or more elementary results simultaneously. But there are other
types of events besides the elementary ones. We may be interested for instance in
the parity of the number so we would like to consider also the possible results'
A = {get an even number} and A¢ = {get an odd number}

They are not elementary since the result A = {e, ey, e} is equivalent to get e, e4
oreg and A° = Q\ A to get ey, e3 or es. In general, an event is any subset? of the

sample space and we shall distinguish between:
elementary events: any element of the sample space 2;
events: any subset of the sample space;
and two extreme events:
sure events: Ss = {get any result contained in 2} = Q
impossible events: S; = {get any result not contained in Q} = ¢

Any event that is neither sure nor impossible is called random event. Going back to
the rolling of the die, sure events are

Sg = {get a number n |1 <n<6} = Q or

Ss = {get a number that is even or odd} = Q
impossible events are

S; = {get an odd number that is not prime} = ¢ or
S; = {get the number 7} = ¢

IGiven two sets A, BCS, we shall denote by A€ the complement of A (that is, the set of all elements
of Q that are not in A) and by A\B = ANBC¢ the set difference or relative complement of B in A
(that is, the set of elements that are in A but not in B). It is clear that A = Q\ A.

2This is not completely true if the sample space is non-denumerable since there are subsets that can

not be considered as events. It is however true for the subsets of R”" we shall be interested in. We
shall talk about that in Sect. 1.1.2.2.
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and random events are any of the ¢; or, for instance,
S, = {get an even number} = {ey, e4, e}

Depending on the number of possible outcomes of the experiment, the the sample
space can be:

finite: if the number of elementary events is finite;

Example: In the rolling of a die, Q2 = {e;;i = 1,..., 6}
so dim(2) = 6.

countable: when there is a one-to-one correspondence between the
elements of  and \V;

Example: Consider the experiment of flipping a coin and stopping
when we get H. Then Q ={H,TH,TTH,TTTH,...}.

non-denumerable:  if it is neither of the previous;

Example: For the decay time of an unstable particle 2 =
{t € R|t > 0} = [0, 00) and for the production polar angle
of a particle 2 = {# e RI0 <0 <7} = [0, 7].

It is important to note that the events are not necessarily numerical entities. We
could have for instance the die with colored faces instead of numbers. We shall deal
with that when discussing random quantities. Last, given a sample space 2 we shall
talk quite frequently about a partition (or a complete system of events); that is, a
sequence {S;} of events, finite or countable, such that

Q= U S; (complete system) and S; ﬂ S;=0; i#]j (disjoint events).
i vi,j

1.1.2 o-algebras (Bg) and Measurable Spaces (2, Bg)

As we have mentioned, in most cases we are interested in events other than the
elementary ones. We single out them in a class of events that contains all the
possible results of the experiment we are interested in such that when we ask
about the union, intersection and complements of events we obtain elements that
belong the same class. A non-empty family Bo = {S;}/_, of subsets of the sample
space 2 that is closed (or stable) under the operations of union and complement;



4 1 Probability
that is

S;US;jeB; VS;,S;eB and S;‘eB; VS;eB
is an algebra (Boole algebra) if 2 is finite. It is easy to see that if it is closed

under unions and complements it is also closed under intersections and the following
properties hold for all §;, S; € Bq:

Qe Bg e Bq S,’ﬂSjGBQ
S,'CUSJ'CEBQ (S,'CUS_]'C)CE BQ S,’ \SjGBQ
U;"zlSi € BQ ﬂ;”:lSi € BQ

Given a sample space 2 we can construct different Boole algebras depending on
the events of interest. The smaller one is B,, = {#J, 2}, the minimum algebra that
contains the event A C 2 has 4 elements: B = {{J, 2, A, A°} and the largest one,
By = {0, 2, all possible subsets of 2} will have 2dim() olements. From By, we
can engender any other algebra by a finite number of unions and intersections of its
elements.

1.1.2.1 o-algebras

If the sample space is countable, we have to generalize the Boole algebra such that
the unions and intersections can be done a countable number of times getting always
events that belong to the same class; that is:

EOJ Sl' eB and ﬁ Sl' eB
i=1 i=1

with {S$;}72, € B. These algebras are called o-algebras. Not all the Boole algebras

satisfy these properties but the o-algebras are always Boole algebras (closed under
finite union).

Consider for instance a finite set E and the class A of subsets of E that are either
finite or have finite complements. The finite union of subsets of A belongs to .4
because the finite union of finite sets is a finite set and the finite union of sets that
have finite complements has finite complement. However, the countable union of
finite sets is countable and its complement will be an infinite set so it does not belong
to A. Thus, A is a Boole algebra but not a o-algebra.

Let now E be any infinite set and B the class of subsets of E that are either
countable or have countable complements. The finite or countable union of countable
sets is countable and therefore belongs to . The finite or countable union of sets
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whose complement is countable has a countable complement and also belongs to 5.
Thus, B is a Boole algebra and o-algebra.

1.1.2.2 Borel o-algebras

Eventually, we are going to assign a probability to the events of interest that belong
to the algebra and, anticipating concepts, probability is just a bounded measure so
we need a class of measurable sets with structure of a o-algebra. Now, it turns out
that when the sample space €2 is a non-denumerable topological space there exist
non-measurable subsets that obviously can not be considered as events.> We are
particularly interested in R (or, in general, in R") so we have to construct a family
Br of measurable subsets of R that is

(i) closedunder countable number of intersections: { B;}{2, € Br — N2, B; € Br
(ii) closed under complements: B € B — B¢ = R\B € By

Observe that, for instance, the family of all subsets of R satisfies the conditions
(i) and (ii) and the intersection of any collection of families that satisfy them is a
family that also fulfills this conditions but not all are measurable. Measurably is the
key condition. Let’s start identifying what we shall considered the basic set in R
to engerder an algebra. The sample space R is a linear set of points and, among it
subsets, we have the intervals. In particular, if a <b are any two points of R we
have:

open intervals: (a,b) = {x e R|a < x < b}

closed intervals: [a,b] = {x e R|a < x < b}

half-open intervals on the right: [a, b)) = {x e R|a < x < b}
half-open intervals on the left: (a,b] = {x e R |a < x < b}

When a = b the closed interval reduces to a point {x = a} (degenerated interval)
and the other three to the null set and, when a— — oo or b— 0o we have the infinite
intervals (—oo, b), (—00, b], (a, o0) and [a, 00). The whole space R can be consid-
ered as the interval (—o0, co0) and any interval will be a subset of R. Now, consider
the class of all intervals of R of any of the aforementioned types. It is clear that the
intersection of a finite or countable number of intervals is an interval but the union
is not necessarily an interval; for instance [a;, b1] U [az, b>] with a; > by is not an
interval. Thus, this class is not additive and therefore not a closed family. However,

31s not difficult to show the existence of Lebesgue non-measurable sets in R. One simple example
is the Vitali set constructed by G. Vitali in 1905 although there are other interesting examples
(Hausdorff, Banach-Tarsky) and they all assume the Axiom of Choice. In fact, the work of R.M.
Solovay around the 70s shows that one can not prove the existence of Lebesgue non-measurable sets
without it. However, one can not specify the choice function so one can prove their existence but
can not make an explicit construction in the sense Set Theorists would like. In Probability Theory,
we are interested only in Lebesgue measurable sets so those which are not have nothing to do in
this business and Borel’s algebra contains only measurable sets.
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it is possible to construct an additive class including, along with the intervals, other
measurable sets so that any set formed by countably many operations of unions,
intersections and complements of intervals is included in the family. Suppose, for
instance, that we take the half-open intervals on the right [a, b), b > a as the initial
class of sets* to generate the algebra By so they are in the bag to start with. The
open, close and degenerate intervals are

(a,b)y=|Jla=1/n.b); la.bl=(la.b+1/n) and a={xeR|x=a}=[a,al]

n=1 n=1

so they go also to the bag as well as the half-open intervals (a, b] = (a, b) U [b, b]
and the countable union of unitary sets and their complements. Thus, countable sets
like V, Z or Q are in the bag too. Those are the sets we shall deal with.

The smallest family Bz (or simply 3) of measurable subsets of R that contains
all intervals and is closed under complements and countable number of intersections
has the structure of a o-algebra, is called Borel’s algebra and its elements are gener-
ically called Borel’s sets or borelians Last, recall that half-open sets are Lebesgue
measurable (A((a, b]) = b —a) and so is any set built up from a countable number of
unions, intersections and complements so all Borel sets are Lebesgue measurable and
every Lebesgue measurable set differs from a Borel set by at most a set of measure
zero. Whatever has been said about R is applicable to the n-dimensional euclidean
space R".

The pair (2, Bg) is called measurable space and in the next section it will be
equipped with a measure and “upgraded” to a measure space and eventually to a
probability space.

1.1.3 Set Functions and Measure Space: (2, Bg, 1)

A function f : A € B, —> R that assigns to each set A € Bg, one, and only one real
number, finite or not, is called a set function. Given a sequence {A;}?_, of subset
of Bg pair-wise disjoint, (A; N A; =@; i, j =1,...,n; i # j) we say that the set
function is additive (finitely additive) if:

f (U A,«) =D f(A)
i=1 i=1

or o-additive if, for a countable the sequence {A;}{2, of pair-wise disjoint sets of B,

f (U Ai) =D f(A)
i=1 i=1

4The same algebra is obtained if one starts with (a, b), (a, b] or [a, b].
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It is clear that any o-additive set function is additive but the converse is not true.
A countably additive set function is a measure on the algebra Bg, a signed measure
in fact. If the o-additive set functionis 1 : A € Bo —> [0, 00) (i.e., u(A) >0) for
all A € Bg, it is a non-negative measure. In what follows, whenever we talk about
measures ji, V, . .. on a o-algebra we shall assume that they are always non-negative
measures without further specification. If ©(A) = 0 we say that A is a set of zero
measure.

The “trio” (2, Bq, 1), with  a non-empty set, B, a o-algebra of the sets of Q2
and ;2 ameasure over Bg, is called measure space and the elements of Bg, measurable
sets.

In the particular case of the n-dimensional euclidean space 2 = R", the o-algebra
is the Borel algebra and all the Borel sets are measurable. Thus, the intervals I of
any kind are measurable sets and satisfy that

(i) If I € R is measurable —> I¢ = R — I is measurable;
(i) If {7}{2, € R are measurable —> U2, [; is measurable;

Countable sets are Borel sets of zero measure for, if 1 is the Lebesgue measure (see
Appendix 2), we have that u ([a, b)) = b — a and therefore:

pla)) = tim p(a,a+1/n) = lim + =0
n—o0 n—-oo n
Thus, any point is a Borel set with zero Lebesgue measure and, being i a o-additive
function, any countable set has zero measure. The converse is not true since there
are borelians with zero measure that are not countable (i.e. Cantor’s ternary set).
In general, a measure p over B satisfies that, for any A, B € B not necessarily
disjoint:

(m.1) u(AU B) = pu(A) + p(B\A)

(m.2) p(AUB) = u(A)+pu(B) — u(ANB) (W(AUB) < u(A)+u(B))
(m.3) If A € B, then u(B\A) = ju(B) — u(A) (=0 since u(B) > pu(A))
(m4) (@) =0

(m.1) A U B is the union of two disjoint sets A and B\ A and the measure is an
additive set function;

(m.2) AN B¢ and B are disjoint and its unionis AU B so u(AU B) = u(AN B°) +
1(B). On the other hand A N B and A N B are disjoint at its union is A so
WA N B) + (AN B) = pu(A). It is enough to substitute (A N B€) in the
previous expression;

(m.3) from (m.1) and considering that,if A C B,then AU B = B

(m.4) from (m.3) with B = A.

A measure p over a measurable space (€2, Bg) is finite if 11(2) < oo and o-finite
it Q@ =UL, A;, with A; € Bg and u(A;) < oo. Clearly, any finite measure is o-finite
but the converse is not necessarily true. For instance, the Lebesgue measure \ in
(R", Br») is not finite because A(R") = oo but is o-finite because
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R'= ] [—k.k"
ke N

and \([—k, k]") = (2k)" is finite. As we shall see in Chap. 2, in some circumstances
we shall be interested in the limiting behaviour of o-finite measures over a sequence
of compact sets. As a second example, consider the measurable space (R, B) and p
such that for ACB is u(A) = card(A) if A is finite and oo otherwise. Since R is
an uncountable union of finite sets, x4 is not o-finite in R. However, it is o-finite in

W, Bp).

1.1.3.1 Probability Measure

Let (€2, Bg) be a measurable space. A measure P over Bq (that is, with domain
in Bg), image in the closed interval [0, 1] € R and such that P(2) = 1 (finite) is
called a probability measure and its properties a just those of finite (non-negative)
measures. Expliciting the axioms, a probability measure is a set function with domain
in Bg and image in the closed interval [0, 1] € R that satisfies three axioms:

(i) additive: is an additive set function;
(i) no negativity: is a measure;
(iii) certainty: P(Q)=1.

These properties coincide obviously with those of the frequency and combinatorial
probability (see Note 1). All probability measures are finite (P(2) = 1) and any
bounded measure can be converted in a probability measure by proper normalization.
The measurable space (2, Bg) provided with and probability measure P is called
the probability space (2, Bg, P). Itis straight forward to see thatif A, B € 3, then:

(p.1) P(A9) =1-P(A)
(P.2) P(W) =0
(p3) P(AUB)=P(A)+ P(B\A)=P(A)+ P(B)— P(AN B) < P(A) + P(B))

The property (p.3) can be extended by recurrence to an arbitrary number of events
(A}, eBforif § = U’]‘.:lAJ-, then Sy = AyUS,_; and P(S,) = P(A,) +
P(Sn—l) - P(An n Sn—l)~

Last, note that in the probability space (R, B, P) (or in (R", B,, P)), the set of
points W = {Vx € R | P(x) > 0} is countable. Consider the partition

w=|]|w where We={VxeR|1/(k+1) < P(x) < 1/k}

s

k

Il
.

If x € W then it belongs to one W; and, conversely, if x belongs to one W, then it
belongs to W. Each set W, has at most k points for otherwise the sum of probabilities
of its elements is P (W) > 1. Thus, the sets Wj, are finite and since W is a countable
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union of finite sets is a countable set. In consequence, we can assign finite probabilities
on at most a countable subset of R.

NOTE 1: What is probability?

It is very interesting to see how along the 500 years of history of probability many
people (Galileo, Fermat, Pascal, Huygens, Bernoulli, Gauss, De Moivre, Poisson,...)
have approached different problems and developed concepts and theorems (Laws of
Large Numbers, Central Limit, Expectation, Conditional Probability,...) and a proper
definition of probability has been so elusive. Certainly there is a before and after Kol-
mogorov’s “General Theory of Measure and Probability Theory” and “Grundbegriffe
der Wahrscheinlichkeitsrechnung” so from the mathematical point of view the ques-
tion is clear after 1930s. But, as Poincare said in 1912: “It is very difficult to give a
satistfactory definition of Probability”. Intuitively, What is probability?

The first “definition” of probability was the Combinatorial Probability (~1650).
This is an objective concept (i.e., independent of the individual) and is based on
Bernoulli’s Principle of Symmetry or Insufficient Reason: all the possible outcomes
of the experiment equally likely. For its evaluation we have to know the cardinal
(v(-)) of all possible results of the experiment (v(£2)) and the probability for an
event ACS2 is “defined” by the Laplace’s rule: P(A) = v(A)/v(2). This concept
of probability, implicitly admitted by Pascal and Fermat and explicitly stated by
Laplace, is an a priory probability in the sense that can be evaluated before or even
without doing the experiment. It is however meaningless if €2 is a countable set
(v(2) = oo) and one has to justify the validity of the Principle of Symmetry that
not always holds originating some interesting debates. For instance, in a problem
attributed to D’ Alembert, a player A tosses a coin twice and wins if H appears in at
least one toss. According to Fermat, one can get {(TT), (TH), (HT), (HH)}and A
will loose only in the first case so being the four cases equally likely, the probability
for A to win is P = 3/4. Pascal gave the same result. However, for Roberval one
should consider only {(T'T), (T H), (H-)} because if A has won already if H appears
at the first toss so P = 2/3. Obviously, Fermat and Pascal were right because, in
this last case, the three possibilities are not all equally likely and the Principle of
Symmetry does not apply.

The second interpretation of probability is the Frequentist Probability, and is based
on the idea of frequency of occurrence of an event. If we repeat the experiment n
times and a particular event A; appears n; times, the relative frequency of occurrence
is f(A;) = n;/n. As n grows, it is observed (experimental fact) that this number
stabilizes around a certain value and in consequence the probability of occurrence
of A; is defined as P(A;)=lim{™” _ f(A;). This is an objective concept inasmuch
it is independent of the observer and is a posteriori since it is based on what has
been observed after the experiment has been done through an experimental limit that
obviously is not attainable. In this sense, it is more a practical rule than a definition.
It was also implicitly assumed by Pascal and Fermat (letters of de Mere to Pascal:
I have observed in my die games...), by Bernoulli in his Ars Conjectandi of 1705
(Law of Large Numbers) and finally was clearly explicited at the beginning of the
XX century (Fisher and Von Mises).
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Both interpretations of probability are restricted to observable quantities. What
happen for instance if they are not directly observable? What if we can not repeat the
experiment a large number of times and/or under the same conditions? Suppose that
you jump from the third floor down to ground (imaginary experiment). Certainly, we
can talk about the probability that you break your leg but, how many times can we
repeat the experiment under the same conditions?

During the XX century several people tried to pin down the concept of probability.
Pierce and, mainly, Popper argumented that probability represents the propensity of
Nature to give a particular result in a single trial without any need to appeal at “large
numbers”. This assumes that the propensity, and therefore the probability, exists in
an objective way even though the causes may be difficult to understand. Others, like
Knight, proposed that randomness is not a measurable property but just a problem
of knowledge. If we toss a coin and know precisely its shape, mass, acting forces,
environmental conditions,... we should be able to determine with certainty if the
result will be head or tail but since we lack the necessary information we can not
predict the outcome with certainty so we are lead to consider that as a random process
and use the Theory of Probability. Physics suggests that it is not only a question of
knowledge but randomness is deeply in the way Nature behaves.

The idea that probability is a quantification of the degree of belief that we have
in the occurrence of an event was used, in a more inductive manner, by Bayes and,
as we shall see, Bayes’s theorem and the idea of information play an essential role
in its axiomatization. To quote again Poincare, “... the probability of the causes,
the most important from the point of view of scientific applications.”. It was still
an open the question whether this quantification is subjective or not. In the 20s,
Keynes argumented that it is not because, if we know all the elements and factors
of the experiment, what is likely to occur or not is determined in an objective sense
regardless what is our opinion. On the contrary, Ramsey and de Finetti argued that
the probability that is to be assigned to a particular event depends on the degree of
knowledge we have (personal beliefs) and those do not have to be shared by every-
body so it is subjective. Furthermore they started the way towards a mathematical
formulation of this concept of probability consistent with Kolmogorov’s axiomatic
theory. Thus, within the Bayesian spirit, it is logical and natural to consider that
probability is a measure of the degree of belief we have in the occurrence of an
event that characterizes the random phenomena and we shall assign probabilities to
events based on the prior knowledge we have. In fact, to some extent, all statisti-
cal procedures used for the analysis of natural phenomena are subjective inasmuch
they all are based on a mathematical idealizations of Nature and all require a priory
judgments and hypothesis that have to be assumed.

1.1.4 Random Quantities

In many circumstances, the possible outcomes of the experiments are not numeric
(a die with colored faces, a person may be sick or healthy, a particle may decay
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in different modes,...) and, even in the case they are, the possible outcomes of the
experiment may form a non-denumerable set. Ultimately, we would like to deal with
numeric values and benefit from the algebraic structures of the real numbers and the
theory behind measurable functions and for this, given a measurable space (€2, Bg),
we define a function X (w) : w € Q—> R that assigns to each event w of the sample
space Q2 one and only one real number.

In a more formal way, consider two measurable spaces (2, Bg) and (', Bg,) and
a function

X(w): weQ— X(w)eQ

Obviously, since we are interested in the events that conform the o-algebra Bg,
the same structure has to be maintained in (2, Bg) by the application X (w) for
otherwise we wont be able to answer the questions of interest. Therefore, we require
the function X (w) to be Lebesgue measurable with respect to the o-algebra Bg;i.e.:

X"(B)=BCBg V B eBj,

so we can ultimately identify P(B') with P(B). Usually, we are interested in the
case that ' = R (or R") so B, is the Borel o-algebra and, since we have generated
the Borel algebra B from half-open intervals on the left I, = (—o0, x] with x € R,
we have that X (w) will be a Lebesgue measurable function over the Borel algebra
(Borel measurable) if, and only if:

X ') ={weQ|X(w)<x}eBqg VxeR

We could have generated as well the Borel algebra from open, closed or half-open
intervals on the right so any of the following relations, all equivalent, serve to define
a Borel measurable function X (w):

(1) {w|X(w) > c}eBgVceR,;
2) {w|X(w)>c}eBgVeceR,
3) {w|X(w) < c}eBg VeceR,;
@) {(w|X(w)<cleBgVceR

To summarize:

e Given a probability space (2, Bg, Q), a random variable is a function X (w) :
Q—TR, Borel measurable over the o-algebra Bq, that allows us to work with the
induced probability space (R, B, P).

Form this definition, it is clear that the name “random variable”is quite unfortunate
inasmuch it is a univoque function, neither random nor variable. Thus, at least to
get rid of variable, the term “random quantity” it is frequently used to design

31t is important to note that a random variable X (w) : 2—> R is measurable with respect to the
o-algebra Bg.



12 1 Probability

a numerical entity associated to the outcome of an experiment; outcome that is
uncertain before we actually do the experiment and observe the result, and distinguish
between the random quantity X (w), that we shall write in upper cases and usually
as X assuming understood the w dependence, and the value x (lower case) taken in
a particular realization of the experiment. If the function X takes values in QxCR
it will be a one dimensional random quantity and, if the image is QxCR", it will
be an ordered n-tuple of real numbers (X, X, ..., X,). Furthermore, attending to
the cardinality of Q2x, we shall talk about discrete random quantities if it is finite or
countable and about continuous random quantities if it is uncountable. This will be
explained in more depth in Sect. 1.1.3.1. Last, if for each w € Q is | X (w)| < k with
k finite, we shall talk about a bounded random quantity.

The properties of random quantities are those of the measurable functions. In
particular, if X (w) : Q— Q' is measurable with respect to Bg and Y (x) : Q'— Q" is
measurable with respect to By, the function Y (X (w)) : Q— Q" is measurable with
respect to B and therefore is a random quantity. We have then that

P(Y<y)=P¥(X)<y) =P(XeY ()

where Y ~!(Iy) is the set {x|x € Q'} such that Y (x) < y.
Example 1.1 Consider the measurable space (€2, Bg) and X (w) : Q — R. Then:

e X(w) = k, constant in R. Denoting by A = {w € Q| X (w) > ¢} we have that if
c>kthen A = ¥ and if ¢ < k then A = Q. Since {#}, E} € Bg we conclude that
X (w) is a measurable function. In fact, it is left as an exercise to show that for
the minimal algebra Bg”‘ = {0, 2}, the only functions that are measurable are
X (w) = constant.

e LetG € Bp and X (w) = 16 (w) (see Appendix 1.1). We have thatif I, = (—o0, a]
witha e R, thena € (—00,0) — X (1) =¥,a€[0,1) - X' (I,) = G, and
ae[l,o0) - X~ (I,) = @ so X(w) is a measurable function with respect to
Bgq. A simple function

X(w) = arls, (w)
k=1

where a; € R and {A;};_, is a partition of €2 is Borel measurable and any random
quantity that takes a finite number of values can be expressed in this way.

e Let @ = [0, 1]. It is obvious that if G is a non-measurable Lebesgue subset
of [0, 1], the function X (w) = 1g-(w) is not measurable over By} because
ael0,1) — X_I(Ia) = G¢B[0q1].

e Consider a coin tossing, the elementary events

ey ={H}, and e, ={T} — Q = {ey, e}
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the algebra B = {#, @, {e1}, {e:}} and the function X : Q— R that denotes the
number of heads

X()=1 and X(e) =0
Then, for I, = (—o00, a] with a € R we have that:

ae(-00,0) — X '(I,)=0€eBqg
ael0,) — X '(I,) =er€Bq
aell,o0) — X '(l) ={er,e2} = QeBs
s0 X (w) is measurable in (€2, Bg, P) and therefore an admissible random quantity

with P(X = 1) = P(e;) and P(X = 0) = P(e»). It will not be an admissible
random quantity for the trivial minimum algebra B = {(J, Q} since e, ¢Bh™".

Example 1.2 Let Q = [0, 1] and consider the sequence of functions X, (w) =
2" 1q, (w) where w € Q, 2, = [1/2", 1/2"""1and n e V. Is each X, (w) is measur-
able iff Vir,e R, A = {w € 2| X,,(w) > r} is a Borel set of Bq. Then:

() re@", 00)— A = € Bg with A\(A) = 0;
(2) rel0,2"— A =[1/2",1/2" '] € Bg with A\(A) =2/2" — 1/2" = 1/2".
3) re(=o00,00—A =1[0,1] = Q with \(Q) = 1.

Thus, each X, (w) is a measurable function.

Problem 1.1 Consider the experiment of tossing two coins, the elementary events
e1={H,H}, ex={H, T}, e3={T,H}, e={T,T}

the sample space 2 = {e;, ez, €3, e4} and the two algebras

B = {0, Q, {e1}, {ea}, {e1, €2, e3}, {e2, €3, es}, {e1, e}, {e2, e3}}

By = {0, 2, {e1, ez}, {e3, ea}}
The functions X (w) : 2—> TR suchthat X (e;) = 2; X(e3) = X(e3) = 1; X(eq) =0
(number of heads) and Y (w) : —>R such that Y(e;) = Y(e;) = 1; Y(e3) =
Y (e4) = 0, with respect to which algebras are admissible random quantities? (sol.:
X wrt By; Y wrt ;)

Problem 1.2 Let X;(w) : R—> R withi = 1, ..., n be random quantities. Show
that

Y = max{X, X2}, Y = min{Xy, X»}, Y =sup{X}_; and Y =inf{Xp};_,

are admissible random quantities.
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Hint: It is enough to observe that

{wlmax{X;, X»} < x} = {w[X1(w) < x}N{w[X2(w) <x}eB

{wmin{X;, X5} < x} = {w]X;(w) < x}U{w|X2(w) < x}e€B
{wlsup, X, (w) < x} = Nu{w|X,(w) <x}eB
{wlinf, X, (w) < x} = U, {w|X,(w) < x}eB.

1.2 Conditional Probability and Bayes Theorem

Suppose and experiment that consists on rolling a die with faces numbered from one
to six and the event e, ={get the number two on the upper face}. If the die is fair,
based on the Principle of Insufficient Reason you and your friend would consider
reasonable to assign equal chances to any of the possible outcomes and therefore a
probability of Pj(e;) = 1/6. Now, if I look at the die and tell you, and only you,
that the outcome of the roll is an even number, you will change your beliefs on the
occurrence of event e, and assign the new value P,(e;) = 1/3. Both of you assign
different probabilities because you do not share the same knowledge so it may be a
truism but it is clear that the probability we assign to an event is subjective and is
conditioned by the information we have about the random process. In one way or
another, probabilities are always conditional degrees of belief since there is always
some state of information (even before we do the experiment we know that whatever
number we shall get is not less than one and not greater than six) and we always
assume some hypothesis (the die is fair so we can rely on the Principle of Symmetry).

Consider a probability space (2, Bg, P) and two events A, B C Bg that are
not disjoint so A N B # (. The probability for both A and B to happen is P(A N
B)=P(A, B). Since Q2 = BU B¢ and BNB“ = () we have that:

P(A) = P(A[)Q) = P(A( B) + P(A( B) = P(A\B)
probability for A P(A\B) : probability for
and B to occur A to happen and not B

What is the probability for A to happen if we know that B has occurred? The prob-
ability of A conditioned to the occurrence of B is called conditional probability
of A given B and is expressed as P(A|B). This is equivalent to calculate the prob-
ability for A to happen in the probability space (', By, P’) with €' the reduced
sample space where B has already occurred and B, the corresponding sub-algebra
that does not contain B¢. We can set P(A|B) « P(A N B) and define (Kolmogorov)
the conditional probability for A to happen once B has occurred as:

P(AIB) def. P(A()B)  P(A,B)
- P(B)  P(B)
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provided that P (B) # 0 for otherwise the conditional probability is not defined. This
normalization factor ensures that P(B|B) = P(B N B)/P(B) = 1. Conditional
probabilities satisfy the basic axioms of probability:

(i) non-negative since (A () B) C B —> 0 < P(A|B) < 1

(ii) unit measure (certainty) since P(2|B) = P(%(Q)B) = ﬁgg; =1

(iii) o-additive: For a countable sequence of disjoint set {A;}{2,

P(U A,-|B)=P((U"=1 Ai)ﬂB): i—1 =ZP(A,'|B)
i=1

P(B) P(B) <
Generalizing, for n events {A;}?_, we have, with j =0, ..., n — 1 that
P(Ai,....,A) = P(An, ..., AujlAj, ..., ADP(A;, ..., A) =
= P(Au|Ay, ..., Ay 1) P(A3]A2, A1) P(Az|A) P(AY).

1.2.1 Statistically Independent Events

Two events A, B € B, are statistically independent when the occurrence of one
does not give any information about the occurrence of the other®; that is, when

P(A,B)= P(A)P(B)

A necessary and sufficient condition for A and B to be independent is that P(A|B) =
P(A) (which implies P(B|A) = P(B)). Necessary because

P(A,B) P(A)P(B)

= = P(A)
P(B) P(B)

P(A,B)= P(A)P(B) — P(A|B) =

SIn fact for the events A, B € Bg we should talk about conditional independence for it is
true that if C € Bg, it may happen that P(A, B) = P(A)P(B) but conditioned on C,
P(A, B|C)# P(A|C)P(B|C) so A and B are related through the event C. On the other hand,
that P(A|B) # P(A) does not imply that B has a “direct” effect on A. Whether this is the case or
not has to be determined by reasoning on the process and/or additional evidences. Bernard Shaw
said that we all should buy an umbrella because there is statistical evidence that doing so you have
a higher life expectancy. And this is certainly true. However, it is more reasonable to suppose that
instead of the umbrellas having any mysterious influence on our health, in London, at the beginning
of the XX century, if you can afford to buy an umbrella you have most likely a well-off status,
healthy living conditions, access to medical care,...
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Sufficient because
P(A|B) = P(A) — P(A,B) = P(A|B)P(B) = P(A)P(B)

If this is not the case, we say that they are statistically dependent or correlated. In
general, we have that:

P(A|B) > P(A) — theevents A and B are positively correlated; that is,
that B has already occurred increases the chances for
A to happen;

P(A|B) < P(A) — theevents A and B are negatively correlated; that is,
that B has already occurred reduces the chances for A
to happen;

P(A|B) = P(A) — the events A and B are not correlated so the occur-
rence of B does not modify the chances for A to hap-

pen.

Given a finite collection of events A = {A;}_, with Ay; C Bg, they are statisti-
cally independent if

P(Ay,...,A,) =P(A)---P(A,)

for any finite subsequence {A;};L ¥ 1 < j < m < n of events. Thus, for instance,
for a sequence of 3 events {A|, A,, A3} the condition of independence requires that:

P(A1, Ay) = P(A))P(A2);  P(A1, A3) = P(A1)P(A3);  P(Az, A3) = P(A2)P(A3)
and  P(Ay, Az, A3) = P(A))P(A2)P(A3)

so the events {A, A,, A3} may be statistically dependent and be pairwise indepen-
dent.

Example 1.3 Infour cards (Cy, C,, C3 and C4) we write the numbers 1 (Cy), 2 (Cy),
3 (C3) and 123 (C4) and make a fair random extraction. Let be the events

A; = {the chosen card has the number i}
with i = 1, 2, 3. Since the extraction is fair we have that:

P(A)) = P(Ci) + P(Cy) =1/2
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Now, I look at the card and tell you that it has number j. Since you know that
A has happened, you know that the extracted card was either C; or C4 and the
only possibility to have A; # A; is that the extracted card was C4 so the conditional
probabilities are
P(AilA)) =1/2; i, j=1,2,3; i#]

The, since

P(AilA) = P(Ay); i, =1,2,3; i#]
any two events (A;, A;) are (pairwise) independent. However:

P(Ay, Ay, A3) = P(A1]Ay, A3) P(A3]A3) P(A3)

and if I tell you that events A, and A3 have occurred then you are certain that chosen
card is C4 and therefore A; has happened too so P(A;|A,, A3) = 1. But

11 1
P(Ay, A2, A3) =1 ) # P(A)P(A2)P(A3) = 3

so the events {A|, A, A3} are not independent even though they are pairwise inde-
pendent.

Example 1.4 (Bonferroni’s Inequality) Given afinite collection A = {A;, ..., A,} C
B of events, Bonferroni’s inequality states that:

PA[)[)AD) = P(A1, ... A) = P(AD) + -+ P(A) — (n — 1)

and gives a lover bound for the joint probability P(Ay,..., A,). Forn = 1 itis
trivially true since P(A;) > P(A). For n = 2 we have that

P(A1 | A2) = P(A) + P(A2) — P(A1 [ |A2) <1 — P(A1[ | A2) = P(A)) + P(Ay) — 1

Proceed then by induction. Assume the statement is true for n — 1 and see if it is so
forn.If B,_; = A;N---NA,_; and apply the result we got for n = 2 we have that

PAI[) (A = P(Buoi [ VA0 = P(Buy) + P(A,) — 1
but

P(By-1) = P(Bya[ |Av-1) = P(Bya) + P(A,1) — 1
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SO
P(Ar[ )+ () Aw) = P(By2) + P(A,_1) + P(A,) =2

and therefore the inequality is demonstrated.

1.2.2 Theorem of Total Probability

n

Consider a probability space (2, Bg, P) and a partition S = {S;}/_, of the sample
space. Then, for any event A € Bg we have that A = A Q2 = A((U_, Si) and
therefore:

ray=p(aN[U_ s])=r(U_ [2Ns]) = Zn: P(A(S) = i P(AIS)-P(S))

i=1 i=l

Consider now a second different partition of the sample space {By};_ . Then, for
each set B, we have

P(B) =D P(BUSHP(S); k=1,....m
i=1
and

m n

> PB) = P(S) [Z P(Blei)} =D P(S) =1
k=1 i=1 k=1 i=1

Last, a similar expression can be written for conditional probabilities. Since
P(A,B,S)=P(A|B,S)P(B,S) = P(A|B,S)P(S|B)P(B)

and
P(A,B)=> P(A,B,S)
i=1
we have that

P(A,B) 1

PAIB = =55 = pB)

> P(A.B.S;) =Y P(A|B,S)P(Si|B).
i=1

i=1
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Example 1.5 We have two indistinguishable urns: U; with three white and two black
balls and U, with two white balls and three black ones. What is the probability that
in a random extraction we get a white ball?

Consider the events:

A; = {choose urn U;}; A, = {choose urn U,} and B = {get a white ball}
Itis clear that A} N Ay = ) and that A} U A, = Q. Now:

3 2 1
P(B|A1)=§; P(B|A2)=§ and P(A1)=P(A2)=§

so we have that

2
31 21
P(B) = P(B|A;)-P(A;) = s+i5=

i=1

1
2

as expected since out of 10 balls, 5 are white.

1.2.3 Bayes Theorem

Given a probability space (€2, Bg, P) we have seen that the joint probability for for
two events A, B € Bg can be expressed in terms of conditional probabilities as:

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

The Bayes Theorem (Bayes ~1770s and independently Laplace ~1770s) states that
if P(B) #0, then

P(B|A)P(A)

P(A|B) = PB)

apparently a trivial statement but with profound consequences. Let’s see other expres-
sions of the theorem. If H = {H;}?_, is a partition of the sample space then

P(A, H;) = P(A|H;)P(H;) = P(H;|A)P(A)

and from the Total Probability Theorem

P(A) =" P(A|H\)P(Hy)
k=1
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so we have a different expression for Bayes’s Theorem:

P(A|H)P(H;) _ P(A|H;)P(H))
P(A) © >, P(A|HY)P(Hy)

P(H;|A) =

Let’s summarize the meaning of these terms’:

P(H)) : is the probability of occurrence of the event H; before we know if
event A has happened or not; that is, the degree of confidence we
have in the occurrence of the event H; before we do the experi-
ment so it is called prior probability;

P(A|H;) : is the probability for event A to happen given that event H; has
occurred. This may be different dependingoni = 1,2, ..., nand
when considered as function of H; is usually called likelihood;

P(H;|A) : is the degree of confidence we have in the occurrence of event H;
given that the event A has happened. The knowledge that the event
A has occurred provides information about the random process
and modifies the beliefs we had in H; before the experiment was
done (expressed by P (H;)) so it is called posterior probability;

P(A): is simply the normalizing factor.

Clearly, if the events A and H; are independent, the occurrence of A does not provide
any information on the chances for H; to happen. Whether it has occurred or not does
not modify our beliefs about H; and therefore P(H;|A) = P(H;).

In first place, it is interesting to note that the occurrence of A restricts the sample
space for H and modifies the prior chances P(H;) for H; in the same proportion as
the occurrence of H; modifies the probability for A because

P(H;|A) _ P(AlH;)

P(AlH;)P(H;) = P(H;|A)P(A) PH) P

Second, from Bayes Theorem we can obtain relative posterior probabilities (in the
case, for instance, that P(A) is unknown) because

P(H;|A)  P(A|H;) P(H))

P(H;|A)  P(A|H;) P(H))

Last, conditioning all the probabilities to Hp (maybe some conditions that are
assumed) we get a third expression of Bayes Theorem

7 Although is usually the case, the terms prior and posterior do not necessarily imply a temporal
ordering.
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P(AlH;, Ho) P(Hi|Ho) _  P(A|H;, Ho) P(Hi|Ho)
P(A|Hy) > i1 P(A[Hy, Ho) P(Hy|Hp)

P(H;|A, Ho) =

where H) represents to some initial state of information or some conditions that are
assumed. The posterior degree of credibility we have on H; is certainly meaningful
when we have an initial degree of information and therefore is relative to our prior
beliefs. And those are subjective inasmuch different people may assign a different
prior degree of credibility based on their previous knowledge and experiences. Think
for instance in soccer pools. Different people will assign different prior probabili-
ties to one or other team depending on what they know before the match and this
information may not be shared by all of them. However, to the extent that they share
common prior knowledge they will arrive to the same conclusions.

Bayes’s rule provides a natural way to include new information and update our
beliefs in a sequential way. After the event (data) D; has been observed, we have

P(D,|H;
P(H;) — P(H;|D) = % P(H;) oc P(D\|H;) P(H;)

Now, if we get additional information provided by the observation of D, (new data)
we “‘update” or beliefs on H; as:
P(Dy|H;, Dy) P(Dy|Hi, D) P(D\|H;)P(H;)

P(H:\D P(H;|Dy, D)) = ——————~ P(H;|D;) =
( II 1—> P( ll 2 1) P(D>|Dy) ( 1| 1) P(Dy, D))

and so on with further evidences.

Example 1.6 An important interpretation of Bayes Theorem is that based on the
relation cause-effect. Suppose that the event A (effect) has been produced by a
certain cause H;. We consider all possible causes (so H is a complete set) and among
them we have interest in those that seem more plausible to explain the observation of
the event A. Under this scope, we interpret the terms appearing in Bayes’s formula as:

P(A|H;, Hp): is the probability that the effect A is produced by the cause (or
hypothesis) H;;

P(H;, Hp): isthe prior degree of credibility we assign to the cause H; before
we know that A has occurred;

P(H;|A, Hy): is the posterior probability we have for H; being the cause of the
event (effect) A that has already been observed.

Let’s see an example of a clinical diagnosis just because the problem is general
enough and conclusions may be more disturbing. If you want, replace individuals by
events and for instance (sick, healthy) by (signal, background). Now, the incidence
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of certain rare disease is of 1 every 10,000 people and there is an efficient diagnostic
test such that:

(1) If a person is sick, the tests gives positive in 99% of the cases;
(2) Ifaperson is healthy, the tests may fail and give positive (false positive) in 0.5%
of the cases;

In this case, the effect is to give positive (7') in the test and the exclusive and
exhaustive hypothesis for the cause are:

H,: be sick and H,: be healthy

with H, = H,°. A person, say you, is chosen randomly (H,) among the population
to go under the test and give positive. Then you are scared when they tell you: “The
probability of giving positive being healthy is 0.5%, very small” (p-value). There is
nothing wrong with the statement but it has to be correctly interpreted and usually
it is not. It means no more and no less than what the expression P(T|H;) says:
“under the assumption that you are healthy (H,) the chances of giving positive are
0.5%” and this is nothing else but a feature of the test. It doesn’t say anything about
P(H,|T), the chances you have to be sick giving positive in the test that, in the end,
is what you are really interested in. The two probabilities are related by an additional
piece of information that appears in Bayes’s formula: P (H;|Hy); that is, under the
hypothesis that you have been chosen at random (Hy), What are the prior chances
to be sick? From the prior knowledge we have, the degree of credibility we assign to
both hypothesis is

P(H,|Hp) = : and P(Hy|Ho) = 1 — P(H)) = 9999
HH07 = 10000 A= 7 10000

On the other hand, if T denotes the event give positive in the test we know that:

99 5

Therefore, Bayes’s Theorem tells that the probability to be sick giving positive in
the test is

P(T|H)-P(H|H) 106 T0000

9999

2 — 99 1 5 ~ 0.02
Zi:l P(T|H;)-P(H;|Ho) 700 70000 T T000 10000

P(H\|T) =

Thus, even if the test looks very efficient and you gave positive, the fact that you
were chosen at random and that the incidence of the disease in the population is very
small, reduces dramatically the degree of belief you assign to be sick. Clearly, if you
were not chosen randomly but because there is a suspicion from to other symptoms
that you are sic, prior probabilities change.
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1.3 Distribution Function

A one-dimensional Distribution Function is a real function F' : R— R that:

(p-1) is monotonous non-decreasing: F(x;) < F(x;) Vx; <x;€R
(p-2) is everywhere continuous on the right: lim, o+ F(x +¢€) = F(x) Vx e R
(p-3) F(—o0) =lim,_, _o F(x) =0and F(co) = lim,_, ; F(x) = 1.

and there is [1] a unique Borel measure 1 on R that satisfies pu((—oo, x]) = F(x)
for all x € R. In the Theory of Probability, we define the Probability Distribution
Function® of the random quantity X (w) : Q—R as:

F(x) =4 PX<x)=PXe(-00,x]); VxeR

Note that the Distribution Function F'(x) is defined for all x € R so if supp{P (X)} =
[a, b], then F(x) = 0Vx < a and F(x) = 1 Yx > b. From the definition, it is easy
to show the following important properties:

(a) Vx € R we have that:

@l) PX<x) Y F(x)

(a2) P(X<x)=F(x —¢);

@l3) PX>x)=1—-PX<x)=1-F(x);
(a4) PX=x)=1—-PX<x)=1—Fx—¢);

(b) Vx| < x, € R we have that:

(b.1) P(xi<X =x2) = P(X€(x1,x2]) = F(x2) — F(x1) ;
(b2) P(x1<X=<x3) = P(X€[x1,x2]) = F(x2) — F(x1 —¢€)
(thus, if x; = xp then P(X = x1) = F(x1) — F(x1 — ¢));
1.3) P(xi<X<x) =P(Xe(x1,x) =F(x —¢) — F(x1) =
= F(x2) = F(x1)) — P(X =x2) ;
b4) Px;<X<x)=PXe[x1,x2) =F(x, —¢)— F(x; —¢) =
= F(x2) — F(x1)) — P(X =x) + P(X =x1) .

The Distribution Function is discontinuous at all x € R where F (x —¢) # F (x+€).
Let D be the set of all points of discontinuity. If x € D, then F (x —e) <F (x +¢€) since
it is monotonous non-decreasing. Thus, we can associate to each x € D a rational
number r(x) € Q such that F(x —¢) < r(x) < F(x 4+ ¢) and all will be different
because if x; < xp € D then F(x; +¢€) < F(x, —¢€). Then, since Q is a countable set,
we have that the set of points of discontinuity of F(x) is either finite or countable.

8The condition P(X < x) is due to the requirement that F(x) be continuous on the right. This is
not essential in the sense that any non-decreasing function G(x), defined on R, bounded between
0 and 1 and continuous on the left (G (x) = lim._, ¢+ G(x — €)) determines a distribution function
defined as F(x) for all x where G (x) is continuous and as F (x + ¢) where G (x) is discontinuous.
In fact, in the general theory of measure it is more common to consider continuity on the left.
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At each of them the distribution function has a “jump” of amplitude (property b.2):
F(x)—F(x—¢) =P(X =1x)

and will be continuous on the right (condition p.2).

Last, for each Distribution Function there is a unique probability measure P
defined over the Borel sets of R that assigns the probability F(x;) — F(x;) to
each half-open interval (x;, x»] and, conversely, to any probability measure defined
on a measurable space (R, B) corresponds one Distribution Function. Thus, the
Distribution Function of a random quantity contains all the information needed to
describe the properties of the random process.

1.3.1 Discrete and Continuous Distribution Functions

Consider the probability space (2, F, Q), the random quantity X(w) : w € Q2 —
X (w) € R and the induced probability space (R, B, P). The function X (w) is a
discrete random quantity if its range (image) D = {x|, ..., x;, ...}, withx; e R,
i = 1,2,...1s a finite or countable set; that is, if {A;; k = 1,2, ...} is a finite or
countable partition of €2, the function X (w) is either:

n o0
simple: X (w) = Zxk 14, (w) or elementary: X(w)= Zxk 14, (w)
k=1 k=1

Then, P(X = x;) = Q(Ax) and the corresponding Distribution Function, defined
for all x € R, will be

Fx)y=P(X<x)= > PX=x)ls(x)= D PX=ux)

Vx, €D Vaxp <x

with A = (—o0, x] N D and satisfies:

(i) F(—o0) =0and F(+o00) = 1;
(ii) is a monotonous non decreasing step-function;
(iii) continuous on the right (F(x + ¢) = F(x)) and therefore constant but on the
finite or countable set of points of discontinuity D = {x, ...} where

F(xi) — Flxx —€) = P(X = xz)

Familiar examples of discrete Distribution Functions are Poisson, Binomial, Multino-
mial,...



1.3 Distribution Function 25

The random quantity X (w) : Q—> R is continuous if its range is a non-denu-
merable set; that is, if for all x € R we have that P(X = x) = 0. In this case, the
Distribution Function F'(x) = P(X < x) is continuous for all x € R because

(i) from condition (p.2): F(x +€) = F(x);
(ii) from property (b.2): F(x —¢) = F(x) — P(X =x) = F(x)

Now, consider the measure space (2, Bq, ) with o countably additive. If f :
Q— [0, 0o) is integrable with respect to p, it is clear that v(A) = fA fdufor A € Bg
is also a non-negative countably additive set function. (see Appendix 1.2). More
generally, we have:

e Radon-Nikodym Theorem (Radon(1913), Nikodym(1930)): If v and p are two
o-additive measures on the measurable space (€2, Bg) such that v is absolutely
continuous with respect to u (v << p; that is, for every set A € Bg for which
u(A) =0itis v(A) = 0), then there exists a p-integrable function p(x) such that

d
V(A) = / dv(w) = / ) w) = / p(w)dp(w)
A A dpu(w) A

and, conversely, if such a function exists then v << pu (see Appendix 1.3 for the
main properties).

The function p(w) = dv(w)/du(w) is called Radon density and is unique up to at
most a set of measure zero; that is, if

V(A)=/A p(w)du(w)=/A Sw)dp(w)

then pu{x|p(x) # f(x)} = 0. Furthermore, if v and p are equivalent (v~pu; p << v
and v << p) then dv/dp > 0 almost everywhere. In consequence, if we have a
probability space (R, B, P) with P equivalent to the Lebesgue measure, there exists
a non-negative Lebesgue integrable function (see Appendix 2) p : R — [0, 00),
unique a.e., such that

P(A) = P(X e A) =/ p(x)dx; VYAeB
A

The function p(x) is called probability density function and satisfies:

i) px) >0VxeR;
(ii) at any bounded interval of R, p(x) is bounded and is Riemann-integrable;
(i) [T p(r)dx = 1.

Thus, for an absolutely continuous random quantity X, the Distribution Function
F(x) can be expressed as

X

F(x)=P(X<x) :/ p(w)dw

—00
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Usually we shall be interested in random quantities that take values in a subset
D C R. It will then be understood that p(x) is p(x)1p(x) so it is defined for all
x € R. Thus, for instance, if supp{p(x)} = [a, b] then

+00 +oo b
/ px)dx = / p(x) 1z (x)dx =/ px)dx =1

[e.0] o0

and therefore
F(x) = P(X <x) = 1(4,00)(X)1[p,00) (X) + 1[a$b)(x)/ pu)du
a

Note that from the previous considerations, the value of the integral will not be
affected if we modify the integrand on a countable set of points. In fact, what we
actually integrate is an equivalence class of functions that differ only in a set of
measure zero. Therefore, a probability density function p(x) has to be continuous
for all x € R but, at most, on a countable set of points. If F(x) is not differentiable
at a particular point, p(x) is not defined on it but the set of those points is of zero
measure. However, if p(x) is continuous in R then F’'(x) = p(x) and the value of
p(x) is univocally determined by F(x). We also have that

X

P(X <x)= F(x) = /

—00

+o0
p(w)dw — P(X>x)=l—F(x)=/ p(w)dw
and therefore:
P(x < X <x) = F(xa) — F(x)) = / pw) duw

Thus, since F'(x) is continuous at all x € R:
Pxi <X<x)=Px1 <X <x)=Px1 <X <x) = P(x; <X<x7)

and therefore P(X = x) = 0 VxeR (A([x]) = 0) even though X = x is a
possible outcome of the experiment so, in this sense, unlike discrete random quantities
“probability” 0 does not correspond necessarily to impossible events. Well known
examples absolutely continuous Distribution Functions are the Normal, Gamma,
Beta, Student, Dirichlet, Pareto, ...

Last, if the continuous probability measure P is not absolutely continuous with
respect to the Lebesgue measure A in R, then the probability density function does
not exist. Those are called singular random quantities for which F'(x) is continuous
but F'(x) = 0 almost everywhere. A well known example is the Dirac’s singular
measure 0, (A) = 14(xo) that assigns a measure 1 to a set A€ B if xo€ A and 0
otherwise. As we shall see in the Examples 1.9 and 1.20, dealing with these cases is
no problem because the Distribution Function always exists. The Lebesgue’s General
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Decomposition Theorem establishes that any Distribution Function can be expressed
as a convex combination:

Nae

Ny N
F(x) =" ai Fy(x) + D bj Fae(x) + D ¢ Fy(x)
i=1 j=1 k=1

of a discrete Distribution Functions (F;(x)), absolutely continuous ones ( F,.(x) with
derivative at every point so F’(x) = p(x)) and singular ones (F;(x)). For the cases
we shall deal with, ¢, = 0.

Example 1.7 Consider a real parameter ;1 > 0 and a discrete random quantity X
that can take values {0, 1, 2, ...} with a Poisson probability law:

k

P(X=k|u)=e*“ﬁ; k=0,1,2,...
The Distribution Function will be
m=[x] Hk
F(x|p) = P(X <x|p) = e ; T D

where m = [x] is the largest integer less or equal to x. Clearly, for e — 0*:
F(x +elp) = F(lx +€llp) = F(lx]llp) = F(x[p)

so0 it is continuous on the right and for k =0, 1,2, ...

k

B T
F(klp) — F(k — 1) = P(X = klp) = e T+ 1)

Therefore, for reals x, > x; > O such that x, — x; < 1, P(x; < X <xp) =
F(x2) — F(x1) =0.

Example 1.8 Consider the function g(x) = e~ with a > 0 real and support in
(0, 00). It is non-negative and Riemann integrable in R so we can define a proba-
bility density

—ax

e
p(xla) = = 10,00)(X) = a e 1g o) (%)

0 e—ax d_x

and the Distribution Function

* 0 x <0
l—e x>0

F(x)=P(X<x) = /

—00

pula)ydu = [
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Clearly, F(—o0) = 0 and F(400) = 1. Thus, for an absolutely continuous random
quantity X~ p(x|a) we have that for reals x, > x; > O:

P(X <x)) F(x)) .
P(X>x1) 1—F(x;) =e ™
P(xi < X<x))=F(x) — F(x;) =e ™" —e "

Example 1.9 The ternary Cantor Set Cs(0, 1) is constructed iteratively. Starting with
the interval Csg = [0, 1], at each step one removes the open middle third of each of
the remaining segments. That is; at step one the interval (1/3,2/3) is removed so
Cs; = [0, 1/3]U[2/3, 1] and so on. If we denote by D, the union of the 2"~! disjoint
open intervals removed at step n, each of length 1/3", the Cantor set is defined as
Cs(0,1) =[0, 11\ U2, D,. Itis easy to check that any element X of the Cantor Set
can be expressed as

n=1

with supp{X,} = {0, 2)? and that Cs(0, 1) is a closed set, uncountable, nowhere
dense in [0, 1] and with zero measure. The Cantor Distribution, whose support is the
Cantor Set, is defined assigning a probability P(X, = 0) = P(X, = 2) = 1/2.
Thus, X is a continuous random quantity with support on a non-denumerable set
of measure zero and can not be described by a probability density function. The
Distribution Function F(x) = P(X <x) (Cantor Function; Fig. 1.1) is an example
of singular Distribution.

1.3.2 Distributions in More Dimensions

The previous considerations can be extended to random quantities in more dimen-
sions but with some care. Let’s consider the the two-dimensional case: X = (X, X»).
The Distribution Function will be defined as:

F(x1,x) = P(X1 <x1, X2<x2); V(x1,x)€eR?

9Note that the representation of a real number r € [0, 1] as (aj, a2, ...) : 220:1 a,37" witha; =
{0, 1, 2} is not unique. In fact x = 1/3 € Cs(0, 1) and can be represented by (1,0, 0,0, ...) or
0,2,2,2,..)).
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Fig. 1.1 Empiric distribution functions (ordinate) form a Monte Carlo sampling ( 10° events) of
the Poisson Po(x|5) (discrete; upper left), Exponential Ex(x|1) (absolute continuous; upper right)
and Cantor (singular; bottom) Distributions

and satisfies:

(i) monotonous no-decreasing in both variables; that is, if (x1, x2), (x, x3) € R:
xlfxi — F(xl,x2)§F(xi,x2) and ngxé — F(xl,xz)fF(xl,xé)
(ii) continuous on the right at (x;, x,) € R*:
F(x1+€,x2) = F(x1,x2 + €) = F(x1, x2)

(iii) F(—00, x2) = F(x{, —00) = 0 and F(+00, +00) = 1.
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Now, if (xy, x2), (x], x}) € R? with x| < x} and x, < x) we have that:

P(x; < X SXE,xz <X> §x§)=F(xi,x§) —F(xl,xé) - F(Xi,x2)+F(x17X2)ZO
and

P(x) <X <x],xp<Xp<xy)) = F(x|,xy) — F(x] —€,x5) — F(x|,.xp —€) + F(x] —€,xp — ) >0

so, for discrete random quantities, if x; = x| and x, = x}:

P(X1=x1,X2 =x2) =F(x1,x2) — F(x1 —€1,x2) — F(x1,x2 —¢€)
+ F(x; —€,x,—¢€)>0

will give the amplitude of the jump of the Distribution Function at the points of
discontinuity.
As for the one-dimensional case, for absolutely continuous random quantities we
can introduce a two-dimensional probability density function p(x) : R*> — R
() p(x) =0; VxeR?
(i) At every bounded interval of R2, p(x) is bounded and Riemann integrable;
(i) [r. p(x)dx =1

such that:

2
0x1 0xo

X1 X2
F(xl,xz)z/ dul/ duy p(uy, up) <> p(x1,x2) = F(x1,x72).
—o0 —0

1.3.2.1 Marginal and Conditional Distributions

It may happen that we are interested only in one of the two random quantities say,
for instance, X|. Then we ignore all aspects concerning X, and obtain the one-
dimensional Distribution Function

Fi(x1) = P(X1<x1) = P(X1 Zx1, X2 £+ 00) = F(x1, +00)

that is called the Marginal Distribution Function of the random quantity X;. In
the same manner, we have F>(x;) = F (400, x») for the random quantity X,. For
absolutely continuous random quantities,

X1

X1 “+o00
Fl(x1)=F(x1,+<>0)=/ dul/ p(ul,uz)duz=/ puy) duy

—00
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with p(x) the marginal probability density function'’ of the random quantity X :

0 +oo
pi1(x1) = Prl Fi(x1) =/ p(x1, uz) duy
X1 — 00

In the same manner, we have for X,

6 +o00
Dpa(x2) = I Fy(x2) =/ puy, x2) duy
%) —00

As we have seen, given a probability space (€2, Bg, P),foranytwosets A, B € Bg
the conditional probability for A given B was defined as

P(AIB def. P(A N B) . P(A, B)
A= =3B = Pm

provided P(B) # 0. Intimately related to this definition is the Bayes’ rule:
P(A, B) = P(A|B) P(B) = P(B|A) P(A)

Consider now the discrete random quantity X = (X, X,) with values on QCR.
It is then natural to define

def. P(X1=x1, X2 =1x3)
P(X)=xi|Xs =x) =
P(X5> =x3)

and therefore

P(X1<x1, X2 =x2)
P(X2 = x2)

F(xi|xz) =

whenever P(X, = x;) #0. For absolutely continuous random quantities we can
express the probability density as

pxi, x2) = p(xi|x2) p(x2) = p(xalxr) p(xr)
and define the conditional probability density function as

ef. , 0
Py 4 P = % F(x|x)
p(x2) 0x;

101¢ i habitual to avoid the indices and write p(x) meaning “the probability density function of the
variable x ” since the distinctive features are clear within the context.
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11

provided again that p,(x;) # 0. This is certainly is an admissible density.'" since

p(x1]x2) >0 V(x1, x2) € R? and fR p(x1]|x2)dx; = 1.
As stated already, two events A, B € Bg, are statistically independent iff:

P(A,B) = P(ANB) = P(A) - P(B)

Then, we shall say that two discrete random quantities X; and X, are statistically
independent if F(x{, xo) = Fj(x1) F>(x,); that is, if

P(X1=x1,X2=x) = P(X; =x1) P(X2 = Xx3)

for discrete random quantities and

2

8)61 8x2

p(xy, x2) = Fx)F(x) =px) px2) <—  pxilx) = pxy)

and for absolutely continuous random quantities.

Example 1.10 Consider the probability space (2, Bg, A) with Q@ = [0, 1] and X the
Lebesgue measure. If F is an arbitrary Distribution Function, X : w € [0, 1]—
F~'(w) € R is a random quantity and is distributed as F(w). Take the Borel set
I = (—oo, r] with r € R. Since F is a Distribution Function is monotonous and
non-decreasing we have that:

XM ={weQ|Xw)<r}={wel0, 11| F'(w) <r}
={weQ|lw=<F@r)}==1[0, F(r)]e Bg

and therefore X (w) = F~!(w) is measurable over By and is distributed as
F(x)
P(X(w)fx}=P(Ffl(w)fx}=P(w§F(x)}=/ d\ = F(x)
0

Example 1.11 Consider the probability space (R, B, 1) with s the probability mea-
sure

u(A)=/ dF
AeB

TRecall that for continuous random quantities P (X2 = x2) = P(X; = x1) = 0). One can justify
this expression with kind of heuristic arguments; essentially considering X; € A| = (—o00, x1],
X3 € Ac(x2) = [x2, X2 + €] and taking the limit e — 07 of

P(X1=x1,X2€Ac(x2))  F(x1,x2+€) — F(x1,x2)

PO z11|Xz € Adn)) = P(X2 € Ac(x2)) T Rt e - Fxn)

See however [1]; Vol 2; Chap. 10, for the Radon—Nikodym density with conditional measures.
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The function X : w €e R— F(w) € [0, 1] is measurable on B. Take I = [a, b) €
B[()’]]. Then

X Mh={weRla<Fw) <b)={weR|F ' a)<w < F7'(b)} = [wa, wp) € B

It is distributed as X~Un(x|0, 1):

6))
P(X(W)Sx}=P(F(W)§x}=P(wSF_l(X)}=/ dF =x

—00

This is the basis of the Inverse Transform sampling method that we shall see in
Chap. 3 on Monte Carlo techniques.

Example 1.12 Suppose that the number of eggs a particular insect may lay (X;)
follows a Poisson distribution X; ~ Po(x{|u):

w

P(X; = —eH—
X1 =x1lp) =e TG+ 1)

x1=0,1,2,...

Now, if the probability for an egg to hatch is 6 and X, represent the number of off
springs, given x; eggs the probability to have x, descendants follows a Binomial law
X2~Bi(x2|x1 s 0)

P(X; = x2]x1,0) = (2) (1 —0)""" 0<xx<x

In consequence

P(X1 =x1, X2 = x2|p, 0) = P(X2 = x2| X1 = x1,0) P(X1 = x1|p) =

X1 X X1—X2 ,—/b /’Lx}
= 2 (1 —0)y" et ———; 0<x;<x;
X T(x + 1)

Suppose that we have not observed the number of eggs that were laid. What is the
distribution of the number of off springs? This is given by the marginal probability

00 By gy
POa =00, )= P(Xi=x, X =x) = “’% = Po(ulf)

X1=X2
Now, suppose that we have found x, new insects. What is the distribution of the
number of eggs laid? This will be the conditional probability P(X; = x;|X, =
X2, 9, /,L) and, since P(Xl = X1, X2 = )CQ) = P(Xl = )C1|X2 = x2)P(X2 = XQ) we
have that:
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P(X| =x1, X2 =x3)
P(X; = x2)

1
— (1—6) X1 —X2 e—/t(l—(’)
Gyt M=

P(X) =x11X2 =x0, 1, 0) =

with 0 < x; < xy; that is, again a Poisson with parameter p(1 — 6).

Example 1.13 Let X| and X, two independent Poisson distributed random quanti-
ties with parameters 1) and p,. How is ¥ = X| + X, distributed? Since they are
independent:

X1 X2
—(p1+p2) Hi Ha

P(Xi=x,X,=x , =e
(X4 1, X2 = x2|p1, p42) o+ D) Tt D

Then, since X, =Y — X;:

I pd ™o
FTx+1) D(y—x+1)

P(X)=x,Y =y)=P(X| =x,Xa =y —x) =¢ (172

Being X, = y — x > 0 we have the condition y > x so the marginal probability for
Y will be

(y—x)
P(Y = y) = et Z Hy o~ (+) (1 + p2)”

F(x+1)F(y—x+1) Cy+1D

that is, Po(y|u1 + p2).

Example 1.14 Consider a two-dimensional random quantity X = (X, X,) that
takes values in R? with the probability density function N (x;, x2|pt = 0, & = 1, p):

1 2, ,
p(x1, x2lp) = L ; e 2(1 _pz) (xi PX1X2 + X75)
21 /1= p?

being p € (—1, 1). The marginal densities are:

+o00 1 _lxz
X1NP(X1)=/ p(x1,uz) duy = e 271

o V2r
Xa~p(x2) /+oo ) duy = —— ¢+
~p(x2) = Ui, x uy = e 2
2~ p(X2 _OOP 1, X2 1 m

and since

1 T (x p— 2x1xz+x2p)
Plxt, 1) = P P s e T
—p
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both quantities will be independent iff p = 0. The conditional densities are

1 2
_p(,x) 1 1 —T_pz)(xl — X2p)

P = T i
f(x1, x2) _ 1 1 *ﬁ (x2 —le)2

p(x2lxi, p) = ) —mMe

and when p = 0 (thus independent) p(x;|x;) = p(x;) and p(x2|x;) = p(xy). Last,
it is clear that

p(x1, x2|p) = p(xalxy, p) p(x1) = p(xilxa, p) p(x2).

1.4 Stochastic Characteristics

1.4.1 Mathematical Expectation
Consider a random quantity X (w) : € — R that can be either discrete
X(w) = xda,(w)
k=1

X(w) = —> P(X =x3) = P(Ay) :/ 14, (w)dP(w)
R

oo
X(w) =D xla (w)
k=1
or absolutely continuous for which

P(X(w)eA):/ 1A(w)dP(w)=/ dP(w):/ p(w)dw
R A A

The mathematical expectation of a n-dimensional random quantity ¥ = g(X)
is defined as'?:

def.

E[Y] = E[g(X)] = /Rng(x)dP(x) =/Rn g(x) p(x)dx

12In what follows we consider the Stieltjes-Lebesgue integral so J — > for discrete random
quantities and in consequence:

[ swarw = [~ g pdx — g Pex = 0.

Vxk
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In general, the function g(x) will be unbounded on supp{X} so both the sum and the
integral have to be absolutely convergent for the mathematical expectation to exist.

In a similar way, we define the conditional expectation. If X = (Xi,...,
Xmo o X)), W=(Xy...,Xp)and Z = (X,41 ..., X,) we have for Y = g(W)
that

ElY|Z] =/ g(w) p(w|zo) dw =/ g(w)de
p(z0)

1.4.2 Moments of a Distribution

Given a random quantity X~ p(x), we define the moment or order n (c,,) as:

an = E[X"] déf‘/ X" p(x) dx

[e¢]

Obviously, they existif x” p(x) € L;(R) so it may happen that a particular probability
distribution has only a finite number of moments. It is also clear that if the moment
of order n exists, so do the moments of lower order and, if it does not, neither those
of higher order. In particular, the moment of order O always exists (that, due to the
normalization condition, is oy = 1) and those of even order, if exist, are non-negative.
A specially important moment is that order 1: the mean (mean value) 4 = E[X] that
has two important properties:

e Itisalinear operatorsince X = co+> i, c;X; — E[X] = co+2_, ¢i E[X;]
o If nX = Hl’.lzl ¢; X; with {X;}!_, independent random quantities, then E[X] =
11, ci EIX;].

We can define as well the moments (3,) with respect to any point ¢ € R as:

o0

B, = E[(X —o)"] < / o — &) p(x) dx

o0

S0 v, are also called central moments or moments with respect to the origin. It is easy
to see that the non-central moment of second order, 3, = E[(X —¢)?], is minimal for
¢ = pu = E[X]. Thus, of special relevance are the moments or order n with respect
to the mean

o0

unEE[(X—u)”]=/ (x — )" p(x) dx

—00

and, among them, the moment of order 2: the variance y, = V[X] = o?2. Itis clear
that o = 1 and, if exists, 1 = 0. Note that:
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e VIX]=0>=E[(X —)?]>0

e It is not a linear operator since X = ¢y + c;X; — V[X] = a§ =
c% ViXi]= c%ail

o If X = Z:.’:l ¢;X; and {X;}_, are independent random quantities, V[X] =
S e VX,

Usually, is less tedious to calculate the moments with respect to the origin and
evidently they are related so, from the binomial expansion

X —w" = Z (Z) X (=)t — = Z (Z) ay (—p)"

k=0 k=0

The previous definitions are trivially extended to n-dimensional random quanti-
ties. In particular, for 2 dimensions, X = (X, X»), we have the moments of order
(n, m) with respect to the origin:

om = E[X] X0 = / i x{ xy p(xp, x2)dx; dxy
R

so that avg; = 1 and agy = pp, and the moments order (n2, m) with respect to the
mean:

tam = E[(X1 — p)" (X2 — p2)"] = /722 (1 — p)" (2 — p2)™ plx1, x2) dxy dxa
for which
0 = E[(X1 —p)? 1= VIX{]=0] and  pp = E[(X2 — )] = VIX,] = 03
The moment

pun = E[(Xy — ) (X2 — )] = an — ao ag = VX1, Xo] = VX, Xi]
is called covariance between the random quantities X; and X, and, if they are

independent, j1;; = 0. The second order moments with respect to the mean can be
condensed in matrix form, the covariance matrix defined as:

20 Y VX1, X1] VX, Xo]
Vixl= (uu Moz) = (V[Xl, X1 V[Xz,xz])

Similarly, for X = (X, X», ..., X,) we have the moments with respect to the origin

U koot = ELXY X5 X
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the moments with respect to the mean

[y koo, = ELQX = p)™ (X = 12)% (X — )]
and the covariance matrix:

1420..0 H11..0 ** * H10...1 VX1, X411 VX1, X2] -+ VX, X,]

HA1..0 H02..0 *** H01..1 VX, X2] VX5, X5] -+ VX0, X,,]
VIX] = . . . . ) .

H10...1 Mo1...1 *** [00..2 VX1, X,] VX2, X,,] -+ V[X,, X,]

The covariance matrix V[X] = E[(X — u)(X — )" ] has the following properties
that are easy to prove from basic matrix algebra relations:

(1) Itis a symmetric matrix (V = V7) with positive diagonal elements (V;; > 0);

(2) Itis positive defined (x” Vx > 0; Vx € R" with the equality when Vi x; = 0);

(3) Being V symmetric, all the eigenvalues are real and the corresponding eigen-
vectors orthogonal. Furthermore, since it is positive defined all eigenvalues are
positive;

(4) If J is a diagonal matrix whose elements are the eigenvalues of V and H a matrix
whose columns are the corresponding eigenvectors, then V.= HJH™!' (Jordan
dixit);

(5) Since V is symmetric, there is an orthogonal matrix C (CT = C~!) such that
CVCT = D with D a diagonal matrix whose elements are the eigenvalues of V;

(6) Since V is symmetric and positive defined, there is a non-singular matrix C such
that V.= CC’;

(7) Since V is symmetric and positive defined, the inverse V™! is also symmetric
and positive defined;

(8) (Cholesky Factorization) Since V is symmetric and positive defined, there exists
a unique lower triangular matrix C (C;; = 0; Vi < j) with positive diagonal
elements such that V = CC” (more about this in Chap. 3).

Among other things to be discussed later, the moments of the distribution are
interesting because they give an idea of the shape and location of the probability
distribution and, in many cases, the distribution parameters are expressed in terms
of the moments.

1.4.2.1 Position Parameters

Let X~ p(x) with support in QCR. The position parameters choose a characteristic
value of X and indicate more or less where the distribution is located. Among them
we have the mean value

o]

u:ozl:E[X]z/ x p(x)dx

—0Q
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The mean is bounded by the minimum and maximum values the random quantity
can take but, clearly, if QC'R it may happen that ¢ <. If, for instance, Q2 = Q;US2,
is the union of two disconnected regions, 4+ may lay in between and therefore p¢ <.
On the other hand, as has been mentioned the integral has to be absolute convergent
and there are some probability distributions for which there is no mean value. There
are however other interesting location quantities. The mode is the value xy of X for
which the distribution is maximum; that is,

Xo = Sup, coP(x)

Nevertheless, it may happen that there are several relative maximums so we talk
about uni-modal, bi-modal,... distributions. The median is the value x,, such that

Fxy) =P(X<xy)=1/2 — /Xm px)dx = /00 px)dx = P(X > xp) =1/2

Xm

For discrete random quantities, the distribution function is either a finite or count-
able combination of indicator functions 14, (x) with {A;};7 a partition of €2 so it
may happen that F(x) = 1/2 Vx € Ay. Then, any value of the interval A; can be
considered the median. Last, we may consider the quantiles « defined as the value
q. of the random quantity such that F(g,) = P(X <q,) = « so the median is the
quantile q1 .

1.4.2.2 Dispersion Parameters

There are many ways to give an idea of how dispersed are the values the random
quantity may take. Usually they are based on the mathematical expectation of a
function that depends on the difference between X and some characteristic value it
may take; for instance E[|X — p|]. By far, the most usual and important one is the
already defined variance

VIX]=o0*= E[(X — E[X])*] = / (x — w)*p(x)dx
R

provided it exists. Note that if the random quantity X has dimension D[X] = dy,
the variance has dimension D[¢c?] = d)z( so to have a quantity that gives an idea
of the dispersion and has the same dimension one defines the standard deviation
o = ++/V[X] = ++/o2 and, if both the mean value (1) and the variance exist, the
standardized random quantity

for which E[Y]=0and V[Y] = 012, =1.
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1.4.2.3 Asymmetry and Peakiness Parameters

Related to higher order non-central moments, there are two dimensionless quantities
of interest: the skewness and the kurtosis. The first non-trivial odd moment with
respect to the mean is that of order 3: 3. Since it has dimension D[u3] = d,3( we
define the skewness () as the dimensionless quantity

def M3 _ 3 _ EIX =)’

M= F = 5= 3
The skewness is y; = O for distributions that are symmetric with respect to the mean,
71 > 0 if the probability content is more concentrated on the right of the mean and
71 < 0ifitis to the left of the mean. Note however that there are many asymmetric
distributions for which 3 = 0 and therefore ; = 0. For unimodal distributions, it
is easy to see that

=0 mode = median = mean
7 >0 mode < median < mean

1 <0 mode > median > mean

The kurtosis is defined, again for dimensional considerations, as

N _pa e EIX — ]
T o o

and gives an idea of how peaked s the distribution. For the Normal distribution y, = 3

so in order to have a reference one defines the extended kurtosis as 5" = v, — 3.

ext

Thus, 75*" > 0 (<0) indicates that the distribution is more (less) peaked than the
Normal. Again, v5*" = 0 for the Normal density and for any other distribution for
which p14 = 3 0*. Last you can check that Va, b € R E[(X —pu—a)*(X —pp—b)*] > 0

so, for instance, defining u = a + b, w = ab and taking derivatives, 7, > 1 + 'y]z.
Example 1.15 Consider the discrete random quantity X~ Pn(k|\) with

k

_ AeRT: k=0,1,2,...
Ck+1)

P(X =k)=Pnkl|\) =e

The moments with respect to the origin are

o0 Ak
(N =EX" = D K" o
k=0 '
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If a; denotes the kth term of the sum, then

Afe+1
LEE B!

A 1\" .
a1 = —— 1+ - ) o — limp o .
k

k+1 k

so being the series absolute convergent all order moments exist. Taking the derivative
of a, (A) with respect to \ one gets the recurrence relation

dozn()\))

A) =1
I ap(N)

A1 (A) = A (Oén()\) +
S0 we can easily get
ap=1 ar=XA = A+D; a3=AN+3A+1; ar=AN+6A+7A+ 1)
and from them
po=1; =0, pp=XA uz=X =81+ 1)
Thus, for the Poisson distribution Po(n|A) we have that:
E[X]= X\ VIX]=\ o= A"12 =341

Example 1.16 Consider X~Ga(x|a, b) with:

b

r (b)

px) = e x" 0,00 () A; a,beR"

The moments with respect to the origin are

— E[Xn] _ F(b)/ b+n ld F(Ilj(—;)_)n) a"

being the integral absolute convergent. Thus we have:

1

- n _p\n—k
—anr(b)g(k)< b)"* T (b + k)

Hn =
and in consequence

Ex_é Vx_ﬁ _i ext. e
[]_av []_(12, 71_\/57 72 b
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Example 1.17 For the Cauchy distribution X~Ca(x|1, 1),

p(x) == 1(—o0,00)(X)

; 1+ x2
we have that

—E[X”]—l/oo g
o= R N

and clearly the integral diverges for n > 1 so there are no moments but the trivial
one «. Even for n = 1, the integral

< Ix X . )
/ —2dx:2/ ————dx =limyIn (1 +a”)
oo (I 4+x7) o (d+x9)

is not absolute convergent so, in strict sense, there is no mean value. However, the
mode and the median are xo = x,, = 0, the distribution is symmetric about x = 0
and for n = 1 there exists the Cauchy’s Principal Value and is equal to 0. Had we
introduced the Probability Distributions as a subset of Generalized Distributions, the
Principal Value is an admissible distribution. It is left as an exercise to show that for:

e Pareto: X~Pa(x|v, x,) with p(x|x,, v) oc x~ D1 (x); X, veERT
e Student: X~St(x|v) with p(x[v) o (1 +x2/v) ™21 4 () veR?

the moments o, = E[X"] existiff n < v.

Another distribution of interest in physics is the Landau Distribution that describes
the energy lost by a particle when traversing a material under certain conditions. The
probability density, given as the inverse Laplace Transform, is:

1 c+ioco .
x) = es 0gS+xsds
P 2ﬂi[

"—100

with ¢ € R and closing the contour on the left along a counterclockwise semicircle
with a branch-cut along the negative real axis it has a real representation

1 o0
px) = —/ e 18T gin () dr
™ Jo

The actual expression of the distribution of the energy loss is quite involved and
some simplifying assumptions have been made; among other things, that the energy
transfer in the collisions is unbounded (no kinematic constraint). But nothing is for
free and the price to pay is that the Landau Distribution has no moments other than
the trivial of order zero. This is why instead of mean and variance one talks about
the most probable energy loss and the full-width-half-maximum.
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1.4.2.4 Correlation Coefficient

The covariance between the random quantities X; and X ; was defined as:

VIXi, X;1=VIX;, Xil = E[(X; — i) (Xi — pj)] = E[X; X;] — E[X;1E[X/]

If X; and X; are independent, then E[X; X ;] = E[X;]E[X;] and V[X;, X;] = 0.
Conversely, if V[X;, X;] # 0 then E[X;X;]# E[X,;]E[X;] and in consequence
X; and X ; are not statistically independent. Thus, the covariance V[X;, X ;] serves
to quantify, to some extent, the degree of statistical dependence between the ran-
dom quantities X; and X;. Again, for dimensional considerations one defines the
correlation coefficient

VIX;, X;] _ E[X; X;]1—- E[X;]1E[X;]

Pij = %/[X,'] V[Xj] 0i0j

Since p(x;, x;) is a non-negative function we can write

VX, X,] = /72 {(x,- —ui)\/p(x,-,xj)} {(x,» - u,)\/p(x,»,x,-)}dxidx,-

and from the Cauchy—Schwarz inequality:
—1<p; <1

The extreme values (41, —1) will be taken when E[X;X;] = E[X;]E[X]+0,0/
and p;; = 0 when E[X; X ;] = E[X;]E[X|]. In particular, it is immediate to see that
if here is a linear relation between both random quantities; that is, X; = aX; + b,
then p;; = %1. Therefore, it is a linear correlation coefficient. Note however that:

o If X; and X are linearly related, p;; = %1, but p;; = &1 does not imply neces-
sarily a linear relation;

e If X; and X ; are statistically independent, then p;; = 0 but p;; = 0 does not imply
necessarily statistical independence as the following example shows.

Example 1.18 Let X; ~ p(x;) and define a random quantity X, as
X>=g(X)) =a+bX, +cX,>

Obviously, X and X, are not statistically independent for there is a clear parabolic
relation. However

VX1, X2l = E[X1X2] — E[X1] E[X2] = bo® + c(a3 — (* — po?)
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with j1, 02 and a3 respectively the mean, variance and moment of order 3 with respect
to the origin of X; and, if we take b = ca’z(u3 + uaz — a3) then V[Y, X] =0 and
so is the (linear) correlation coefficient.

NOTE 2: Information as a measure of independence.
The Mutual Information (see Sect. 4.4) serves also to quantify the degree of statistical
dependence between random quantities. Consider for instance the two-dimensional
random quantity X = (X, X;)~p(xy, x3). Then:
, _ / ( p(x1, x2) )
I(Xl . Xg) = d)C1 d)Czp(xl,)Cz) In
X

p(x1) p(x2)
and I(X; : X;)>0 with equality iff p(x;, x2) = p(x;)p(xz). Let’s look as an

example to the bi-variate normal distribution: N (x|u, X):

(=" 27" x - u))l

p(xlgp) = 2m)~" |det[Z]]" 2 exp [—%

with covariance matrix

2
¥ = (p;llaz p‘;‘fz) and det[Z] = 0202(1 — p)>
2

Since X;~N (x;|u;, 0;); i = 1,2 we have that:

p(x|p, X)
p(x1lpy, o) p(xalp2, o2)

(X : X2) =/ dx) dxa p(x|p, Z)ln( ) = %111(1 -
X

Thus, if X and X, are independent (p = 0), I(X; : X,) = 0 and when p— =1,
I1(X;: Xy)—00.
1.4.3 The “Error Propagation Expression”

Consider a n-dimensional random quantity X = (X, ..., X,,) with E[X;] = y; and
the random quantity ¥ = ¢g(X) with g(x) an infinitely differentiable function. If we
make a Taylor expansion of g(X) around E[X] = p we have

_ _ — ((Dg(x) l o~ (99
Y—g(X)—g(H)+i=1( ox, )HZZJFZ!Z';(&M@@)“Z’Z’JFR
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where Z; = X; — p;. Now, E[Z;] =0and E[Z;Z;] = V[X;, X;] = V;; so

n

_ _ I < &g(x)
E[Y] = Elg(X)] = g() ++5; ; ,Z:; (m)” Vij +

and therefore

— (99(x) g(x)
roem=3(%0) 245 X3 (552) @z

i=1 i=1j

Neglecting all but the first term

9 )
VIY]=E[(Y — E[Y])]—ZZ( g(x)) (gf)) VIXi, X1+
Iz S

i=1 j=I1

This is the first order approximation to V[Y] and usually is reasonable but has to
be used with care. On the one hand, we have assumed that higher order terms are
negligible and this is not always the case so further terms in the expansion may
have to be considered. Take for instance the simple case Y = X; X, with X; and X,
independent random quantities. The first order expansion gives V[Y] ~ ,u%ag + /J% a%
and including second order terms (there are no more) V[Y] = u%or% + M%a% + crfcr%;
the correct result. On the other hand, all this is obviously meaningless if the random
quantity Y has no variance. This is for instance the case for ¥ = X X, ! when X 12
are Normal distributed.

1.5 Integral Transforms

The Integral Transforms of Fourier, Laplace and Mellin are a very useful tool to
study the properties of the random quantities and their distribution functions. In
particular, they will allow us to obtain the distribution of the sum, product and ratio
of random quantities, the moments of the distributions and to study the convergence
of a sequence {Fy(x)};2, of distribution functions to F(x).

1.5.1 The Fourier Transform

Let f : R—C be a complex and integrable function (f € L(R)). The Fourier
Transform F(t) with t € R of f(x) is defined as:
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F(t) = / h f(x)e™ dx

The class of functions for which the Fourier Transform exists is certainly much wider
than the probability density functions p(x) € L;(R) (normalized real functions of
real argument) we are interested in for which the transform always exists. If X~ p(x),
the Fourier Transform is nothing else but the mathematical expectation

F@)=E["'X], teR

and it is called Characteristic Function ®(¢). Thus, depending on the character of
the random quantity X, we shall have:

o if X is discrete: d(1) = > e/T™ P(X = x;)
B +oo +oo
e if X is continuous: ®(7) =/ Y AP (x) :/ MY p(x)dx
—00 —00
Attending to its definition, the Characteristic Function ®(¢), with 1€ R, is a
complex function and has the following properties:

(1) ©0) =1

(2) ©(t) is bounded: |®(2)| <1;

(3) ®(¢) has schwarzian symmetry: ®(—t) = D(1);
(4) ®(¢) is uniformly continuous in .

The first three properties are obvious. For the fourth one, observe that for any € > 0
there exists a & > 0 such that |®(t;) — ®(1»)| < € when |f; — | < § with ¢, and 1,
arbitrary in R because

+00 +00

|<I>(t+5)—<l>(t)|§/ |1—e—i5x|dp(x)=2/ | sin 6x /2| d P (x)

and this integral can be made arbitrarily small taking a sufficiently small 9.

These properties, that obviously hold also for a discrete random quantity, are
necessary but not sufficient for a function ®(¢) to be the Characteristic Function
of a distribution P (x) (see Example 1.9). Generalizing for a n-dimensional random
quantity X = (X, ..., X,):

Oy, ... 1,) = E[!X] = E[l X1+ + 1. X5),

so, for the discrete case:

Ot .ty = D D BT ) pxy =X, = )
xi

Xn
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and for the continuous case:

+00 +00 .
<I>(t1,...,tn)=/ dx; / dxnel(t‘x' +"'+t”x”)p(x1,...,xn)

o0 [e.¢]

The n-dimensional Characteristic Function is such that:

(1) ®(0,...,0 =1
Q) @, ...t = 1_
(B) D(—t1, ..., —ty) = DP(tr, ... 1)

Laplace Transform: For a function f(x) : R*™—C defined as f(x) = 0 forx < 0,
we may consider also the Laplace Transform defined as

L(s) =/ e f(x)dx
0

with s € C provided it exists. For a non-negative random quantity X~ p(x) this is
just the mathematical expectation E[e™**] and is named Moment Generating Func-
tion since the derivatives give the moments of the distribution (see Sect.1.5.1.4).
While the Fourier Transform exists for f(x) € L(R), the Laplace Transform exists
if e™5* f(x) € L1 (R™") and thus, for a wider class of functions and although it is for-
mally defined for functions with non-negative support, it may be possible to extend
the limits of integration to the whole real line (Bilateral Laplace Transform). How-
ever, for the functions we shall be interested in (probability density functions), both
Fourier and Laplace Transforms exist and usually there is no major advantage in
using one or the other.

Example 1.19 There are several criteria (Bochner, Kintchine, Cramer,...) specify-
ing sufficient and necessary conditions for a function ® (), that satisfies the four
aforementioned conditions, to be the Characteristic Function of a random quantity
X~F(x). However, it is easy to find simple functions like

4

gi(t) =e and () =

14

that satisfy four stated conditions and that can not be Characteristic Functions asso-
ciated to any distribution. Let’s calculate the moments of order one with respect to
the origin and the central one of order two. In both cases (see Sect. 1.5.1.4) we have
that:

ar=p=E[X]=0 and pr=0"=E[(X — )’ =0

that is, the mean value and the variance are zero so the distribution function is
zero almost everywhere but for X = 0 where P(X = 0) = 1... but this is the
Singular Distribution Sn(x|0) that takes the value 1 if X = 0 and 0 otherwise whose
Characteristic Function is ®(¢) = 1. In general, any function ®(¢) that in a boundary
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of + = 0 behaves as ®(t) = 1 + O(t**°) with ¢ > 0 can not be the Characteristic
Function associated to a distribution F(x) unless ®(¢) = 1 for all t € R.

Example 1.20 The elements of the Cantor Set Cs(0, 1) can be represented in base
3 as:

o0

Xn

with X, € {0, 2}. This set is non-denumerable and has zero Lebesgue measure so
any distribution with support on it is singular and, in consequence, has no pdf. The
Uniform Distribution on Cg(0, 1) is defined assigning a probability P(X, = 0) =
P(X, = 2) = 1/2 (Geometric Distribution). Then, for the random quantity X, we
have that

CDX”(I) — E[eltX] — (1 +621t)

N =

and for ¥, = X,,/3"™:

dy (1) = Oy, (t/3") = (1 n eZit/3”)

I
2
Being all X, statistically independent, we have that
Dy (t) = ﬁ 1 (1 + e2”/3") - ﬁ Leit/3" cos(e/3m) = e”/zﬁ cos(1/3")
! n=1 2 n=1 2 n=1
and, from the derivatives (Sect. 1.5.1.4) it is straight forward to calculate the moments

of the distribution. In particular:

% i 1 @) 3 2,3
YO =5 — EX] =3 and YO =-3 — EX’=g

so V[X]=1/8.

1.5.1.1 Inversion Theorem (Lévy 1925)

The Inverse Fourier Transform allows us to obtain the distribution function of a
random quantity from the Characteristic Function. If X is a continuous random
quantity and ®(¢) its Characteristic Function, then the pdf p(x) will be given by
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1 +00 .
p(x) = —/ e X @) dt

27 o

provided that p(x) is continuous at x and, if X is discrete:

1 +00 .
P(X =x;) = 2—/ e X% @ (1) dt

a 0

In particular, if the discrete distribution is reticular (that is, all the possible values
that the random quantity X may take can be expressed as a + bn with a, b eR;
b # 0 and n integer) we have that:

b /b .
P(X =x) = %/ e X% @ (1) dt
—/b

From this expressions, we can obtain also the relation between the Characteristic
Function and the Distribution Function. For discrete random quantities we shall
have:

+0o0 .
F(xp) = Z P(X =x;) = %/ Z e X o(1) dt

X <X X <X

and, in the continuous case, for x; < x, € R we have that:

X2 +00 . .
F(x2) — F(x) =/ p(x)dx = L./ B(1) 2 (I i) gy
21 J_o t

X1
so taking x; = 0 we have that (Lévy, 1925):

—+00

1 / 1 —itx
F(x)=F@0)+ — d(t)-(1—e )dt
2mi t

—00

The Inversion Theorem states that there is a one-to-one correspondence between
a distribution function and its Characteristic Function so to each Characteristic Func-
tion corresponds one and only one distribution function that can be either discrete or
continuous but not a combination of both. Therefore, two distribution functions with
the same Characteristic Function may differ, at most, on their points of discontinuity
that, as we have seen, are a set of zero measure. In consequence, if we have two ran-
dom quantities X; and X, with distribution functions P; (x) and P,(x), a necessary
and sufficient condition for P;(x) = P>(x) a.e. is that ®(t) = P, (¢) for all € R.
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1.5.1.2 Changes of Variable
Let X~ P (x) be a random quantity with Characteristic Function ®x () and ¢g(X) a

one-to-one finite real function defined for all real values of X. The Characteristic
Function of the random quantity ¥ = ¢g(X) will be given by:

Oy (1) = Ey[e!V] = Ex[e/19)

that is:

+oo .
Dy (1) =/ 190 g p(x) or oy(1) = > I p(X = x)

[ee] Xk

depending on whether X is continuous or discrete. In the particular case of a linear
transformation Y = aX + b with a and b real constants, we have that:

Dy (1) = Ex[e!!@X D)) = i1h @ (ar).

1.5.1.3 Sum of Random Quantities

The Characteristic Function is particularly useful to obtain the Distribution Func-
tion of a random quantity defined as the sum of independent random quantities.
If Xy,..., X, are n independent random quantities with Characteristic Functions
(1), ..., D,(t,), then the Characteristic Function of X = X; + - - -+ X, will be:

ox(1) = E[! X = B[/ K1+ XD 1= 9,0) .- @,(1)
that is, the product of the Characteristic Functions of each one, a necessary but not
sufficient condition for the random quantities X, ..., X, to be independent. In a

similar way, we have that if X = X; — X, with X and X, independent random
quantities, then

Dy (1) = E[¢!' K1 = XD = @, (1) 0y(—1) = (1) Do)

Form these considerations, it is left as an exercise to show that:

e Poisson: The sum of n independent random quantities, each distributed as

Po(xi|px) with k = 1,...,n is Poisson distributed with parameter pu, =
ul + e + Hn.

e Normal: The sum of n independent random quantities, each distributed as
N (xg|pk, ox) with k = 1, ..., n is Normal distributed with mean py; = p; +

: 2 2 2
-+ =4 1, and variance oy = o7 + -+ + 0.
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e Cauchy: The sum of n independent random quantities, each Cauchy distributed
Ca(xiloy, By) with k = 1, ..., n is is Cauchy distributed with parameters «; =
al+"'+anandﬁv =ﬁ1++/6n

e Gamma: The sum of n independent random quantities, each distributed as
Ga(xila, By) with k = 1, ..., n is Gamma distributed with parameters («, 3 +

o ).

Example 1.21 (Difference of Poisson distributed random quantities) Consider two
independent random quantities X;~Po(X;|u1) and Xo~Po(X»|u,) and let us find
the distribution of X = X| — X>. Since for the Poisson distribution:

it
Xi~Po(u) — @1y =e il =€)

we have that

Dy (1) = D1 (1) Dy(r) = e 1 T+ 12) (et + ppe ™)

Obviously, X is a discrete random quantity with integer support Qy = {..., =2, —1,
0,1, 2,...}; that is, a reticular random quantity with @ = 0 and » = 1. Then

™

—T

being pus = p1 + po. If we take:

o= [Eit
H2

n/2 1 w
P(X =n) = (ﬂ) eTHs — ler @D g,
o 2mi Je

we have

with w = 2, /i, and C the circle |z| = /p1/p2 around the origin. From the
definition of the Modified Bessel Function of first kind

In(Z) — L¢l_n_l e% (t + l/t) dt
2mi Je

i

with C acircle enclosing the origin anticlockwise and considering that I_,, (z) = I,(z)
we have finally:

n/2
P(X =n) = (ﬂ) e (1 + 12) | eNmT)

M2
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1.5.1.4 Moments of a Distribution

Consider a continuous random quantity X~ P (x) and Characteristic Function

. +oo
(1) = E[!TX] =/ X gp(x)

—00

and let us assume that there exists the moment of order k. Then, upon derivation of
the Characteristic Function k times with respect to ¢ we have:

ak X +o0 .
%cb(z):E[ikxke” ]:/ (ix)F '™ dP(x)

—00

and taking ¢ = 0 we get the moments with respect to the origin:

P G
E[X]=l.—k %CD(I) L

Consider now the Characteristic Function referred to an arbitrary point a € R;
that is:

. +oo | .
®(t,a) = E[/TX —@)) = / A=) gp(x) = ¢4 @)

—00

In a similar way, upon k times derivation with respect to ¢ we get the moments with
respect to an arbitrary point a:

EI(X - )] = - A ®(t, a)
—a)]=—=\=— ,a
ik \ ot +=0
and the central moments if a = E(X) = p. The extension to n dimensions immedi-
ate: for a n dimensional random quantity X we shall have the for the moment oy, &

with respect to the origin that

n

ky k 1 it
Q. k, = E[Xl .. Xnn] —

ikl+"'+kn akltl . 8kn 1

CD(tl,...,t,,))

tH=--=t,=0

Example 1.22 For the difference of Poisson distributed random quantities analyzed
in the previous example, one can easily derive the moments from the derivatives of
the Characteristic Function. Since

logdx (1) = — (i1 + p2) + (e’ 4 pae™ ')
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we have that

DY (0) =i (11 — ) —  EXl=m —
DY(0) = (DY) — (1 + )  —  VIXI=pi+ o

and so on.

Problem 1.3 The Moyal Distribution, with density

1 1
= ——exp{—— )i 1o
p(x) 7 p[ 5 (x+e )] (—o0,00) (%)
is sometimes used as an approximation to the Landau Distribution. Obtain the Char-

acteristic Function ®(¢) = 7~'/?27#I"(1/2 — it) and show that E[x] = vz + In2
and V[X] = 7r2/2.

1.5.2 The Mellin Transform

Let f : R*—C be acomplex and integrable function with support on the real positive
axis. The Mellin Transform is defined as:

M(f:5)=My(s) = / T dx
0

with s € C, provided that the integral exists. In general, we shall be interested in
continuous probability density functions f(x) such that

lim, o4 f(x) = O(x") and lim, 0 f (x) = O (x")

and therefore

A

o] 1 [os)
M(fi sl < / 1 ColeReO T = / 1 o leReO T g 4 / 1 CORRO -y <
0 0 1

IA

1 o]
C / xRe(s)—1+u dx + Cy / xRe(s)—l+Lf dx
0 1

The first integral converges for —a < Re(s) and the second for Re(s) < —f so the
Mellin Transform exists and is holomorphic on the band —a < Re(s) < —(3, parallel
to the imaginary axis J(s) and determined by the conditions of convergence of the
integral. We shall denote the holomorphy band (that can be a half of the complex
plane or the whole complex plane) by S; = (—a, —f3). Last, to simplify the notation
when dealing with several random quantities, we shall write for X,,~p,(x) M, (s)
of Mx(s) instead of M (p,; s).
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1.5.2.1 Inversion

For a given function f(¢) we have that

M(f;s):/oo f(t)f—ldrz/oo f(t)e(s_l)l“’dtz/oo fe)e™du
0 0 —00

assuming that the integral exists. Since s € C, we can write s = x + iy so: the Mellin
Transform of f(¢) is the Fourier Transform of g(u) = f(e*)e*". Setting now ¢t = e"
we have that

1 oo ) 1 o+ioo
f0 =5 / M(fis=x+iy)t “dy = — / M(f;s)t™ ds
21 J_ s 27 Jo—ioo

where, due to Chauchy’s Theorem, o lies anywhere within the holomorphy band.
The uniqueness of the result holds with respect to this strip so, in fact, the Mellin
Transform consists on the pair M (s) together with the band (a, b).

Example 1.23 Ttis clear that to determine the function f (x) from the transform F'(s)
we have to specify the strip of analyticity for, otherwise, we do not know which poles
should be included. Let’s see as an example f;(x) = e¢~*. We have that

Mi(2) = /oo e xldx =T (2)
0

holomorphic in the band (0, co) so, for the inverse transform, we shall include the
poles z = 0, —1, =2, .... For fo(x) = e ™ — 1 we get M>(s) = I'(s), the same
function, but

limy oy f(X)~ O(x)—a =1 and limy_ o0 f (X))~ Ox")— =0
Thus, the holomorphy strip is (—1, 0) and for the inverse transform we shall include
the poles z = —1, =2, .... For f3(x) = e — 1 4+ x we get M3(s) = I'(s), again
the same function, but

lim, o4 f(x)= 0(x2)—>a =2 and limy— o0 f (x) O(xl)—>6 =1
Thus, the holomorphy strip is (—2, —1) and for the inverse transform we include the
poles z = —2, -3, ....

1.5.2.2 Useful Properties

Consider a positive random quantity X with continuous density p(x) and x € [0, 00),
the Mellin Transform My (s) (defined only for x > 0)
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M(p;s) = /OO ¥ p(x)dx = E[X*']
0

and the Inverse Transform
c+ioo
pi) = >— / X7 M(p: 5) ds
2mi c—ioo

defined for all x where p(x) is continuous with the line of integration contained in
the strip of analyticity of M (p; s). Then:

e Moments: E[X"] = Mx(n + 1);
e For the positive random quantity Z = a X b (a,beR and a > 0) we have that

o0 o0
My (s) = / 2 ) dz = / a1 xb6D prydy =~ My(bs — b+ 1)
0 0

c+ioco
27i p(z) = / S Mx(bs — b+ 1)ds
o

—100

In particular, for Z =1/X (¢ = 1 and b = —1) we have that
Mz_1,x(s) = Mx(2 — )

olf Z = X X, --X,, with {X;}_, n independent positive defined random quantities,

i=1
each distributed as p; (x;), we have that

o0 n 00 n n
Mz(s) = /O £ pydz = H/O iy dxy = [ ' =[] Mico)
i=1 i=1 i=1

c+ioo
27i p(2) =/ ‘ 75 M(s)---Mp(s)ds

—100

In particular, for n = 2, X = X X, it is easy to check that

0 1 c+ioo
p(x) =/ p1(w) p2(x/w)dw/w = 2—/ X7 Mi(s)My(s)ds
0 Tl Je—ico

Obviously, the strip of holomorphy is S;NS,.
e For X = X/ X», with both X; and X, positive defined and independent, we have
that

Mx(s) = My(s) M2 (2 — 5)

and therefore

c+ioco

o 1
p(x) =/ p1(wx) pa(w) wdw = 2—/ xS Mi(s) Ma(2 —s)ds
0 L J¢

"—i00
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e Consider the distribution function F(x) = fox p(u)du of the random quantity X.
Since d F (x) = p(x)dx we have that

M(p(x);s) = /00 X*TVdF(x) = [x‘v_lF(x)];><> — (s — 1)/OO 72 F(x)dx
0 0

and therefore, if lim,_ o [x* ' F(x)] = 0 and lim,_ o [x* "' F(x)] = 0 we have,
shifting s—s — 1, that

M(F(x);s) = M(/o p(u)du; s) = —% M(p(x);s + D).

1.5.2.3 Some Useful Examples

¢ Ratio and product of two independent Exponential distributed random quan-
tities

Consider X;~FEx(xi|a;) and X,~FEx(x;]la;). The Mellin transform of
X~Ex(xl|a) is

o0 o0 1"
Mx(s) =/ x*“p(xla)dx = a/ X lem W dx = Y(fl)
0 0 a
and therefore, for Z = 1/X:
rQ—s)
Mz(s) = Mx(2 —s) = i
In consequence, we have that
2
o X = X1 Xs — Mx(2) = Mi(DM(2) = —&
(a1 ap)*
aa c+ioo
px) = —— / (a1a2x)*T'(2)* dz
2mi c—ioo
The poles of the integrand are at z, = —n and the residuals'? are
(araxx)"
Res(f(2),za) = W 2 (n + 1) — In(ajazx))
and therefore
> (ajax)"
142
px)=aray Y T 2Y(n + 1) — In(aiazx))
n=0 .

13In the following examples, —7 < arg(z) < .
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If we define w = 2,/ajaxx

p(x) = 2a1 a2 Ko(24/arazx)1(g,00)(x)
from the Neumann Series expansion the Modified Bessel Function Ko(w).

z—1 _
oV =X X;' — My(z) = Mi(2)My(2 —2) = (Z_%) ﬂs-i(i(zﬁz))

-1 c+ioo
aa, 1o, 1=z
= — < d
px) 2i \/cfioo (@) sin(zm) ¢

Considering again the poles of My (z) at z, = —n we get the residuals

ai n+1
Res(f(2),z,) = (1 +n) (=1)" (5) o

and therefore:

as (a2 +ax)?

pe) = Z—; S 4m) (=1 (ﬂ) s yeS
n=0

To summarize, if X|~Ex(x;|a;) and X,~Ex(x;|a,) are independent random quan-
tities:

X = X1X2 ~ 2611 an K0(2«/a1a2x)1(1,00) ()C)

a)dp
Y=X/Xo~——1 X
1/ X2 @+ ax) 0.00) (%)

e Ratio and product of two independent Gamma distributed random quantities
Consider Y~Ga(x|a, b). Then X = aY~Ga(x|1, b) with Mellin Transform

ro+s—-1)

Mx(s) = N0

The, if X1~Ga(x1 |1, bl) and Xz’\’GCl()CQH, b2); b] #bzi

o X =X1X;' — Mx(d) = Mi@Ma(0) = EO LD Lo =0

c+ioco
2mi (b)) T'(by) p(x) = / x T — 1420+ 1—2)dz

c—ioo

Closing the contour on the left of the line Re(z) = c contained in the strip of
holomorphy (0, co) we have poles of order one at b; — 1 + z, = —n with n =
0,1,2,..., that is, at z, = 1 — b; — n. Expansion around z = z, + € gives the
residuals
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="

n!

Res(f(z), zn) = C(by + by +n) xn+h1—1

and therefore the quantity X = X,/ X, is distributed as

-t &1 C(by +by)  xb1~!

_ 1" "
PO = Ty 2w TR = R T

1(0,00) (%)

o X = X1Xs — Mx(2) = Mi(@)Ma(o) = TP LD Dbz 2 14

2
Without loss of generality, we may assume that b, > b; so the strip of holomorphy
is (I — by, 00). Then, with ¢ > 1 — b, real

1 c+ioo
L (b1) T (ba)p(x) = —./ ATy — 1+ )by — 14+ 2)de
2mi c—ioco

Considering the definition of the Modified Bessel Functions

o0

1 X\ 20t 7 I, (x) — 1,(x)
I,(x) = — | = d Kx)=z—7"—"7—
) gn!r‘(l+n+1/) (2) an (x) 2 sin(vm)
we get that
2 (b1+b2)/2—1
p(x) = mx K, (24/%)1(0,00) (X)

withv = b, — b; > 0.
To summarize, if X1~Ga(x;la;, b;) and X,~Ga(x,|ay, b,) are two independent
random quantities and v = b, — b; > 0 we have that

24P a% a\"?
X =XX,~ 172 (_) x(b1+b2)/271 KV(Z alazx)l 0. ()C)
TG Tk \a v 02

I'(by + by) a]f‘agth‘_l
LT (b2) (ar + ajx)brth

X:Xl/XZ"-' l(oym)(x)

¢ Ratio and product of two independent Uniform distributed random quantities
Consider X~Un(x]0, 1). Then Mx(z) = 1/z with with § = (0, oo). For X =
X;---X, we have

1 c+ioo e (_lnx)n—l
P =g [, = S o
c—100

being z = 0 the only pole or order n.
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For X = X, /X, one has to be careful when defining the contours. In principle,

1
2—s

1
Mx(s) = Mi(s)M(2 — 5) = .

so the strip of holomorphy is S = (0, 2) and there are two poles, at s = 0 and s = 2.
If Inx < 0—x < 1 we shall close the Bromwich the contour on the left enclosing
the pole at s = 0 and if Inx > 0—x > 1 we shall close the contour on the right
enclosing the pole at s = 2 so the integrals converge. Then it is easy to get that

1
p(x) = 5 [L0,11(x) +x7% 11,00 (x)] = Un(x]0, 1) + Pa(x|1, 1)

Note that

1 1
EX"1=M = ——
[X"] x(n+1) A il—n

and therefore there are no moments for n > 1.
Example 1.24 Show that if X;~Be(x;|a;, b;) with a;, b; > 0, then

_Tlai+b) T+a-—1)
M) =y Te+a+b -1

with § = (1 — a;, oo) and therefore:
e X =X X,

p(x) = Ny x71 (1 — )" 7V F(ay — ay + by, by, by + by, 1 — x)1(g.1y(x)
with

_ I'(a + b)) (ay + by)
P T(a)T (@)L (by + by)

o X =X/X>

p(x) = Nyx ™D F(1 — by, ay + az, by + ay + az, x )11 00 (x) +
+ NaxVF(1 = by, ay + a2, by + ay + az, x) 10,1y (x)
with

_ Blaitaby)
"~ B(ai +b))B(ay + by)

Ny
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Example 1.25 Consider a random quantity

2 gb+D/2 o

~ _ a7 —ax* b
X~ plala, b) = w0575y ¢

X

with a, b > 0 and x € [0, 0c0). Show that

LPO/2+5/2) —(s—1))2

M(s)~ p(xla,b) = m

with § = (—b, oo) and, from this, derive that the probability density function of
X = X1 X,, with X;~p(x;|a;, by) and X>~p(x2|as, by) independent, is given by:

_ 4Jaia (b1-+b2)/2
PO) = R 2 12 T 2 1 12) Y192%) Ky (2Vaa:x)

with v = (b, — by)/2 and for X = X,/ X, by

2T (b + 1) 1 (axP)h?
Ly /2+1/2)T(by/2 +1/2) “ (1 4 a x?)b+!

px) =

witha = ay/a» and b = (by + by) /2.

Problem 1.4 Show thatif X; ,~Un(x|0, 1), then for X = Xf(z we have that p(x) =
—x~'Ei(In x), with Ei(z) the exponential integral, and E[X"] = m~'In(1 + m).
Hint: Consider Z = log X = X log X, = —X W, and the Mellin Transform for
the Uniform and Exponential densities.

1.5.2.4 Distributions with Support in R

The Mellin Transform is defined for integrable functions with non-negative support.
To deal with the more general case X~ p(x) with supp{X} = Qy >0 + 2, 0CR we
have to

(1) Express the density as p(x) = p(x) L= 0(x) + p(x) Lico(x);

*(x) P~ (x)
(2) Define Y} = X when x >0 and Y, p: —X when x < 0 so supp{Y>} is positive
and find My, (s) and My, (s);
(3) Get from the inverse transform the corresponding densities p; (z) for the quantity
of interest Z; = Z(Y;, X, ...) with My, (s) and p,(z) for Z, = Z(Y», X», ...)
with My, (s) and at the end for p;(z) make the corresponding change for X — —X.

This is usually quite messy and for most cases of interest it is far easier to find
the distribution for the product and ratio of random quantities with a simple change
of variables.
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e Ratio of Normal and \? distributed random quantities Let’s study the ran-
dom quantity X = Xl(Xz/n)’l/2 where X|~N (x;|0, 1) with sup{X;} = R and
Xy~x?(x2|n) with sup{X,} = R™*. Then, for X; we have

p(x1) = p(x1) 1jo,00)(x1) + p(x1) L(—o0,0)(x1)

prxn) p~(x1)

and therefore for X
X~p(x) = p(x) 1,00 (x) + p(x) L—o0,0)(x) = pT(x) + p~(x)

Since

2T (/2 +s5—1)
T(n/2)

My(s) =

we have for Z = (X,/n)~"/? that

Ma(s) =m0 MG — /) = (1) L0

2 ['(n/2)
for 0 < N(s) < n + 1. For X € [0, co) we have that
22T (s /2)
M(s) = ——L—. 0 < N(s

and therefore

n?T(s/2)T((n+ 1 —5)/2)
2\ /nm
with holomorphy stripe 0 < N(s) < n + 1. There are poles at s,, = —2m with

m =0, 1,2,...on the negative real axis and sy = n+ 1 + 2k withk =0, 1,2, ...
on the positive real axis. Closing the contour on the left we include only s, so

M (s) = M (s) Mz(s) =

o 1 = (=D x_z)’“ ( n+1>_
p(x)_ﬁr(n/Z)n;)F(m+l)<n A
_ T(n+1/2) x2\ D2
- T (45) e

For X € (—o0, 0) we should in principle define Y = — X with supportin (0, 00),
find My (s), obtain the density for X’ = ¥ /Z and then obtain the corresponding one
for X = —X'. However, in this case it is clear by symmetry that p*(x) = p~(x)
and therefore
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2
X p(x) — T((n+1)/2) ( X

—m+D)2
il (n)2) I+ 7) 1(_co.00) (X) = St(x|n)

e Ratio and product of Normal distributed random quantities Consider

X1~N (x1|p1, 1) and Xo~N (x2| 142, 02). The Mellin Transform is

37#2/4‘72
V2

with D,(x) the Whittaker Parabolic Cylinder Functions. The upper sign (—) of

the argument corresponds to X € [0, co) and the lower one (4) to the quantity ¥ =
—X € (0, 00). Again, the problem is considerably simplified if j1; = pp = 0 because

My(s) = o' T'(s) D_s(Fp/0)

z/2
221

with S = (0, oo) and, due to symmetry, all contributions are the same. Thus, summing

over the poles at z, = —2n forn = 0, 1,2, ... we have that for X = XX, and

1 — 45252
a~ =4ojo;y:

My (z) = oI (z/2)

2@

(W1 +m) — In(Walx)) = == Ko@alx)

_ 2Ja < (Valx)™
px) = — gr(n—i—l)z

Dealing with the general case of y; # 0 it is much more messy to get compact

expressions and life is easier with a simple change of variables. Thus, for instance
for X = X;/ X, we have that

p(x) = Vaiar /o<> e la(xw — )? + ax(w — 12)%} lw| dw
™ )

where a; = 1/(20?) and if we define:

wo =ay +aix?;  wy=ajay (cpp — pp)? and  wa = (ayprx + azpn)/v/wo

one has:

Vi 1 2
plx) = 22 e/ (72 + VA w2 erf(w2) 1,00 (6).
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1.6 Ordered Samples

Let X~ p(x|0) be a one-dimensional random quantity and the experiment e(n) that
consists on n independent observations and results in the exchangeable sequence
{x1, x2, ..., x,,} are equivalent to an observation of the n-dimensional random quan-
tity X~ p(x|0) where

p(x10) = p(x1, x2, ..., x,10) = [ | p(xi16)
i=1

Consider now a monotonic non-decreasing ordering of the observations
XISXo = Xp—1 =Xk S Xl =00 S X1 =Xy

—_——
k—1 n—k

and the Statistic of Order k; that is, the random quantity X ) associated with the kth
observation (1 <k <n) of the ordered sample such that there are k — 1 observations
smaller than x; and n — k above x;. Since

P(X <x0) =/ k p(x|0)dx = F(x¢|0) and P(X > x;]0) = 1 — F(x|0)

—00

we have that

X ~pil0,n, k) = Coi pGl0) [F1)] ! [1 = Forl)]" "

Xk k—1 00 n—k
Cok PG3216) [ [ pue) dx} [ | pwie) dx]
-0 Xk

[P(X <xp)lF! [P(X>x) ]

n
cni (2

is given by combinatorial analysis although in general it is easier to get by normal-
ization of the final density. With a similar reasoning we have that the density function
of the two dimensional random quantity X;, = (X;, X;); j > i, associated to the
observations x; and x; (Statistic of Order i, j;i < j)'* will be:

The normalization factor

141f the random quantities X; are not identically distributed the idea is the same but one hast to deal
with permutations and the expressions are more involved.
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Xi

) i—1 X j—ie1
Xjy~p(xi 10,0, jum) = Coi [/ p(x|0)dx] p(x:16) [/ p<x|9)dx]
X

—00
[

[P(X <x;))~! [Pxj<X < <xj)}i=i-1

00 n=j
p(xj16) {/ P(xle)dxi|

7
—_—

[P(xj<X)1=)

where (x;, x;) € (—00, x;]x (=00, 00) or (x;, x;) € (—00, 00) X[x;, 00). Again by
combinatorial analysis or integration we have that

n!

Gt = TG =i = D = )

The main Order Statistics we are usually interested in are

e Maximum X ,, = max{X;, X,, ..., X, }:

Xn

n—1
p(xnl') = np(xn|0) |:/ p(x|0) dx:|

—00

e Minimum X(l) = min{Xl, Xz, . Xn}

00 n—1
p(x1]-) = n p(x1]0) |:/ p(x]0) dx]

X1

° Range R = X(,,) — X(])
Xn n—2
p(x1, xy]) = n(n —1) p(x116) p(x,6) [/ p(x]0) dX}
If supp(X) = [a, b], then R € (0, b — a) and

b—r
p(r)=nn—1 [/ pw+r) p(w) [F(w+r) — F(w)]"‘zdw]

There is no explicit form unless we specify the Distribution Function F (x|6).
¢ Difference S = X ;1) — X;). If supp(X) = [a, b], then S € (0, b — a) and

_ Tt | b — n—i—1
pGs) = FOrm—1) [/a pw+s) pw) [F) " [1 = F(w +5)] dw
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In the case of discrete random quantities, the idea is the same but a bit more messy
because one has to watch for the discontinuities of the Distribution Function. Thus,
for instance:

e Maximum X ,) = max{X, X», ..., X, }:
X <x iff all x; are less or equal x and this happens with probability

P(x, <x)=[F®)]"

X < x iff all x; are less than x and this happens with probability
P(x, <x)=[F(x-DI"
Therefore

P(xy =x) =P, =x) — P(x, <x) =[F()]" = [F(x = DI"

e Minimum X, = min{X;, X5, ..., X,;}:
X1y > x iff all x; are grater or equal x and this happens with probability
Pxizx)=1—-Px;<x)=[1—-Fx-D]"
X ) > x iff all x; are greater than x and this happens with probability
Pxi>x)=1-Px =x)=[1-FX]"
Therefore

Pxi=x)=Px1=x)—Pxi<x)=[1-Px1>x)]—-[1-Px1>x)] =
=[1-Fx-DI"-[1-F®]I"

Example 1.26 Let X~Un(x|a, b) and an iid sample of size n. Then, if L = b — a:

_ \n—1
e Maximum: p(x,) = n %lm,b) (xn)

_ n—1
(b(b+‘))nl(a,b) (x1)

n(n— r\"—2 r
e Range: R =X, — Xy : p(r) = % (Z) (1 - Z) Lo,)(r)
. 7 syn—1
e Difference: S = X(k+1) — X(k) . p(S) = 21 (1 — z) I(O,L)(S)

e Minimum: p(x;) =n

Example 1.27 Let’s look at the Uniform distribution in more detail. Consider a
random quantity X~Un(x|a, b), the experiment e(n) that provides a sample of n
independent events and the ordered sample

X, =105 S < Sxpgp <o X1 <X}
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Then, for the ordered statistics Xy, Xy, and Xy, with k, p eN,1<k<n—1
and p <n — k — 1 we have that

k—1 p—1 n—k+p+1)

a Xk oo Xkdp Xktp+1 b

X k—1 Xeap p—1 b n—(k+p+1)
p(Xi, Xgqpla, b, n, p) [/ dsl] |:/ ds2i| / ds;
a Xk Xk+p+1

Let’s think for instance that those are the arrival times of n events collected with
a detector in a time window [a@ = 0,b = T1]. If we define w; = X34, — x; and
Wy = Xk4p+1 — X; we have that

— —1 —k—p—
P, wi, w2l Ty, p) = xf  wl ™HT — xp — w2)" P g 1) (01 10,101 (w1 L0, 77 (w2)

and, after integration of x;:

p(n—p)

1 o
T Wl (T — w2)" 7" g,y (w1) Ljo. 7y (w2)

n
p(wi, ws|T,n, p) = (p)

Observe that the support can be expressed also as 19, 71(w )1y, 71(w2) and that the
distribution of (W, W,) does not depend on k. The marginal densities are given by:

n P — _
pwi|T,n, p) = (p) = wy (T —wy)” Lo, rj(wy)
n
p

"
) Tnp w (T = w)" ™"~ 1y0,7y(w2)

p(w2|T,n, p) = (

and if we take the limit 7— o0 and n— oo keeping the rate A = n/T constant we
have

/\p+1

lim  p(wy, w2|T, n, p) = p(wy, w2|A, p) = ——
T,n—o00

e W2 wlp
C(p)

110, (W1) 10,00 (w2)
and

-\ —1
e M w!T 1g 00y (w1)

p(wilA, p) = T ()

In consequence, under the stated conditions the time difference between two consec-
utive events (p = 1) tends to an exponential distribution. Let’s consider for simplicity
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this limiting behaviour in what follows and leave as an exercise the more involved
case of finite time window 7.

Suppose now that after having observed one event, say x;, we have a dead-time of
size a in the detector during which we can not process any data. All the events that
fall in (xg, x; 4 a) are lost (unless we play with buffers). If the next observed event
is at time Xy, 11, we have lost p events and the probability for this to happen is

w (Qa)?

< > al\ —e M —
P(wy <a,wy>al\, p)=e TR

that is, N~ Po(p|Aa) regardless the position of the last recorded time (x) in the
ordered sequence. As one could easily have intuited, the expected number of events
lost for each observed one is E[Njys ] = Aa. Last, it is clear that the density for the
time difference between two consecutive observed events when p are lost due to the
dead-time is

p(walwy <a, A, p) = Ae 227D 1, o (w))

Note that it depends on the dead-time window a and not on the number of events
lost.

Example 1.28 Let X~Ex(x|)\) and an iid sample of size n. Then:
o Maximum: p(x,) =nXe ™ (1 —e )" o (x,)
e Minimum: p(xl) =nA e~ 1(0,00) (x1)
e Range: R = Xy — X(1y : p(r) = (n — DA le™V [1 - 67”]"72 1(0,00)(r)
e Difference: S = X1y — X @ p(s) = (n — k) Ae M0 15 ) (s).

1.7 Limit Theorems and Convergence

In Probability, the Limit Theorems are statements that, under the conditions of
applicability, describe the behavior of a sequence of random quantities or of Dis-
tribution Functions. In principle, whenever we can define a distance (or at least a
positive defined set function) we can establish a convergence criteria and, obviously,
some will be stronger than others so, for instance, a sequence of random quantities
{X;}72, may converge according to one criteria and not to other. The most usual types
of convergence, their relation and the Theorems derived from them are:
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Distribution — Central Limit Theorem
1 = Glivenko—Cantelly Theorem (weak form)
f
Probability = Weak Law of Large Numbers
T
f  Almost Sure —> Strong Law of Large Numbers
f
L,(R) Norm = Convergence in Quadratic Mean
Uniform — Glivenko—Cantelly Theorem

so Convergence in Distribution is the weakest of all since does not imply any of the
others. In principle, there will be no explicit mention to statistical independence of
the random quantities of the sequence nor to an specific Distribution Function. In
most cases we shall just state the different criteria for convergence and refer to the
literature, for instance [2], for further details and demonstrations. Let’s start with the
very useful Chebyshev’s Theorem.

1.7.1 Chebyshev’s Theorem

Let X be a random quantity that takes values in QCR with Distribution Function
F(x) and consider the random quantity ¥ = ¢g(X) with g(X) a non-negative single
valued function for all X € Q. Then, fora e R

E[g(X)]
«

PgX) =) <

In fact, given a measure space (2, Bq, 1), for any p-integrable function f(x) and
¢ > 0wehave for A = {x : | f(x)| >c} that cl4(x) <|f(x)]| for all x and therefore

cu(A) = / ey () dp < / £ COldp

Let’s see two particular cases. First, consider g(X) = (X — )" where y1 = E[X]
and n apositive integer such that g(X) > 0VX € Q. Applying Chebishev’s Theorem:

1/2my < E[(X — ] _ Hon
a a

P((X—mw*>a)=P(X —ul >«

For n = 1, if we take o = k0> we get the Bienaymé—Chebishev’s inequality

P(X — p| = ko) < 1/k?
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thatis, whatever the Distribution Function of the random quantity X is, the probability
that X differs from its expected value p more than k times its standard deviation is
less or equal than 1/k>. As a second case, assume X takes only positive real values
and has a first order moment E[X] = u. Then (Markov’s inequality):

PX>a) <L == P(X > kp) < 1/k

Q

The Markov and Bienaymé—Chebishev’s inequalities provide upper bounds for
the probability knowing just mean value and the variance although they are usually
very conservative. They can be considerably improved if we have more information
about the Distribution Function but, as we shall see, the main interest of Chebishev’s
inequality lies on its importance to prove Limit Theorems.

1.7.2 Convergence in Probability

oo

The sequence of random quantities {X, (w)};Z,

iff:

converges in probability to X (w)
lim P(X,(w) — X(w)| > ¢€) =0; Ve>0;
n—o00

or, equivalently, iff:

lim P(|X,(w) — X(w)| < &) =1 Ve > 0;

Note that P (| X, (w) — X(w)| > ¢) is a a real number so this is is the usual limit
for a sequence of real numbers and, in consequence, for all ¢ > 0 and § > 0
dng(e, §) such that for all n > ng(e, §) it holds that P(| X, (w) — X(w)|>¢€) < 6.
For a sequence of n-dimensional random quantities, this can be generalized to
lim,, o P (]| X, (w), X (w)||) and, as said earlier, Convergence in Probability implies
Convergence in Distribution but the converse is not true. An important consequence
of the Convergence in Probability is the

e Weak Law of Large Numbers: Consider a sequence of independent random
quantities {X; (w)}?2,, all with the same Distribution Function and first order moment
E[X;(w)] = p, and define a new random quantity

1 n
Zu(w) = — > Xi(w)

The, the sequence {Z, (w)}52, converges in probability to f; that is:

lim P(|Z,(w) —u|l > ¢€) =0; Ve>0;
n— o0
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The Law of Large Numbers was stated first by J. Bernoulli in 1713 for the Binomial
Distribution, generalized (and named Law of Large Numbers) by S.D. Poisson and
shown in the general case by A. Khinchin in 1929. In the case X;(w) have variance
V(X;) = o2 it is straight forward from Chebishev’s inequality:

— )2 2
PZy—plze) = P (2 — =) < AE T T

€ ne

Intuitively, Convergence in Probability means that when n is very large, the prob-
ability that Z, (w) differs from p by a small amount is very small; that is, Z, (w) gets
more concentrated around g. But “very small” is not zero and it may happen that for
some k > n Z; differs from p by more than e. An stronger criteria of convergence
is the Almost Sure Convergence.

1.7.3 Almost Sure Convergence

A sequence {X,(w)};2 | of random quantities converges almost sure to X (w) if, and
only if:

li)rglo X, (w) = X(w)

for all w € Q except at most on a set WCS2 of zero measure (P(W) = 0 so it is
also referred to as convergence almost everywhere). This means that for all ¢ > 0
and all we W¢ = Q — W, Ing(e, w) > 0 such that | X, (w) — X (w)| < € for all
n > no(e, w). Thus, we have the equivalent forms:

P[lim |X,,(w)—X(w)|ze]:0 or P[lim X, (w) — X (w)] <e]:l

for all ¢ > 0. Needed less to say that the random quantities X, X, ... and X are
defined on the same probability space. Again, Almost Sure Convergence implies
Convergence in Probability but the converse is not true. An important consequence
of the Almost Sure Convergence is the:

e Strong Law of Large Numbers (E. Borel 1909, A.N. Kolmogorov,...): Let
{Xi(w)}72, be asequence of independent random quantities all with the same Distrib-
ution Function and first order moment E[X; (w)] = p. Then the sequence {Z, (w)};2
with

1 n
Zy(w) = — > Xi(w)



1.7 Limit Theorems and Convergence 71

converges almost sure to p; that is:
P[lim |Zn(w)—u|26]=0 Ve >0
n—00

Intuitively, Almost Sure Convergence means that the probability that for some
k > n, Z differs from p by more than € becomes smaller as n grows.

1.7.4 Convergence in Distribution

Consider the sequence of random quantities { X, (w)};2, and of their corresponding
Distribution Functions {F,,(x)}2 ;. In the limit n— oo, the random quantity X, (w)
tends to be distributed as X (w)~F (x) iff

lim F,(x)= F(x) < lim P(X,<x)=P(X<x); VxeC(F)

with C(F) the set of points of continuity of F (x). Expressed in a different manner,
the sequence {X, (w)}>2, Converges in Distribution to X (w) if, and only if, for all
€ > 0and x € C(F), Ing(e, x) such that |F,(x) — F(x)| < €, Vn > ng(e, x). Note
that, in general, no depends on x so it is possible that, given an € > 0, the value of
ng for which the condition |F,,(x) — F(x)| < € is satisfied for certain values of x
may not be valid for others. It is important to note also that we have not made any
statement about the statistical independence of the random quantities and that the
Convergence in Distribution is determined only by the Distribution Functions so the
corresponding random quantities do not have to be defined on the same probability
space. To study the Convergence in Distribution, the following theorem it is very
useful:

e Theorem (Lévy 1937; Cramer 1937): Consider a sequence of Distribution Func-

tions {F}, (x)};2 , and of the corresponding Characteristic Functions {®, (1)} ;. Then

> if lim,,_, o F,,(x) = F(x), then lim,_, o, ®,(t) = ®(¢) for all € R with ®(¢)
the Characteristic Function of F(x).

> Conversely, if ©, (¢) i ®(t) Vt € R and ®(¢) is continuous at ¢t = 0, then
F,(x) = F(x)

This criteria of convergence is weak in the sense that if there is convergence if
probability or almost sure or in quadratic mean then there is convergence in distri-
bution but the converse is not necessarily true. However, there is a very important
consequence of the Convergence in Distribution:

e Central Limit Theorem (Lindberg-Levy): Let {X; (w)}{2, be a sequence of inde-
pendent random quantities all with the same Distribution Function and with sec-
ond order moments so E[X;(w)] = p and V[X;(w)] = o2. Then the sequence
{Z,(w)};2, of random quantities
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1 n
Zn(w) = ~ Z X (w)
=1

with
E[Z,] 1iE[X] d vz, = 2 iV[X] o
nl = — il = an nl = — i]1=—
n “— a n* = n

i=i

tends, in the limit n— 00, to be distributed as N (z|u, o/+/n) or, what is the same,
the standardized random quantity

1 n
2 Xi—n
2 _ Zn — M _ i=1
" VVIZA o/n

tends to be distributed as N (x|0, 1).
Consider, without loss of generality, the random quantity W; = X; — u so that
E[W;] = E[X;] — p =0and V[W;] = V[X;] = 0. Then,

1
Oy()=1-— 51202 + O

Since we require that the random quantities X; have at least moments of order two,
the remaining terms O(%) are either zero or powers of ¢ larger than 2. Then,

1 < 1 < o?
Zy==-) Xi==) Witw ElZJ=w ViZ=0y =—
HZ HZ tuw ElZd =g ViZi) =0}, =

SO
®y (1) = [Py (t/n)]" — lim ®y (1) =€ lim [Py (1/n)]"
n— o0 n—oQ

Now, since:

1 2 172
Oy (t/n)=1-— 3 (%) a2+ 00/ =1- EIZ oy +0@"/n")

we have that:

172 " 1
lim [®w(t/m)]" =lim,.o |1 — = — 0% +O@ /0| =exp {— =t?0%
n—00 2 n n 2 n
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and therefore:

. 1.2 2
s it —5t°0°/n
lim ¢y (1) =¢'e 2 /
n—00

s0, lim,,_, oo Z,~N (x|p, 0//0).

The first indications about the Central Limit Theorem are due to A. De Moivre
(1733). Later, C.F. Gauss and P.S. Laplace enunciated the behavior in a general
way and, in 1901, A. Lyapunov gave the first rigorous demonstration under more
restrictive conditions. The theorem in the form we have presented here is due to
Lindeberg and Lévy and requires that the random quantities X; are:

(1) Statistically Independent;
(i) have the same Distribution Function;
(iii) First and Second order moments exist (i.e. they have mean value and variance).

In general, there is a set of Central Limit Theorems depending on which of the
previous conditions are satisfied and justify the empirical fact that many natural
phenomena are adequately described by the Normal Distribution. To quote E.T.
Whittaker and G. Robinson (Calculus of Observations):
“Everybody believes in the exponential law of errors;

The experimenters because they think that it can be proved by mathematics;

and the mathematicians because they believe it has been established by

observation”

Example 1.29 From the limiting behavior of the Characteristic Function, show that:

e If X~Bi(r|n, p),in the limit p — 0 with np constant tends to a Poisson Distrib-
ution Po(r|pu = np);
e If X~Bi(r|n, p), in the limit » — oo the standardized random quantity

X — X — -
z=2THEX_ 270 rT® N0, 1)

Ox v 1pPq

o If X~Po(r|u), then

X — X - oo
z=Z2TEX_ 2R T N,

e X~x?(x|n), then n— oo the standardized random quantity

7 X—/,LX X—v n—o0o N( |0 1)
= = ~ X .
ox 2v

e The Student’s Distribution St (x |0, 1, ) converges to N (x|0, 1) in the limit v— 00;

e The Snedecor’s Distribution Sn(x|v;, 1) converges to x2(x|v;) in the limit
,—00, to St(x]0, 1,1,) in the limit v;—o00 and to N(x|0, 1) in the limit
Vi, Vp—>OQ.
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- 1000 |~ 2
500 I

250 | 300

2000 |~
1000 [~ I
I 1000 [~
0 — 0 i .
0 1 0 1
5 - 6
4000 [~
2000 [~ r
2000 |
oL PR 0 : |
0 0.5 1 0 0.5 1

Fig. 1.2 Generated sample from Un(x|0, 1) (1) and sampling distribution of the mean of 2 (2),
5(3), 10 (4), 20 (5) y 50 (6) generated values

Example 1.30 1t is interesting to see the Central Limit Theorem at work. For this,
we have done a Monte Carlo sampling of the random quantity X~Un(x|0, 1). The
sampling distribution is shown in the Fig.1.2(1) and the following ones show the
sample mean of n = 2 (Fig. 1.2(2)), 5 (Fig. 1.2(3)), 10 (Fig. 1.2(4)), 20 (Fig. 1.2(5))
y 50 (Fig. 1.2(6)) consecutive values. Each histogram has 500000 events and, as you
can see, as n grows the distribution “looks” more Normal. For n = 20 and n = 50
the Normal distribution is superimposed.

The same behavior is observed in Fig. 1.3 where we have generated a sequence
of values from a parabolic distribution with minimum at x = 1 and support on
Q =10, 2].

Last, Fig. 1.4 shows the results for a sampling from the Cauchy Distribution
X~Ca(x|0,1). As you can see, the sampling averages follow a Cauchy Distrib-
ution regardless the value of n. For n = 20 and n = 50 a Cauchy and a Normal
distributions have been superimposed. In this case, since the Cauchy Distribution
has no moments the Central Limit Theorem does not apply.
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Fig. 1.3 Generated sample from a parabolic distribution with minimum at x = 1 and support on
© = [0, 2] (1) and sampling distribution of the mean of 2 (2), 5 (3), 10 (4), 20 (5) y 50 (6) generated
values

Example 1.31 Let {X;(w)}72, be a sequence of independent random quantities all
with the same Distribution Function, mean value p and variance o2 and consider the
random quantity

l n
Z(w) =~ Xi(w)

i=i

What is the value of n such that the probability that Z differs from p more than € is
less than § = 0.01?

From the Central Limit Theorem we know that in the limit n—o0, Z~
N (x|, 0/+/1) so we may consider that, for large n:
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2000
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|
0—/0 0 10 0—10 0 10

Fig. 1.4 Generated sample from a Cauchy distribution Ca(x|0, 1) (1) and sampling distribution of
the mean of 2 (2), 5 (3), 10 (4), 20 (5) y 50 (6) generated values

PIZ—pl>e)=Pu—€e>Z>p+e~

12

pn—€ +00 ﬁe
N(x|p, o) dx —|—/ N(xlu,a)dx:l—erf[—] <0
/—oo pte O’ﬁ

For ) = 0.01 we have that

6.63 o2
Ve > 25715 —n > 20.
g €

1.7.5 Convergencein L, Norm

A sequence of random quantities {X,(w)},>; converges to X (w) in L,(R) (p=1)
norm iff,



1.7 Limit Theorems and Convergence 71
X(w)eL,(R), X,(w)eL,(R)VYn and lim E[|X,(w) — X(w)|’]1=0
n— o0

that is, iff for any real € > 0O there exists a natural ny(e) > 0 such that for all n > ng(€)
it holds that E[| X, (w) — X (w)|”] < e. In the particular case that p = 2 it is called
Convergence in Quadratic Mean.

From Chebyshev’s Theorem

E[(Xp(w) — X(w))"]
(0%

P(IX,(w) = X(w)| = a'/?) <

so, taking v = €7, if there is convergence in L ,(R) norm:

lim P(IX, () = X(w)| 2 & = lim AEDZXODT_ oy o g
n—o00 n—00 €

and, in consequence, we have convergence in probability.

1.7.6 Uniform Convergence

In some cases, point-wise convergence of Distribution Functions is not strong enough
to guarantee the desired behavior and we require a stronger type of convergence.
To some extent one may think that, more than a criteria of convergence, Uniform
Convergence refers to the way in which it is achieved. Point-wise convergence
requires the existence of an n( that may depend on e and on x so that the condi-
tion | f,,(x) — f(x)| < e for n > ny may be satisfied for some values of x and not for
others, for which a different value of ng is needed. The idea behind uniform conver-
gence is that we can find a value of ny for which the condition is satisfied regardless
the value of x. Thus, we say that a sequence { f, (x)}52; converges uniformly to f (x)
iff:

Ve >0, dngeN suchthat |f,(x)— f(x)]<e Vn>no and Vx

or, in other words, iff:

sup, |fu(x) — f(x)] =30

Thus, it is a stronger type of convergence that implies point-wise convergence. Intu-
itively, one may visualize the uniform convergence of f,(x) to f(x) if one can draw
aband f(x)=e that contains all f,(x) for any n sufficiently large. Look for instance
at the sequence of functions f,(x) = x(1 4+ 1/n) withn = 1,2,... and x € R.
It is clear that converges point-wise to f(x) = x because lim, . f,(x) = f(x)
for all x € R; that is, if we take no(x, €¢) = x/¢, for all n > ng(x, €) it is true that
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| fn(x) — f(x)| < € but for larger values of x we need larger values of n. Thus, the
the convergence is not uniform because

sup, |fu(x) — f(x)| =sup, |x/n| =00 VneN

Intuitively, for whatever small a given ¢ is, the band f(x)+e = x=e does not con-
tain f,(x) for all n sufficiently large. As a second example, take f,(x) = x" with
x € (0, 1). We have that lim,,_,  f (x) = 0 but sup,|g,(x)| = 1 so the convergence
is not uniform. For the cases we shall be interested in, if a Distribution Function F (x)
is continuous and the sequence of {F,,(x)};2, converges in distribution to F(x) (i.e.
point-wise) then it does uniformly too. An important case of uniform convergence
is the (sometimes called Fundamental Theorem of Statistics):

e Glivenko—Cantelli Theorem (V. Glivenko-F.P. Cantelli; 1933): Consider the ran-
dom quantity X~ F'(x) and a statistically independent (essential point) sampling of
size n {xy, x2, ..., x,}. The empirical Distribution Function

1 n
F,(x) = - Z 1 oo x1(xi)
i=1

converges uniformly to F(x); that is (Kolmogorov—Smirnov Statistic):
limy,—, o0 SUP, |Fy (x) — F(x)| =0

Let’s see the convergence in probability, in quadratic mean and, in consequence,
in distribution. For a fixed value x = x¢, ¥ = 1(_,x,;(X) is a random quantity that
follows a Bernoulli distribution with probability

p=PY =1 =Plwy) =1 = P(X=x) = F(x)
P(Y =0) = P(1(—cor)(x) =0) = P(X > x0) =1 — F(x0)

and Characteristic Function
Oy (1) = E[e]=e"p+ (1 — p)=e" Fxo) + (1 — F(x0))

Then, for a fixed value of x we have for the random quantity

n

Zu(¥) = D Voo (i) =1 Fy(x) —> @z,(t) = (¢ F(x) + (1 = F(x)))"

i=l
and therefore Z, (x) ~ Bi(k|n, F(x)) so,if W = n F,(x), then

n

P(W = kln, F(x)) = (k) Fof (1= F))"™
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with

E[W]=nF(x) —  E[F()]=F()

VIW]=nFx)(1-Fx) — V[FKX]= % F(x) (1 = F(x))
From Chebishev’s Theorem

P(|Fy(x) = F(x)|z¢€) < n—lez F(x) (1= F(x))
and therefore
lim,, oo P[|Fy(x) — F(x)| = €] =0; Ve >0

so the empirical Distribution Function F),(x) converges in probability to F(x). In
fact, since

F() (1= F() _

n

lim,,, o0 E[|F,(x) — F(X)[*] = lim,,— 0

converges also in quadratic mean and therefore in distribution.
Example 1.32 Let X = X;/X, with X;~Un(x|0,1); i = 1,2 and Distribution
Function

Fe) = 31000 + (1= 3) la. ()

that you can get (exercise) from the Mellin Transform. This is depicted in black in
Fig. 1.5. There are no moments for this distribution; that is E[X"] does not exist for
n > 1. We have done Monte Carlo samplings of size n = 10, 50 and 100 and the
corresponding empirical Distribution Functions

1 n
Fa(0) = = > Lo (x)
i=1

are shown in blue, read and green respectively.

NOTE 3: Divergence of measures.
Consider the measurable space (€2, Bg) and the probability measures A, p << A
and v << A. The Kullback’s divergence between i and v is defined as (see Chap. 4)

du du/d
Kuv) = | d\
vy = | gytoe (du/d)\
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Fig. 1.5 Empirical
distribution function of
Example 1.32 for sample
sizes 10 (blue), 50 (green)
and 100 (red) together with
the distribution function
(black)
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and the Hellinger distance as

By ) = 5 /Q dpfd) — /dv]dNPd

For A\ Lebesgue measure, we can write

K(p.q) = /p<x)1og(”§ ;) x and d%(p,q>=1—/9\/p(x)q(x>dx

The Kullback’s divergence will be relevant for Chap.2. It is left as an exercise to
show that the Normal density that best approximates in Kullback’s sense a given
density p(x) is that with the same mean and variance (assuming they exist) and,
using the Calculus of Variations, that

k
p&IN) = f(x)exp |Z A hl-(x)]

i=0

is the form (exponential family) that satisfies k¥ + 1 constraints f hi(x)px)dx =
¢ < o00;i =0,...,k with specified constants {Cj}];':() (co = 1 for hg(x) = 1) and
best approximates a given density g (x). The Hellinger distance is a metric on the
set of all probability measures on Bg and we shall make use of it, for instance, as a
further check for convergence in Markov Chain Monte Carlo sampling.
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Appendices

Appendix 1: Indicator Function

This is one of the most useful functions in maths. Given subset ACS2 we define the
Indicator Function 1, (x) for all elements x € 2 as:

1 if xeA
La) =1 if x¢A

Given two sets A, BCS, the following relations are obvious:

Lanp(x) = min{l4(x), 15(x)} = 14(x) 15(x)
Laup(x) = max{l,(x), 15(x)} = 14(x) + 15(x) — 14 (x) 15(x)
Lae(x) =1 —=14(x)

It is also called “Characteristic Function” but in Probability Theory we reserve this
name for the Fourier Transform.

Appendix 2: Lebesgue Integral and Lebesgue Measure

The Lebesgue integral extends the Riemann theory of integration and is the natural
integral in the Theory of Probability. There are thousands of good references on the
subject; Chap.2, Vol. 1 of “Measure Theory” by Bogachev [1] is a recommended
reading but let’s have a short and rather informal introduction for those who did not
yet look into this.

Even though we use the Lebesgue integral in Probability ... Can we survive with
arough idea of what it is without entering in the mathematical formalism? Yes. The
reason is that for the problems we have to deal with in experimental Particle Physics
we have either probability density functions that are Riemann integrable (and, when
it exists, coincides with that of Lebesgue) or we actually do Lebesgue integrals
“unconsciously”. Suppose for instance that we have a probability space (2, 3, 1) a
partition 2 = A; U A,, the algebra B = {0, Q, A, Ay} and a probability measure
such that (A1) = 1/3 and (A,) = 2/3. What is the expected value of the random
quantity X (Ax) = k (that it is measurable with respect to B)? We have that

2 2
EIX]=D X(A) A =D k(k/3)=5/3

k=1 k=1

Essentially, this is a Lebesgue integral so like Moliere’s Bourgeois Gentleman, we
have been speaking prose and didn’t even know it! Let’s look at another example
following the original idea of Lebesgue [3]. In fact, there are more axiomatic ways
to define the Lebesgue integral but this the most intuitive of all. Suppose we want to
evaluate
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2
/ In x dx
1

In principle, for a real valued function f(x) defined on [a, b] the basic approach to
evaluate fa b fdx is that of Riemann and goes as follows. Consider a partition of the
interval [a, b] = UZ;(I) Ay with

Ay = [xp, xg41) for k=0,...n—2; Ap—1 = [xp-1,x2];  x0=a, x,=0b

and the sequence {x| € A;}{Z} of interior points. Note that the length of each subin-
terval Ay is (xz4+1 — xx). Now, define the Riemann sum

n—1

Su= > F) (g — x0)

k=0

and the limit of S, as the partition gets finer and finer in such a way that max (xz4; —
xr) — 0. If the limit exists, we say that the function f(x) is Riemann integrable and
the limit is the (Riemann) integral. Therefore, for the posed problem:

(1) Take a partition of the domain [1, 2] where x; = 1 4+ ke with xo = 1 and
Xp=2—>€e=1/n;

(2) Foreach subinterval A, of length ¢, take x; = x; so f(x;) = Inx = In(1+ke);

(3) Evaluate the sum

n—1 1 n—1 1 n—1 1 F(Zn)
Sy =k§)[lnxk]e =~ kg(:)ln(l +k/n) = - 1nk];[0(1 +k/n) = - 1n[F(n)n"]

and take the limit e—0" (n — 00). You can check that lim,_, . S, =21n 2—1.

Consider now a measure space (R, B, 1) and a non-negative, bounded and Borel
measurable function f(x). Lebesgue’s definition of the integral rests on partitioning
the range of f (x) instead of the domain. Thus, we start with a partition of [0, sup f] =
U{ZyAx where

Ak = [Vks Ykg1) for k=0,...n=2; Ay—1=[yn-1-¥n]; Y0=0, y,=supf
Being f Borel measurable, u{ f~'(A;)} exists so we can evaluate the sum
n—2

Su =D Wi ulf (AT + Yot pLf 7 (Anop)]

k=0
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Again, as the partition gets finer in such a way that max(y;+; — yx) — 0, the limit
will be the Lebesgue integral provided it exists. For the problem at hand:

(1) Take a partition of the range [0, In 2] where y, = ke, yo = 0 and y, =1n2 —
e=n"11n2;

(2) For each subinterval A; determine the length of the corresponding interval on
the support; that is, 1(Ar) = f~ (yis1) — [~ () = (e — 1)

(3) Evaluate the sum

n—1 n—1
Si= D yenlAp) = el —1) D kek =2In2+ee(1 —e) !
k=0 k=0

and take the limit e— 0" (n—00). As expected, lim._o+ S, = 21In 2 — 1.

Partitioning the range of the function and determining the “Ilength” (measure) of each
corresponding set on the domain allows to integrate functions defined over sets for
which the Riemann integral does not exist. The typical example that you have almost
certainly seen is the integral over [0, 1] of the function f(x) = 1gn,.17(x). It is
nowhere continuous and therefore is not Riemann integrable. but Q is countable so
1(QN[0, 1]) = 0 and therefore

/ lonpo,1dp = p(QN[0,1)) =0
[0,1]

Nevertheless, the crucial difference with respect Riemann’s integral is not the parti-
tion of the range but the possibility to perform integrals over “wilder” sets and, for
us, the chance to consider arbitrary probability measures over arbitrary sets. But, for
this, we have to clarify how to define the measure of a set. In general, we shall be
concerned only with R" and it turns out that there is a unique measure A on R” that
is invariant under translations and such that for the unit cube A([0, 1]") = 1: the
Lebesgue measure that assigns to an interval [a, b] € R what we intuitively would
guess: A([a, b]) = (b — a). However, as explained in Sect.1.1.2.2, if we want to
satisfy these conditions there is a price to pay: not all subsets of R are measurable.

Let’s finish with a more axiomatic introduction and some properties. Consider
the measure space (€2, B, 1); eventually a probability space with p a probability
measure. Then, for SCB we define

def
u(s) “ /d,u:/ 1sdp
S Q

where 14(S) may be +o00o (unless it is a finite measure). Now, given a finite partition
{Sk; k=1, ..., n}of Q and a simple function

S = Z a1, where ax>0 Yk and  p(Sy) < 4oo if ap#0
k=1
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it is natural to define for a measurable set ACQ:
/ Sdu “ / Stadu="Y a p(SNA)
A Q —
Then:

(1) Let f be a non-negative measurable function with respect to 3 (that may take
the value +00). We define:

/ fdu ™ sup (/ Sdu; 0<S<f: § simple)
Q Q

that, obviously, it may be 400 in some cases.
(2) Let f be a measurable function that may take negative values and denote by

[T =F1ye0 and f7=—F1;

sothat f = f* — f~and |f| = f* + f~. Then, if

Tdu < 400 and “du < 400
frdp H
Q Q

we have that

/Qlfldu=/ﬂ f*dw/gf*dﬂ < 400

and we say that the function f is Lebesgue integrable with integral

| ran= [ rrau=[ 1 au

Observe that f defined on R is Lebesgue integrable iff it belongs to the Banach
space L1 (R).

Some of the main properties of the Lebesgue integral are:

(1) If f(x) and g(x) are two non-negative measurable functions such that f = g
almost everywhere; that is, p ({x € Q| f(x) # g(x)}) = 0 then

/fduz/gdu

S’ggfe_function f(x) is integrable iff g(x) is integrable and both integrals are the
(2) If f(x) and g(x) are two integrable functions then
e ifa,beR,itholdsthat [(a f+bg)dp=a [ fdu+b [ gdp
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o if f <githoldsthat [ fdu< [ gdup

3) If {fi(x)}ren is a sequence of non-negative measurable functions such that
fi(x) < fip1(x) for all k € N and x € , then

limy / fkd,u:/limk fedp

(The integrals can be infinite)

(4) If {fi(x)}xen 1s a sequence of functions that converge pointwise to f(x) (i.e.
lim— oo fr(x) = f(x) for all x) and there exists an integrable function g such
that | fx| < g for all k, then f is integrable and

Appendix 3: Some properties of Radon-Nikodym derivatives

Consider the o-additive measures i, 12 and p3 on the measurable space (2, Bg).
Then

du du d
(1) If uy << py and py << p3, then py << p3 and du3 = diﬁ& so:

dpy dpy dpp dp
L(A)Z/d =/—d = [ HL222y =/—d\
i P adpn e adpp dus 3 adus 13
dp + ) _ dpn | dp

2) If g << pzand ppy << ug., then 7/%— =i
(3) If 4y << pp and g es a ;) integrable function, then

du
/ng:/gd—d,uz
A H2

-1
@) If py << pp and py << py (equivalent: 1~ po) then %/% (%}%)

We shall use some of these properties in different places; for instance, relating math-

ematical expectations under different probability measures or justifying some tech-

niques used in Monte Carlo Sampling.

References

1. V.I. Bogachev, Measure Theory (Springer, Berlin, 2006)
2. A. Gut, Probability: A Graduate Course, Springer Texts in Statistics (Springer, Berlin, 2013)
3. H.L. Lebesgue, Sur le développment de la notion d’intégrale (1926)



Chapter 2
Bayesian Inference

... some rule could be found, according to which we ought to

estimate the chance that the probability for the happening of an

event perfectly unknown, should lie between any two named

degrees of probability, antecedently to any experiments made

about it; ...

An Essay towards solving a Problem in the Doctrine of Chances
By the late Rev. Mr. Bayes...

The goal of statistical inference is to get information from experimental observations
about quantities (parameters, models,...) on which we want to learn something, be
them directly observable or not. Bayesian inference' is based on the Bayes rule
and considers probability as a measure of the degree of knowledge we have on the
quantities of interest. Bayesian methods provide a framework with enough freedom
to analyze different models, as complex as needed, using in a natural and conceptually
simple way all the information available from the experimental data within a scheme
that allows to understand the different steps of the learning process:

(1) state the knowledge we have before we do the experiment;

(2) how the knowledge is modified after the data is taken;

(3) how to incorporate new experimental results.

(4) predict what shall we expect in a future experiment from the knowledge acquired.

It was Sir R.A Fisher, one of the greatest statisticians ever, who said that “The
Theory of Inverse Probability (that is how Bayesianism was called at the beginning of
the XX century) is founded upon an error and must be wholly rejected” although, as
time went by, he became a little more acquiescent with Bayesianism. You will see that
Bayesianism is great, rational, coherent, conceptually simple,... “even useful”,... and
worth to, at least, take a look at it and at the more detailed references on the subject

IFor a gentle reading on the subject see [1].
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given along the section. At the end, to quote Lindley, “Inside every non-Bayesian
there is a Bayesian struggling to get out”. For a more classical approach to Statistical
Inference see [2] where most of what you will need in Experimental Physics is
covered in detail.

2.1 Elements of Parametric Inference

Consider an experiment designed to provide information about the set of parameters
0 =1{0,,...,0,) € ®C R and whose realization results in the random sample
x = {x1, x2, ..., x,}. The inferential process entails:

(1) Specification of the probabilistic model for the random quantities of interest;
that is, state the joint density:

pO.x)=p01,0s,....00,x1,%2,...,%,); O=€ OCR: xeX
(2) Conditioning the observed data (x) to the parameters (6) of the model:
p(0,x) = p(x|0) p(6)

(3) Last, since p(0,x) = p(x|0) p(0) = p(@|x) p(x) and
px) =/ p(x.0)do =/ p(x16) p(6) dO
) e)

we have (Bayes Rule) that:

p(x]0) p(0)

p(Olx) =
/@ p(x(0) p(0)d6

This is the basic equation for parametric inference. The integral of the denominator
does not depend on the parameters (8) of interest; is just a normalization factor so
we can write in a general way;

p(@lx) oc p(x|6) p(6)

Let’s see these elements in detail:

p(0lx): This is the Posterior Distribution that quantifies the knowledge we have
on the parameters of interest € conditioned to the observed data x (that is,
after the experiment has been done) and will allow to perform inferences
about the parameters;
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p(x]0): The Likelihood; the sampling distribution considered as a function of
the parameters 0 for the fixed values (already observed) x. Usually, it is
written as £(0; x) to stress the fact that it is a function of the parameters.
The experimental results modify the prior knowledge we have on the
parameters 6 only through the likelihood so, for the inferential process,
we can consider the likelihood function defined up to multiplicative factors
provided they do not depend on the parameters.

p(0): This is a reference function, independent of the results of the experiment,
that quantifies or expresses, in a sense to be discussed later, the knowledge
we have on the parameters 8 before the experiment is done. It is termed
Prior Density although, in many cases, it is an improper function and
therefore not a probability density.

2.2 Exchangeable Sequences

The inferential process to obtain information about a set of parameters 6 € ® of a
model X ~ p(x|@)with X € Qy isbased on therealization of an experiment e(1) that
provides an observation {x; }. The n—fold repetition of the experiment under the same
conditions, e(n), will provide the random sample x = {x|, x», ..., x,,} and this can be
considered as a draw of the n-dimensional random quantity X = (X, X», ..., X,,)
where each X; ~ p(x|0).

In Classical Statistics, the inferential process makes extensive use of the idea that
the observed sample is originated from a sequence of independent and identically
distributed (iid) random quantities while Bayesian Inference rests on the less restric-
tive idea of exchangeability [3]. An infinite sequence of random quantities {X;}72,
is said to be exchangeable if any finite sub-sequence {X, X», ..., X} is exchange-
able; that is, if the joint density p(x, X2, ..., X,) is invariant under any permutation
of the indices.

The hypothesis of exchangeability assumes a symmetry of the experimental obser-
vations {xi, x2, ..., X,,} such that the subscripts which identify a particular obser-
vation (for instance the order in which they appear) are irrelevant for the infer-
ences. Clearly, if {X;, X5, ... X,} are iid then the conditional joint density can be
expressed as:

n
p(-xla-XZa "-7-xl‘l) - H p('xl)
i=1

and therefore, since the product is invariant to reordering, is an exchangeable
sequence. The converse is not necessarily true” so the hypothesis of exchangeability
is weaker than the hypothesis of independence. Now, if {X;}7°, is an exchangeable

%It is easy to check for instance that if X is a non-trivial random quantity independent of the X;,
the sequence {Xo + X1, Xo + X2, ... Xo + X, } is exchangeable but not iid.



920 2 Bayesian Inference

sequence of real-valued random quantities it can be shown that, for any finite subset,
there exists a parameter 8 € ©, a parametric model p(x|6) and measure d(6) such
that?:

prn, oo = [ ] pesi6)auc)
O =1

Thus, any finite sequence of exchangeable observations is described by a model
p(x|0) and, if du(0) = p(0)d0, there is a prior density p(0) that we may consider
as describing the available information on the parameter 8 before the experiment is
done. This justifies and, in fact, leads to the Bayesian approach in which, by formally
applying Bayes Theorem

p(x,0) = p(x|0) p(8) = p(B]x) p(x)

we obtain the posterior density p(6|x) that accounts for the degree of knowledge
we have on the parameter after the experiment has been performed. Note that the
random quantities of the exchangeable sequence {X, X», ..., X, } are conditionally
independent given @ but not iid because

p) = [ peioran®) ([T [ puiorax
© i£j)=1"

and
Pl xa, o ox) # [ ] po)
i=1

There are situations for which the hypothesis of exchangeability can not be
assumed to hold. That is the case, for instance, when the data collected by an exper-
iment depends on the running conditions that may be different for different periods
of time, for data provided by two different experiments with different acceptances,
selection criteria, efficiencies,... or the same medical treatment when applied to
individuals from different environments, sex, ethnic groups,... In these cases, we
shall have different units of observation and it may be more sound to assume partial
exchangeability within each unit (data taking periods, detectors, hospitals,...) and
design a hierarchical structure with parameters that account for the relevant infor-
mation from each unit analyzing all the data in a more global framework.

Note 4: Suppose that we have a parametric model p;(x|6@) and the exchangeable
sample x| = {x, x2, ..., x,} provided by the experiment e (n). The inferences on

3This is referred as De Finetti’s Theorem after B. de Finetti (1930s) and was generalized by
E. Hewitt and L.J. Savage in the 1950s. See [4].
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the parameters @ will be drawn from the posterior density p(0|x) o pi(x|0)p(0).
Now, we do a second experiment e, (m), statistically independent of the first, that
provides the exchangeable sample x, = {x,4+1, X442, - - -, Xytm} from the model
p2(x]6). Tt is sound to take as prior density for this second experiment the pos-
terior of the first including therefore the information that we already have about 6
S0

p(01x2) x pr(x2]0) p(Bx1) o p2(x2|0) p1(x110) p(6).

Being the two experiments statistically independent and their sequences exchange-
able, if they have the same sampling distribution p(x|@) we have that
P1(x110) p2(x210) = p(x|0) where x = {x1,x2} = {X1, ..., X0, Xnt1s - - o> Xngm)
and therefore p(0|x;) x p(x|0) p(0). Thus, the knowledge we have on € includ-
ing the information provided by the experiments e;(n) and e, (m) is determined by
the likelihood function p(x|@) and, in consequence, under the aforementioned con-
ditions the realization of e (n) first and e, (m) after is equivalent, from the inferential
point of view, to the realization of the experiment e(n + m).

2.3 Predictive Inference

Consider the realization of the experiment e;(n) that provides the sample x =
{x1, x2, ..., x,} drawn from the model p(x|0). Inferences about 8 € ® are deter-
mined by the posterior density

p(Blx) o< p(x]6) m(6)
Now suppose that, under the same model and the same experimental conditions, we
think about doing a new independent experiment e, (m). What will be the distrib-

ution of the random sample y = {y;, y2, ..., ¥} not yet observed? Consider the
experiment e(n + m) and the sampling density

p@,x,y) = p(x, y|0)m(0)

Since both experiments are independent and iid, we have the joint density

p(x, y10) = p(x]0) p(y|0) — p@,x,y) = px|0) p(y|0) m(0)

and integrating the parameter 6 € ©:

p(y,x)=pylx) p(x) = /@p(yIB)p(xIH)W(B)d@ = p(x) /@1!)()’|‘9)p(49|x)d‘9
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Thus, we have that

P(ylx)=/o1!7(y|(9)p(‘5’|x)d¢9

This is the basic expression for the predictive inference and allows us to predict the
results y of a future experiment from the results x observed in a previous experiment
within the same parametric model. Note that p(y|x) is the density of the quantities not
yet observed conditioned to the observed sample. Thus, even though the experiments
e(y) and e(x) are statistically independent, the realization of the first one (e(x))
modifies the knowledge we have on the parameters 6 of the model and therefore
affect the prediction on future experiments for, if we do not consider the results of
the first experiment or just don’t do it, the predictive distribution for e(y) would be

p(y) = /O p(y]0) 7(8) d6

It is then clear from the expression of predictive inference that in practice it is
equivalent to consider as prior density for the second experiment the proper den-
sity w(6) = p(@|x). If the first experiment provides very little information on the
parameters, then p(@|x) ~ n(0) and

p(ylx) = /Op(y|0)7r(0)d9 = p®y)

On the other hand, if after the first experiment we know the parameters with high
accuracy then, in distributional sense, (p(0|x), -) =~ (§(8y), -) and

p(ylx) = (5(60), p(y10)) = p(y16o).

2.4 Sufficient Statistics

Consider m random quantities {X;, X», ..., X,,} that take values in Q;x --- X,
and a random vector

T:Qx- - xQ, — RKM

whose k(m) < m components are functions of the random quantities {X;}/,. Given
the sample {x;, x2, ..., x,,}, the vector £ = £(xy, ..., x,) is a k(m)-dimensional
statistic. The practical interest lies in the existence of statistics that contain all the
relevant information about the parameters so we don’t have to work with the whole
sample and simplify considerably the expressions. Thus, of special relevance are
the sufficient statistics. Given the model p(x;, x2, ..., x,|0), the set of statistics
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t =t(xy,...,x,)is sufficient for @ if, and only if, Vm > 1 and any prior distribution
7(6) it holds that

pOlx1, x2, ..., xu) = p(O]t)

Since the data act in the Bayes formula only through the likelihood, it is clear that
to specify the posterior density of @ we can consider

pOlx1, x2, ..., xw) = p(O]t) x p(t]6) w(0)

and all other aspects of the data but ¢ are irrelevant. It is obvious however that ¢ =
{x1, ..., x,} is sufficient and, in principle, gives no simplification in the modeling.
For this we should have k(m) = dim(¢) < m (minimal sufficient statistics) and, in
the ideal case, we would like that k(m) = k does not depend on m. Except some
irregular cases, the only distributions that admit a fixed number of sufficient statistics
independently of the sample size (that is, k(m) = k < m Vm) are those that belong
to the exponential family.

Example 2.1 (1) Consider the exponential model X ~ Ex(x|6): and the iid experi-
ment e(m) that provides the sample x = {x, ..., x,,}. The likelihood function is:

p(xla) —gm 676 (erttxm) otl e—erz

and therefore we have the sufficient statistic £ = (m, >/" | x;) : QXX Q,—>
Rk(m):Z

(2) Consider the Normal model X ~ N (x|u, o) and the iid experiment e(m) again

with x = {xy, ..., x,;}. The likelihood function is:
—m I < 2 —1 1 2
Pl o) o oM exp——s D (i — )P | =0 Mexp |~z — 20+ 1)
20 P 20

and t = (m, D10, xi, Dot x2) 1 Qyx- - -xQ,, —> RFM=3 3 sufficient statistic.
Usually we shall consider ¢ = {m, X, s?} with

1 m
X=— X; and 2= — Z(x,- —x)?
me3

the sample mean and the sample variance. Inferences on the parameters p and o will
depend on ¢ and all other aspects of the data are irrelevant.

(3) Consider the Uniform model X ~ Un(x|0, §) and the iid sampling {x;, x5, ...,
Xm). Then ¢ = (m, max{x;, i = 1,...m}) : Q%X+ -XQ — RFK™M=2 is a suffi-
cient statistic for 6.
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2.5 Exponential Family

A probability density p(x|@), with x € Qx and @ € ® CRF belongs to the
k-parameter exponential family if it has the form:

k
p(x10) = f(x) g(0) exp {Z ci i(6) h,-<x>}

i=1

with

k
90 = [ s [Jewter:@ i) dr < o0

i=1

The family is called regular if supp{X} is independent of 8; irregular otherwise.
Ifx = {x1, x2, ..., x,} is an exchangeable random sampling from the k-parameter
regular exponential family, then

k n
px10) = [T, reo] ts@1 e { > e o) | D hitxp

i=1 j=1

and therefore £(x) = {n, X" h1(x;), ... >, hi(x;)} will be a set of sufficient
statistics.

Example 2.2 Several distributions of interest, like Poisson and Binomial, belong to
the exponential family:

e Fut e~ (p=nln 1)
Fn+1) ~ T'n+1)

(2) Binomial Bi(n|N, 0): P(n|N,0) = (1,\1]) g (1 — N = (2’) " nd+ W —n)in (1-6)

(1) Poisson Po(n|u): P(n|p) =

However, the Cauchy Ca(x|«, [3) distribution, for instance, does not because

p(x1, ..., Xnla, B) H (1+ B — cv)z)_1 = exp {Zlog(l + B — a)z)}

i=1 i=1

can not be expressed as the exponential family form. In consequence, there are
no sufficient minimal statistics (in other words ¢t = {n, x1, ..., x,} is the sufficient
statistic) and we will have to work with the whole sample.
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2.6 Prior Functions

In the Bayes rule, p(6|x) o« p(x|0) p(0), the prior function p(€) represents the
knowledge (degree of credibility) that we have about the parameters before the exper-
iment is done and it is a necessary element to obtain the posterior density p(0|x)
from which we shall make inferences. If we have faithful information on them before
we do the experiment, it is reasonable to incorporate that in the specification of the
prior density (informative prior) so the new data will provide additional information
that will update and improve our knowledge. The specific form of the prior can be
motivated, for instance, by the results obtained in previous experiments. However, it
is usual that before we do the experiment, either we have a vague knowledge of the
parameters compared to what we expect to get from the experiment or simply we
do not want to include previous results to perform an independent analysis. In this
case, all the new information will be contained in the likelihood function p(x|8) of
the experiment and the prior density (non-informative prior) will be merely a math-
ematical element needed for the inferential process. Being this the case, we expect
that the whole weight of the inferences rests on the likelihood and the prior function
has the smallest possible influence on them. To learn something from the experiment
it is then desirable to have a situation like the one shown in Fig.2.1 where the pos-
terior distribution p(@|x) is dominated by the likelihood function. Otherwise, the
experiment will provide little information compared to the one we had before and,
unless our previous knowledge is based on suspicious observations, it will be wise
to design a better experiment.

A considerable amount of effort has been put to obtain reasonable non-informative
priors that can be used as a standard reference function for the Bayes rule. Clearly,
non-informative is somewhat misleading because we are never in a state of absolute
ignorance about the parameters and the specification of a mathematical model for
the process assumes some knowledge about them (masses and life-times take non-
negative real values, probabilities have support on [0, 1],...). On the other hand, it
doesn’t make sense to think about a function that represents ignorance in a formal
and objective way so knowing little a priory is relative to what we may expect to
learn from the experiment. Whatever prior we use will certainly have some effect on
the posterior inferences and, in some cases, it would be wise to consider a reasonable
set of them to see what is the effect.

The ultimate task of this section is to present the most usual approaches to derive
a non-informative prior function to be used as a standard reference that contains
little information about the parameters compared to what we expect to get from the
experiment.* In many cases, these priors will not be Lebesgue integrable (improper
functions) and, obviously, can not be considered as probability density functions that
quantify any knowledge on the parameters (although, with little rigor, sometimes we
still talk about prior densities). If one is reluctant to use them right the way one can,
for instance, define them on a sufficiently large compact support that contains the
region where the likelihood is dominant. However, since

4For a comprehensive discussion see [5].
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in most cases it will be sufficient to consider them simply as what they really are: a
measure. In any case, what is mandatory is that the posterior is a well defined proper
density.

2.6.1 Principle of Insufficient Reason

The Principle of Insufficient Reason’® dates back to J. Bernoulli and P.S. Laplace
and, originally, it states that if we have n exclusive and exhaustive hypothesis and
there is no special reason to prefer one over the other, it is reasonable to consider
them equally likely and assign a prior probability 1/n to each of them. This certainly
sounds reasonable and the idea was right the way extended to parameters taking
countable possible values and to those with continuous support that, in case of com-
pact sets, becomes a uniform density. It was extensively used by P.S. Laplace and
T. Bayes, being he the first to use a uniform prior density for making inferences on the
parameter of a Binomial distribution, and is usually referred to as the “Bayes-Laplace
Postulate”. However, a uniform prior density is obviously not invariant under repa-
rameterizations. If prior to the experiment we have a very vague knowledge about
the parameter 0 € [a, b], we certainly have a vague knowledge about ¢ = 1/6 or
¢ = logf and a uniform distribution for 6:

5 Apparently, “Insufficient Reason” was coined by Laplace in reference to the Leibniz’s Principle
of Sufficient Reason stating essentially that every fact has a sufficient reason for why it is the way
it is and not other way.
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1
m(0)d) = —— db
b—a

implies that:

1
m(@)do = 5 do and 7(()d¢ = ¢S d¢
Shouldn’t we take as well a uniform density for ¢ or (?
Nevertheless, we shall see that a uniform density, that is far from representing
ignorance on a parameter, may be a reasonable choice in many cases even though, if
the support of the parameter is infinite, it is an improper function.

2.6.2 Parameters of Position and Scale

An important class of parameters we are interested in are those of position and scale.
Let’s treat them separately and leave for a forthcoming section the argument behind
that. Start with a random quantity X ~ p(x|u) with p a location parameter. The
density has the form p(x|u) = f(x — p) so, taking a prior function 7(u) we can
write

px,pydxdp = [px|p)dx] [m(p) dpl = [f (x — p)dx] [7(p) dpl

Now, consider random quantity X’ = X + a with a € R a known value. Defining
the new parameter i/ = u + a we have

p(x/’ N/) dx’ d,u’ — [p(x/“l/) dx’] [7r/(,u’) dﬂ/] — [f(x’ _ M/) dx’] [ﬂ_(u/ —a) d//]
In both cases the models have the same structure so making inferences on p from the
sample {x, x1, ..., x,} is formally equivalent to making inferences on y’ from the
shifted sample {x], xj, ..., x;}. Since we have the same prior degree of knowledge
on p and 4/, it is reasonable to take the same functional form for 7 (-) and 7'(-) so:

m(u —a)dy == 7)) dy YaeR
and, in consequence:

() = constant

If 0 is a scale parameter, the model has the form p(x|6) = 6 f (x6) so taking a
prior function 7 (6) we have that

p(x,0)dxdf = [p(x|0)dx] [7(0)dO] = [0f(x0)dx] [7(0)dO]
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For the scaled random quantity X’ = @ X with a € R™ known, we have that:
p(x',0)dx'do' = [p(x'10") dx"] [x'(0")dO'| = [0 f(x'0')dx'] [m(ab) adb)]

where we have defined the new parameter §’ = 6/a. Following the same argument
as before, it is sound to assume the same functional form for 7(-) and 7’ (-) so:

m(al)adld = n(0)dy Ya e R

and, in consequence:
1
0 = —
m(0) 7

Both prior functions are improper so they may be explicited as

1
m(u, 0) 7 1o(0) 1y (1)

with ®, M an appropriate sequence of compact sets or considered as prior measures
provided that the posterior densities are well defined. Let’s see some examples.

Example 2.3 (The Exponential Distribution) Consider the sequence of independent
observations {x1, X3, . .., x,} of the random quantity X ~ Ex(x|0) drawn under the
same conditions. The joint density is

P X, X, ]0) = 0" e OC X2 )

The statistic # = n~' >_"_, x; is sufficient for 6 and is distributed as

_ @) _
p(t|) = o) "' exp{—nbt}

It is clear that 6 is a scale parameter so we shall take the prior function 7(6) = 1/6.
Note that if we make the change z = logt and ¢ = log § we have that

n

I'(n)

p(z|¢) = exp{n ((¢ +2) —e”*%)}

In this parameterization, ¢ is a position parameter and therefore m(¢) = const in
consistency with 7(#). Then, we have the proper posterior for inferences:

(n1)"

T exp{—nt0} 0", 0>0

p@lt,n) =
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Consider now the sequence of compact sets Cy = [1/k, k] covering R' as k— oo.
Then, with support on C;, we have the proper prior density

1
m(0) = ok Glck( )

and the sequence of posteriors:

_ (nt)” i g
prBlt,n) = SR — exp{—nt0} 0" 1¢,(6)

with y(a, x) the Incomplete Gamma Function. It is clear that
lim pi(0|z, n) = p(0|t, n)
k—00

Example 2.4 (The Uniform Distribution) Consider the random quantity X ~

Un(x|0, ) and the independent sampling {x;, x2, ..., x,,}. To draw inferences on
0, the statistics x); = max{xy, X, ..., X, } is sufficient and is distributed as (show
that):
xn—l
plxmll) =n eMn 110,01 (xa1)

As in the previous case, 6 is a scale parameter and with the change t); = log xy,
¢ = log fis aposition parameter. Then, we shall take 7(#) oc #~! and get the posterior
density (Pareto):

il

p@Olxy,n) = 9n+1 1,00 (0)

Example 2.5 (The one-dimensional Normal Distribution) Consider the random
quantity X ~ N (x|u, o) and the experiment e(n) that provides the independent and

exchangeable sequence x = {x|, X2, ..., x,,} of observations. The likelihood func-
tion will then be:

l n
pGxlp, o) = Hp(x,m,o)oc—e p[—g2 > (xi—u)Z]
i=1

There is a three-dimensional sufficient statistic ¢ = {n, X, s} where

_ 1< 1 - _
=;;xi and s2=;;(xi—x)2
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SO We can write

1
p(xlp, @) o — exp {— %‘2 (s +@x - u)z)}

In this case we have both position and scale parameters so we take 7(u, o) =
7(u)m(oc) = o~ and get the proper posterior

1 n _
P(p. 01%) ¢ px |t ) w1, 0) o —r exp = 575 [ 4 (8 = 0]

e Marginal posterior density of o: Integrating the parameter ;1 € R we have that:

2

Foo ) ns
plolx) = p(u, olx)dpoxco™ exp | — 10,00)(0)

o 202
and therefore, the random quantity

ns2

Z=— ~xX@n-1
g

e Marginal posterior density of ;: Integrating the parameter o € [0, co) we have

that:
plulx) = /0 " .ol do o (1 + (“;—f)z)_m 1 oeroer (1)
so the random quantity
T = @ ~ St(tln — 1)

Itisclear that p(u, o|x) # p(u|x) p(o|x) and, in consequence, are not independent.

e Distribution of u conditioned to o: Since p(u, olx) = p(ulo, x) p(olx) we
have that

1 n _2
p(ulo, x) o< —exp{— 5— (L —X)7}
o 20

50 plo ~ N (|, o//n).

Example 2.6 (Contrast of parameters of Normal Densities) Consider two indepen-
dent random quantities X| ~ N(xy, |1, 01) and X, ~ N(x2, |2, 02) and the ran-
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dom samplings x| = {x11, X12, ..., X1, } and xo = {x21, X22, ..., X2,,} Of sizes n;
and n, under the usual conditions. From the considerations of the previous example,
we can write

1 n; 2 _ ) . .

p(xilui,ai)O(Fexp -~ (si +(xi—ui)) ; i=1,2

i i
Clearly, (p, p2) are position parameters and (o, 0,) scale parameters so, in princi-
ple, we shall take the improper prior function

1
w(l1, o1, pa, 02) = m(p)T(p2)m(o)m(o2) o ——
g102

Howeyver, if we have know that both distributions have the same variance, then we

may set ¢ = 0] = o, and, in this case, the prior function will be

1
(1, 2, 0) = w(p) 7 (p2) (o) X p

Let’s analyze both cases.

e Marginal Distribution of o; and o0,: In this case we assume that oy # o, and we
shall take the prior m(u1, o1, ta, 02) & (0102) ", Integrating j¢; and po we get:

—ny _—ny 1 nls12 n2s§
p(or, o2|x1,x2) = p(oy, [x1)p(oz, [X2)xo; oy P expi— = | — + ——
2 o lop

Now, if we define the new random quantities

55 (o1/s1)’ and w o st

7 = =
22 2 2
w sy (02/52) a1

both with support in (0, +00), and integrate the last we get we get that Z follows a
Snedecor Distribution Sn(z|ny — 1, ny — 1) whose density is

(VI/VZ)V]/Z /-1 v —(i+12)/2
, =—r1 - V¥ 14+ — 1 .
p(zlxy, x2) Be (/2. 12/2) z + P z 0,00)(2)

e Marginal Distribution of 1¢; and 1i,: In this case, it is different whether we assume
that, although unknown, the variances are the same or not. In the first case, we set
01 = 0, = o and take the reference prior w(u;, p2, o) = oL Defining

A=n [si+ @ —p)’]+n [55+ @ — )7
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we can erte
p Mz O|X XX —mmm 2
(/’[’17 ’ | ’ y) n lexp —_ A/O-

It is left as an exercise to show that if we make the transformation

w=pu —py € (—00,+00); u=py € (—o0,400) and Z=02€(0,+OO)

and integrate the last two, we get

— — —(ni+ny—1)/2
nin, [(xl—Xz)—w]z) e

ny+ny nlslz—i—ngs%

p(wlxy, x2) x (1 +
Introducing the more usual terminology

2 2
2= nysy +nas
ny+n,—2

we have that

nmny [w— @ —x)P
ny +ny sz(n1+n2—2)

—[(n4+n2—2)+1]/2
p(wlxy, x2) (1 + )

and therefore the random quantity

(=) — (X1 —X2)
C s/ + 1 /)

follows a Student’s Distribution St (¢|v) with v = n| + np — 2 degrees of freedom.
Let’s see now the case where we can not assume that the variances are equal.
Taking the prior reference function m(uy, to, o1, 02) = (0} o)~ we get

2

1
—(ni+1) _—(na+1) _ E
p(ﬂlaﬂ2501502|x17x2)0(01 02 exp{ 2

2+ (% — u,»)z]
i=1

U,'Z/ni

After the appropriate integrations (left as exercise), defining w = pu; — pp and
u = up we end up with the density

T — w — u)2 —ni/2 T — u)? —ny/2
p(w, ulxy, x2) (1+¥) (1_{_%)
Sl 52

where integral over u € R can not be expressed in a simple way. The density



2.6 Prior Functions 103

+00
p(wlxl,xz)oc/ p(w, ulxy, x2) du

—00

is called the Behrens-Fisher Distribution. Thus, to make statements on the difference
of Normal means, we should analyze first the sample variances and decide how shall
we treat them.

2.6.3 Covariance Under Reparameterizations

The question of how to establish a reasonable criteria to obtain a prior for a given
model p(x|0) that can be used as a standard reference function was studied by
Harold Jeffreys [6] in the mid XX century. The rationale behind the argument is that
if we have the model p(x|0) with 8 € @2y € R" and make a reparameterizations
& = ¢(0) with ¢(-) a one-to-one differentiable function, the statements we make
about 0 should be consistent with those we make about ¢ and, in consequence, priors
should be related by

79(0)d0 = ,((0)) ‘ det [(%" (9)” de
0

Now, assume that the Fisher’s matrix (see Sect.4.5)

1,(0) = Ex [fﬂog p(x]0) dlog p(x|0)i|

6; 00,

exists for this model. Under a differentiable one-to-one transformation ¢ = ¢(0)
we have that

00, 00
1(¢) = aTﬁk- an. 1,4(0)
i J

so it behaves as a covariant symmetric tensor of second order (left as exercise). Then,

since
det |: % i|
0¢;

Jeffreys proposed to consider the prior

2

det [1(¢)] = det [1(0)]

7(0)  [det[1(0]]"?

In fact, if we consider the parameter space as a Riemannian manifold (see Sect.4.7)
the Fisher’s matrix is the metric tensor (Fisher-Rao metric) and this is just the invariant
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volume element. Intuitively, if we make a transformation such that at a particular value
¢y = ¢(0y) the Fisher’s tensor is constant and diagonal, the metric in a neighborhood
of ¢, is Euclidean and we have location parameters for which a constant prior is
appropriate and therefore

T(p)de x dp = [det[I1(0)]'*] dO = w(6)dO

It should be pointed out that there may be other priors that are also invariant under
reparameterizations and that, as usual, we talk loosely about prior densities although
they usually are improper functions.

For one-dimensional parameter, the density function expressed in terms of

¢ ~ / [1()]'* do

may be reasonably well approximated by a Normal density (at least in the parametric
region where the likelihood is dominant) because I (¢) is constant (see Sect.4.5) and
then, due to translation invariance, a constant prior for ¢ is justified. Let’ see some
examples.

Example 2.7 (The Binomial Distribution) Consider the random quantity
X ~ Bi(x|0,n):

p(x|n, 0) = (z) ok 1 -0 n,k € No; k <n

with 0 < 6 < 1. Since E[X] = nf we have that:

0 log p(x|n, 6) n
10| (- =252 | = 50

so the Jeffreys prior (proper in this case) for the parameter 6 is
7)) x [0(1 — )]~ 1?
and the posterior density will therefore be
p(@lk,n) oc 712 (1 — gy *1/2

that is; a Be(x|k + 1/2,n — k + 1/2) distribution. Since

= 2asin ('/?)

do
= / VIaT =9
we have that 6 = sin’¢/2 and, parameterized in terms of ¢, I(¢) is constant so the
distribution “looks” more Normal (see Fig.2.2).
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Fig. 2.2 Dependence of the likelihood function with the parameter 6 (upper) and with ¢ =
2 asin(0'/2) (lower) for a Binomial process withn = 10 and k = 1, 5 and 9

Example 2.8 (The Poisson Distribution) Consider the random quantity X ~
Po(x|p):

X

%

_ xeN; peRT
Cx+1)

plxlp) =e"

Then, since E[X] = p we have

9%1 1
=[]

so we shall take as prior (improper):
m(w = U] =p '
and make inferences on p from the proper posterior density

p(ulx) oce ™ =12

that is, a Ga(x|1, x + 1/2) distribution.
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Example 2.9 (The Pareto Distribution) Consider the random quantity X ~
Pa(x10, x¢) with xo € R™ known and density

0 /x0\0+!
Pl x) = — () lgew:  Oe R
X0 X

Then,

%1 0, 1
1(0) = Ex [(— —ogg;;cl xO))] ==

so we shall take as prior (improper):
m(0) oc ()] =07
and make inferences from the posterior density (proper)
pOlx, xg) = x? log x
Note that if we make the transformation ¢ = log x, the density becomes
p(t10, x0) = 0 x5 e ™" 10gxg.00) (1)

for which 6 is a scale parameter and, from previous considerations, we should take
7(0) o/~ in consistency with Jeffreys’s prior.

Example 2.10 (The Gamma Distribution) Consider the random quantity X ~ Ga
(x|, 8) with i, 3 € R™ and density

3

p(xla, B) = %@e

—Qax

711,00 (%)

Show that the Fisher’s matrix is

o
e =20 00)

with W' (x) the first derivative of the Digamma Function and, following Jeffreys’

rule, we should take the prior

172

(o, B) o [BY(B) — 1]

Note that « is a scale parameter so, from previous considerations, we should take
7() oc o', Furthermore, if we consider o and 3 independently, we shall get
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172

(e, B) = T(@m(B) o' [W(B)]

Example 2.11 (The Beta Distribution)
Show that for the Be(x|a, §) distribution with density

I'a+ 0)

m (xa71 (11— X)‘LSLI 1i0,17(x); o, e Rt

p(xla, B) =
the Fisher’s matrix is given by

_(Y@-¥@+hH —Via+p)
I(a, 8) = ( U (a+ ) ' (3) —\I/’(CV-I—ﬁ))

with W’(x) the first derivative of the Digamma Function.

Example 2.12 (The Normal Distribution)

Univariate: The Fisher’s matrix is given by

-2
I(Ms 0) = (00 20(.)—2>

SO

2 1
71 (u, o) o [det[I (p, o]]"* o =

However, had we treated the two parameters independently, we should have obtained

1
m(p, o) = m(p) m(o) x =

The prior 7, o o~ is the one we had used in Example 2.5 where the problem was
treated as two one-dimensional independent problems and, as we saw:

vn—1(u—x) 52
s

T = ~ St —1) and Z=""0 ~ (- 1)
g

with E[Z] =n — 1. Had we used prior 7, &< 02, we would have obtained that

Z ~ x*(z|n) and therefore E[Z] = n. This is not reasonable. On the one hand, we
know from the sampling distribution N (x|, o) that E[ns’0c~2] =n — 1. On the
other hand, we have two parameters (u, o) and integrate on one (o) so the number
of degrees of freedom should be n — 1.
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Bivariate: The Fisher’s matrix is given by

—p(o10a)~! oy ”

I(p, o) = (1 —pH7! ( 7 p(o102) )

Q2 —pHoy? —pA(o102)7! —poy!
I(o1,02,p) = (1= p) " [ =p*(100)7! 2= pPoy? —poy’!
—por —poy (U=

1(u. 0
I(Nl»ﬂz’UI’UZ’P):( (/“0”2) 16100 p))

From this,

12 _ 1

(1, 2, 01, 02, p) o |detd (puy, o, 01, 02, P = 55—
aroy(1 = p*)?

while if we consider 7 (1, p2, o1, 02, p) = (1, )7 (0o1, 02, p) We get

7T(,LL1, H2, 01, 02, p) X537
oroo(1 — p?)32

Problem 2.1 Show that for the density p(x|0); x € Q C R", the Fisher’s matrix (if
exists)

1,;(0) = Ex |:310g p(x]0) Olog p(x|0) :|

6; 06,

transforms under a differentiable one-to-one transformation ¢ = ¢(8) as a covariant
symmetric tensor of second order; that is

00, 00
1,(¢) = a—(; an,- 1,4(0)

Problem 2.2 Show that for X ~ Po(x|u + b) with b € R* known (Poisson model
with known background), we have that I (1) = (i + b)~! and therefore the posterior
(proper) is given by:

pulx, b) oce™ W) (py + by* =12
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Problem 2.3 Show that for the one parameter mixture model p(x|\) = Ap;(x) +
(1 — N pa(x) with py(x) # p2(x) properly normalized and A € (0, 1),

_ 1 [T @) pa(x)
I(/\)_)\(I—A) [1 /_oo p(x|A) dx]

¢

When p;(x) and p,(x) are “well separated”, the integral is << 1 and therefore
I(\) ~ [A(1 = N)]~". On the other hand, when they “get closer” we can write
p2(x) = p1(x) + n(x) with ffooo n(x)dx =0 and, after a Taylor expansion for
[n(x)| << 1 get to first order that

00 _ 2
m):/ (P = P
—00 pl(x)

independent of \. Thus, for this problem it will be sound to consider the prior
w(Ala, b) = Be(A|a, b) with parameters between (1/2, 1/2) and (1, 1).

2.6.4 Invariance Under a Group of Transformations

Some times, we may be interested to provide the prior with invariance under some
transformations of the parameters (or a subset of them) considered of interest for
the problem at hand. As we have stated, from a formal point of view the prior
can be treated as an absolute continuous measure with respect to Lebesgue so
pOlx)dO x p(x|0) m(0) dB = p(x|0) du(0). Now, consider the probability space
(2, B, i) and a measurable homeomorphism 7 : Q— 2. A measure p on the Borel
algebra B would be invariant by the mapping 7 if for any A C B, we have that
w(T~1(A)) = pu(A). We know, for instance, that there is a unique measure A on R"
that is invariant under translations and such that for the unit cube A([0, 1]") = 1:
the Lebesgue measure (in fact, it could have been defined that way). This is consis-
tent with the constant prior specified already for position parameters. The Lebesgue
measure is also the unique measure in R” that is invariant under the rotation group
SO(n) (see Problem 2.5). Thus, when expressed in spherical polar coordinates, it
would be reasonable for the spherical surface S”~! the rotation invariant prior

n—1

du(e) = [ J(sin )"~V dey

k=1

with ¢,_1 € [0, 27) and ¢; € [0, 7] for the rest. We shall use this prior function in
a later problem.
In other cases, the group of invariance is suggested by the model

M :{p(x|0), x € Lx, 0 € Qp}
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in the sense that we can make a transformation of the random quantity X— X" and
absorb the change in a redefinition of the parameters 8— 6’ such that the expression
of the probability density remains unchanged. Consider a group of transformations®
G that acts

on the Sample Space: x—x' =gox; g€ G;x,x' € Qy

on the Parametric Space: 0—0' = go#); geG;0,0 € Qp

The model M is said to be invariant under G if Vg € G and V6 € Qg the random
quantity X’ = goX is distributed as p(x’|6') = p(gox|gof). Therefore, transforma-
tions of data under G will make no difference on the inferences if we assign consistent
“prior beliefs” to the original and transformed parameters. Note that the action of
the group on the sample and parameter spaces will, in general, be different. The
essential point is that, as Alfred Haar showed in 1933, for the action of the group G
of transformations there is an invariant measure p (Haar measure; [8]) such that

J(gox)dpu(x) = . fNdpx")

Qx

for any Lebesgue integrable function f(x) on Q2x. Shortly after, it was shown (Von
Neumann (1934); Weil and Cartan (1940)) that this measure is unique up to a mul-
tiplicative constant. In our case, the function will be p(-|#)1¢(0) and the invariant
measure we are looking for is d(0) o w(6)d6. Furthermore, since the group may be
non-abelian, we shall consider the action on the right and on the left of the parameter
space. Thus, we shall have:

/ p(1go0) 7 (6) dO = / p(16) 7L(0') b
® ®

if the group acts on the left and

/@ p(160g) Tr(6) 6 = /@ p(16) 7R () dOf

if the action is on the right. Then, we should start by identifying the group of transfor-
mations under which the model is invariant (if any; in many cases, either there is no
invariance or at least not obvious) work in the parameter space. The most interesting
cases for us are:

STn this context, the use of Transformation Groups arguments was pioneered by E.T. Jaynes [7].
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Affine Transformations: x—x" = gox =a +bx
Matrix Transformations: x—x’ = gox = Rx

Translations and scale transformations are a particular case of the first and rotations
of the second. Let’s start with the location and scale parameters; that is, a density

g

Pl o) dx = - f (x - “) dx
g

the Affine group G = {g = (a,b);a € R; b€R™"} s0 x' = gox = a + bx and the
model will be invariant if

(W', o) = go(u, 0) = (a, b)o(u, o) = (a + bu, bo)
Now,
/p(~|u/, oYm (W, o")dp do' = /p(~|g0(u, o)mr(p, 0)dpdo =
= /p('lu/, o) {m g™ (W oI, o'y o)} dp do’ =
ro MI —a o 1 / /
= Qs —, — ) 5 dud
/p(lu o) [m( 5 b) b2] wdo
and this should hold for all (a, b) € Rx R™" so, in consequence:
1
dup(pu, o) =mp(u, 0)dpdo s dudo
However, the group of Affine Transformations is non-abelian so if we study the
action on the left, there is no reason why we should not consider also the action on
the right. Since
(W', o) = (u, 0)og = (u, 0)o(a, b) = (1 + ao, bo)
the same reasoning leads to (left as exercise):
1
dur(p, o) =mp(p, 0)dudox —dpdo
o
The first one (1) is the one we obtain using Jeffrey’s rule in two dimensions while
mg is the one we get for position and scale parameters or Jeffrey’s rule treating both
parameters independently; that is, as two one-dimensional problems instead a one

two-dimensional problem. Thus, although from the invariance point of view there is
no reason why one should prefer one over the other, the right invariant Haar prior
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gives more consistent results. In fact ([9, 10]), a necessary and sufficient condition
for a sequence of posteriors based on proper priors to converge in probability to an
invariant posterior is that the prior is the right Haar measure.

Problem 2.4 Asaremainder, given ameasure space (€2, 3, ) amapping 7' : Q@ —>
Qismeasurableif T~'(A) € Bforall A € Band the measure ;s invariant under T if
(T~ (A)) = u(A) forall A € B. Show that the measure du(6) = [0(1 — 0)]7"/* d6
is invariant under the mapping 7 : [0, 1]—[0, 1] such that T : 0—60' =T (0) =
40(1 — 0). This is the Jeffrey’s prior for the Binomial model Bi(x|N, 0).

Problem 2.5 Consider the n-dimensional spherical surface S, of unit radius, x €
S, and the transformation x’ = Rx € S, where R € SO (n). Show that the Haar
invariant measure is the Lebesgue measure on the sphere.

Hint: Recall that R is an orthogonal matrix so R’ = R~'; that |detR| =1 so
J(x';x) = |0x/0x")| = |OR™'x'/0x')| = |detR| = 1 and that x"x’ = x'x = 1.

Example 2.12 (Bivariate Normal Distribution) Let X = (X, X;) ~ N(x|0, ¢») with
¢ = {01, 02, p}; that is:

pxld) = @m) " |det[Z]] "/ exp [— % (x' 7! x)]

with the covariance matrix

2
Y= (pgllaz p‘;‘fz) and det[X] = o703 (1 — p)>
2

Using the Cholesky decomposition we can express X ! as the product of two lower
(or upper) triangular matrices:

1

_ 1 2 —poror i 0
I = Po102\ _ 4t . B 1

¥os det[X] <_p,,2]gz o2 ) =A"A with A= ( il S X

: 0'1\/1—p2 0'2\/]_/)2

For the action on the left:

al

M=T=( C);a,b>0 — J(A; A) =d’c

and, in consequence

4 ’ ’ / 2 __ / 4 / l ’ l
m(adyy, aay +bay,, cay) ac” = (ayy, ay, ay) —> w(ay, ayp, ay) X ——F—

ap dyp

and det[X] = (det[Z~'])~! = (det[A]) 2. Thus, in the new parameterization 8 =
{ai1, az1, axn}
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-1 1 t oAt
p(x]0) = 2m)” " |det[A]|exp | — 3 (x A Ax)

Consider now the group of lower triangular 2x2 matrices

G ={T € LT>x»; T; > 0}

Since T~ € G, inserting the identity matrix I = TT~' = T~'T we have: action
On the Left On the Right
Tox—Tx =x’ xoT =T 'x =x

[x" (T"(T)")A'AT'T)x] [x" (T)'T) A'A(TT ") x]

M=T M=T"
Then
/ -1/ /1t t t 1 /
Mx=x"; x=M 'x"; x" =x'M'" and dx = ——dx
|det[M]]
SO
_y |det[A]] Lo _ _
/9 ) 1 _ - / AM ltAM 1 /
p(x’|0) = (2m) —|det[M]|exP 2(x ( ) ( )x’)

and the model is invariant under G; if the action on the parameter space is
G :A—A =AM, A= A'M; det[A] =det[A']det[M]
o)
p(x'10") = 2n) 7" |det[A']| exp [— % (x" A”A/x’)]
Then, the Haar equation reads
/@ p(e|AYm(A)dA = /O p(elgoA) m(A)dA = /o p(e|A)T(A'M) J(A'; A)dA
and, in consequence, VM € G

w(A'M) J(A'; A)da\,dayday, = w(A') da),day,das,
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For the action on the left:
a 0 i 2
M=T = c va,b>0 — J(A A)=a‘c

and, in consequence

1
/ ’ ’ / 2 / 14 / ’ ’ l
m(adyy, aay +bay,, cay)ac = w(ayy, ay, ay) —> w(ay, ayp, ay) X ——5—
ap dp
For the action on the right:
~1
-1 a 0 / 21
M=T "= - — J(A; A) = (ac
—b(ac) lc 1 ( ) ) ( )
and, in consequence
/ / ! /
ay, cay —bay,, a 1
1 4 22 9 ro ror
m ) ) 5 =7(ayy, ayy, ay) —> Ty, ayy, dyy) X 3
a ac c ac aé]“éz

In terms of the parameters of interest {0, 07, p}, since

1
da“dazldagz = —dO’ldO'dp
otos(1 —p?)?

we have finally that for invariance under G;:

1
(o1, 02, p) = m and (o1, 02, p) =

1
o2(1—p?)

The same analysis with decomposition in upper triangular matrices leads to

T (01, 02, p) = P BT and  mg(oy, 00, p) = 20—

As we see, in both cases the left Haar invariant prior coincides with Jeffrey’s prior
when {u, uo} and {0y, 02, p} are decoupled.

At this point, one may be tempted to use a right Haar invariant prior where the
two parameters o and o, are treated on equal footing
1

(01,02, p) = ————=
o102(1 — p?)
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Under this prior, since the sample correlation

> — X)) (0o — X2)
(201 = ¥02 2,00 = 82)) 2

r =

is a sufficient statistics for p, we have that the posterior for inferences on the corre-
lation coefficient will be

plplx) o« (1 —pH " 32 Fm—1,n—1,n—1/2;(147rp)/2)
with F(a, b, c; z) the Hypergeometric Function.

Example 2.13 1f0 € ® —> gofl = ¢p(0) = 0’ € ® with ¢(0) is a one-to-one differ-
entiable mapping, then

d¢~" (0"

do’ =
oo’

/OP(°|9/)dM(9) = /OP(OIG')ﬂ(G)dG=/OP(°|9')7T(¢1(9’))'

= / p(el0)m(0)dl = / p(el0)du(®)
® ®

and therefore, Jeffreys’ prior defines a Haar invariant measure.

2.6.5 Conjugated Distributions

In as much as possible, we would like to consider reference priors w(f|a, b, ...)
versatile enough such that by varying some of the parameters a, b, . .. we get diverse
forms to analyze the effect on the final results and, on the other hand, to simplify the
evaluation of integrals like:

p(x) = / p(16)-p@)ds  and  p(ylx) = / p(y10)-p(0]x) db

This leads us to consider as reference priors the Conjugated Distributions [11].
Let S be a class of sampling distributions p(x|6) and P the class of prior densities
for the parameter 6. If

p@ix) €e P forall px|f) € S and p@) € P

we say that the class P is conjugated to S. We are mainly interested in the class
of priors P that have the same functional form as the likelihood. In this case, since
both the prior density and the posterior belong to the same family of distributions,
we say that they are closed under sampling. It should be stressed that the criteria for
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taking conjugated reference priors is eminently practical and, in many cases, they do
not exist. In fact, only the exponential family of distributions has conjugated prior
densities. Thus, if x = {x|, x5, ..., x,} is an exchangeable random sampling from
the k-parameter regular exponential family, then

k n
px|0) = f(x) g(@)exp | D c; ;(0) (Z h,(x,»))

j=1 i=1

and the conjugated prior will have the form:

1 k
T(0|T) = ) (9" exp 1> ¢;¢;0) 7
1

j:
where @ € ©, 7 = {7y, 11, . .., 7x} the hyperparameters and K (T7) < oo the normal-
ization factor so f® 7(0|7)d@ = 1. Then, the general scheme will be’:

(1) Choose the class of priors 7(6|7) that reflect the structure of the model;
(2) Choose a prior function 7 (7) for the hyperparameters;

(3) Express the posterior density as p(@, T|x) « p(x|0)7(8|7)7(T);

(4) Marginalize for the parameters of interest:

p(9|x)0</ p(x|O)m(@|T)m(T)dT
[

or, if desired, get the conditional density

_ px.6.7) _ px|®)m(@]7T)
p(x, ) p(x|T)

The obvious question that arises is how do we choose the prior 7(¢) for the hyper-
parameters. Besides reasonableness, we may consider two approaches. Integrating
the parameters 6 of interest, we get

p(r.x) =mn(T) [) p(x|0)m(0|T)dO = 7(T) p(x|T)

so we may use any of the procedures under discussion to take (7) as the prior for
the model p(x|7) and then obtain

7r(0)=/ w(0|T) w(T)dT
Q

-

"We can go an step upwards and assign a prior to the hyperparameters with hyper-
hyperparameters,...
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The beauty of Bayes rule but not very practical in complicated situations. A second
approach, more ugly and practical, is the so called Empirical Method where we
assign numeric values to the hyperparameters suggested by p(x|7) (for instance,
moments, maximum-likelihood estimation,...); that is, setting, in a distributional
sense, 7(T) = 0+ so (w(7), p(@,x, T)) = p(0, x, 7). Thus,

pOlx, %) o p(x|0)7(O|T")

Obviously, fixing the hyperparameters assumes a perfect knowledge of them and
does not allow for variations but the procedure may be useful to guess at least were
to go.

Last, it may happen that a single conjugated prior does not represent sufficiently
well our beliefs. In this case, we may consider a k-mixture of conjugated priors

k
7O|T1, ..., T = D wim(O]T;)

i=1

In fact [12], any prior density for a model that belongs to the exponential family can
be approximated arbitrarily close by a mixture of conjugated priors.

Example 2.14 Let’s see the conjugated prior distributions for some models:
e Poisson model Po(n|u): Writing

e B e~ (n—nlog )
Fn+1) Tm+1D)

p(nlp) =

it is clear that the Poisson distribution belongs to the exponential family and the
conjugated prior density for the parameter p is

m(ulTi, 72) e R o Ga (|, )
If we set a prior 7(7y, 72) for the hyperparameters we can write
p(n, p, 71, m2) p(nlp) m(plmi, 72) = (71, 72)
and integrating u:

I'(n+7) i
L) A+t

] (11, 72) = p(n|m, 1) 7(71, T2)

pn, 1, M) = [

e Binomial model Bi(n|N, 0): Writing

n

P(n|N,0) = (IZ) 0" (1 —N " = (N) o102 0+(N—=n) log (1-6)
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it is clear that it belong to the exponential family and the conjugated prior density
for the parameter 6 will be:

7 (0l71, 72) = Be(t|11, T2)
e Multinomial model Let X = (X, X5, ..., Xi) ~ Mn(x|0); that is:

k
k ejc, X,' S N, Zi:l X,’ =n
X~ px|0)=Tn+1) Hm
i=l i 9,‘ e [0, 1], Zle 9[’ =1

The Dirichlet distribution Di(0|cx):

' a=(a,q,...,0n), o >0, Zle Qi = Qo
m(@le) = D(a) [ 65 .
i=1 D(a) = I'(ap) [Hf;l Iﬁ(Oéi)]

is the natural conjugated prior for this model. It is a degenerated distribution in the
sense that

k-1 k=1 ol
7(0)la) = D(c) []‘[ 0;‘”} [1 - 29,}
i=1 i=1
The posterior density will then be @ ~ Di(6|x + «) with

i i E[6;1(0;; — E[6;
E[el] = x_{_ﬂ and V[H,‘, 9]] — [ ](Jrj — { j])
nT Qo n+ ap

The parameters « of the Dirichlet distribution Di(€|c) determine the expected
values E[0;] = a;/ay. In practice, it is more convenient to control also the variances
and use the Generalized Dirichlet Distribution G Di (0|, 3):

i

— F(at+5t a,fl
rle-p H Nl (%) 29

where:

k—1
0<6 <1, Zei<1, 9,;1-29,-
i=1 =

a; >0, B >0, and %[g;;—li,-?—iﬁiz_zlzl,Z,...,k—Z
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When §; = «;11 + Bi4 it becomes the Dirichlet distribution. For this prior we have
that

o
l +ﬂl

(0% +5,‘j

E[0;] =
0] = a; + G + 1

and  V[6;,0,]1 = E[0;] ( T; — E[Qi])

where

i—1 i—1
i+ 1
/6] and T‘l — ﬂj——i_
Hla + B; ]I,ZIIaj+ﬂj+1

with S; = 77 = 1 and we can have control over the prior means and variances.

2.6.6 Probability Matching Priors

A pragmatic criteria is that of probability matching priors for which the one sided
credible intervals derived from the posterior distribution coincide, to a certain level
of accuracy, with those derived by the classical approach. This condition leads to
a differential equation for the prior distribution [13, 14]. We shall illustrate in the
following lines the rationale behind for the simple one parameter case assuming that
the needed regularity conditions are satisfied.

Consider then a random quantity X ~ p(x|f) and an iid sampling x = {x, x2,

., X,} with 6 the parameter of interest. The classical approach for inferences is
based on the likelihood

p10) = pOa,x2. ... x10) = [ ] pixil6)
i=1

and goes through the following reasoning:

(1) Assumes that the parameter 6 has the true but unknown value 6 so the sample
is actually drawn from p(x|60y);

(2) Find the estimator 6,,(x) of 6y as the value of 6 that maximizes the likelihood;
that is:

) Olnp(x|0)\
O = max{p(x|)} —> (T)om =0

(3) Given the model X ~ p(x|6)), after the appropriate change of variables get the
distribution

)4 (9111 IHO)
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of the random quantity 6,,(X, X», ... X,,) and draw inferences from it.

The Bayesian inferential process considers a prior distribution 7 (#) and draws infer-
ences on 6 from the posterior distribution of the quantity of interest

p(0lx) o< p(x|6) w(0)

Let’s start with the Bayesian and expand the term on the right around 6,,. On the
one hand:

p&l0) _ 1 (0*Inpxi6) 2, & In p(x|0) 3
lnp(x|9m)_2!( o), O =Om)” + 5 ), O —0m)® +

Now,

n o 00>  n4 00> 062

19*°Inpx|0) 1~ 0*(—Inp(xi10)) oo |:82(—1np(x|9))
Sl - o TR R | ——
i=1

}:1(9)

SO we can substitute:

0 1n p(x|0) & 1n p(x|0) oI (6)
T =-nl m a3 = - ~an
( o )em 7 [ On) - and ( o )gm " ( o0 )9

to get

G g g
p(xl0) = e PEIO) o~ 2" (0= 0w (1 (agj)) (9_9,,1)3+---)

On the other hand:

_ 1 o)
w(0) = 7(0n) (1 + (% 30 )0 O —0,) + - )

so If we define the random quantity T = /n1(#,,)(0 — 6,,) and consider that

81(9) o112
-3/2
O =g =2 00
we get finally:
exp(—17/2) 2/2) I172(0) o7 (0) 1 (o172 3
pule)y === ( T[ 7r(0) a0 )gmt+§( a0 )emt
1
+0 ;
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Let’s now find

Z

P(T = z|x) =/ p(tlx)dt

—00
Defining

e "2 and P(x)=/ Z(t)dt

1
Z =
(x) Ner -

and considering that

/Z Z(t)tdt = —Z(z) and /Z Zdt = —Z(2) (2> +2)

oo oo

it is straight forward to get:

B Z@) | (1712 or ) 2+2 (01712 1
P(Tfﬂx)_P(Z)_\/ﬁ{( O 06 )9m+ 3 ), 0(2)

From this probability distribution, we can infer what the classical approach will
get. Since he will draw inferences from p(x|6y), we can take a sequence of proper
priors i (6]6p) for k = 1,2, ... that induce a sequence of distributions such that

limy o0 (M (0160), p(x16)) = p(x]6o)
In Distributional sense, the sequence of distributions generated by
k
e (0]600) = 3 Li0)—1/k.00+1/k1 k=1,2,...

converge to the Delta distribution dy, and, from distributional derivatives, as k— oo,

d d
(== (0160), I772(0)) = —(m (0160, @1—“2(9» ~ — (

311/2(9)))
do "

00

But 6y = 6,, + O(1/4/n) so, for a sequence of priors that shrink to 8y =~ 6,,,

B Z() | 22 +1 (o172 1
P(T < zlx) = P(2) - ﬁ[ ] ( — )9J+o(}—1)

For terms of order O(1/4/n) in both expressions of P(T < z|x) to be the same, we
need that:
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( 11 877(0)) __(311/2)
VIO ©) 00 ), 0 ),

7(0) = 1'% (0)

and therefore

that is, Jeffrey’s prior. In the case of n-dimensional parameters, the reasoning goes
along the same lines but the expressions and the development become much more
lengthy and messy and we refer to the literature.

The procedure for a first order probability matching prior [15, 16] starts from the
likelihood

p(x1, X2, ... x,|01, 02, ...0p)

and then:

(1) Get the Fisher’s matrix I (0, 05, ...6,) and the inverse 17'0,,0,,... 0,);
(2) Suppose we are interested in the parameter t = ¢ (01, 6, ... 0,) a twice contin-
uous and differentiable function of the parameters. Define the column vector

v (o o or\"
"7 \ae, 90, 00,

(3) Define the column vector

I7'v,

= T 5 so that TI =1
VTV, A

Ui

(4) The probability matching prior for the parameter# = ¢ () intermsof 6, 6,, ... 6,
is given by the equation:

L
kZ:,: 0 [17:(8) T(8)] = 0

Any solution (6, 0,, ... 0,) will do the job.

(5) Introduce ¢ = #(0) in this expression, say, for instance 0, = 0,(t, 0, ...0,),
and the corresponding Jacobian J(t, 0,, ...0,). Then we get the prior for the
parameter ¢ of interest and the nuisance parameters 6», ... 0, that, eventually,
will be integrated out.

Example 2.15 Consider two independent random quantities X; and X, such that

P(X; = ny) = Po(ng|w).
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We are interested in the parameter t = 1/, S0 setting . = o we have the ordered
parameterization {z, ;1}. The joint probability is

ny . np

—(p1 + p2) My My
F'ni+ DT (na+ 1)

P(ny, nalpy, po) = P(nylp) P(nalps) =e

from which we get the Fisher’s matrix

1 0 B 0
I(m,uz)=( /O’“ 1/M) and I (1, o) = (’g Mz)

We are interested in the parameter ¢ = /2, a twice continuous and differen-
tiable function of the parameters, so

or o\ T =1
V. = _— = -1 — -2 = ,LL2
TN (am, 8#2) (13!, —paps?) (—um;z)

Therefore:

-1
_ _ w1y + po)
IIV’Z(_“LTZ“) S=V/TV =———5—
2 2%
= v, _ (1) 2y + )12
(VT 1 v)1/? — ()2 + p2) =12

so that n”In = 1. The probability matching prior for the parameter ¢ = ju;/j, in
terms of u; and p; is given by the equation:

2,0
> T G0 w01 =0
k=1

50, if f(pu1, pr2) = (pai2)'? (1 + p12)~'/2, we have to solve

0 0
= S, p2) m(pr, p2) = w— f Qs po) T, po)
O Opn

Any solution will do so:

NG AN )
N H1 2

Substituting ;1; = tp, and including the Jacobian J = p, we have finally:

(s ) o £ (s o) =
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141t
m(t, p2) X /12 -

The posterior density will be:

_ _ 32—
p(t, palny, no) o< p(ny, nalt, po)m(t, o) e pa L+ 1) pm 1/2(1+1)1/2M;+/ :

and, integrating the nuisance parameter 1, € [0, 00), we get the posterior density:

tn1—1/2

tiny, =N—-—
p(tiny, nz) e

with N~! = B(n; +1/2,n2 + 1/2).

Example 2.16 (Gamma distribution) Show that for Ga(x|a, [3):

af

INE))

the probability matching prior for the ordering
o (8, a}ism(a, B) = 2 [a” VBV (D) — 1]
o (o, BYis(a, B) = [« VI D] VBV (B) — 1

to be compared with Jeffrey’s prior 73 (av, 3) = a~'/BY’(B) — 1 and Jeffrey’s prior
when both parameters are treated individually 7r{ (o, ) = o' /U (3)

e xB-1 1(0,00)(x)

p(xle, B) =

Example 2.17 (Bivariate Normal Distribution)
For the ordered parameterization p, oy, o,: the Fisher’s matrix (see Example
2.12) is:

A+ =) —poy! —poy !
I(p.o1,00) =(1—pH)! —poy! 2= pHoy? —p*(o1o0) 7!
—poy! —p* (1027 (2= phos?

and the inverse:

1 2(1 = p*)? o1p(l — p*) o2p(1 — p?)
I (p,01,00) = = | o1p(1 = p?) o} p*oios
ap(1 = p?)  projos 0%

Then

20 0 0
iy 7 - - =
pap[ﬂ-( P+ B0, [roi] + Bos [ro2] =0
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for which
1
m(o1, 02, p) = o= )
is a solution.
Problem 2.6 Consider
sinh[o(b — a)] 1

X ~ p(xla,b,0) = 1(—oo,00) (%)

2(b —a)  cosh[o(x — a)]cosh[o(b — x)]
where a < b € R and ¢ € (0, 00). Show that

b+a b —a)? 72
d \% = —
2 an Lx] 12 1202

E[X] =

and that, for known ¢ >>, the probability matching prior for a and b tends to
Tpm(a, b) ~ (b — a)~'/2. Show also that, under the same limit, 7 ,, (6) ~ 6~'/2 for

(a,b) = (—0,0) and (a, b) = (0, 0). Since p(x|a, b, c) — Un(x|a, b) discuss in
this last case what is the difference with the Example 2.4.

2.6.7 Reference Analysis

The expected amount of information (Expected Mutual Information) on the para-
meter 6 provided by k independent observations of the model p(x|6) relative to the
prior knowledge on 6 described by 7 (0) is

p(01z1)

1le®), 7(0)] = / 7(6) do / p(ilf) log dz
® Qx w(0)
where 7, = {x1, ..., x;}. If limg_ o I [e(k), w(0)] exists, it will quantify the maxi-

mum amount of information that we could obtain on 6 from experiments described
by this model relative to the prior knowledge 7(6). The central idea of the ref-
erence analysis [4, 17] is to take as reference prior for the model p(x|6) that
which maximizes the maximum amount of information we may get so it will be
the less informative for this model. From Calculus of Variations, if we introduce
the prior 7*(0) = w(0) 4 en(f) with w(6) an extremal of the expected information
I [e(k), m(6)] and 1n(6) such that

/ 7(0)do = / #Odo =1 —> n(0)do =0
® ® €]



126 2 Bayesian Inference

it is easy to see (left as exercise) that

m(f) o exp [/ p(z6) log p(Olzi) dzi t = fi(0)
Qx

This is a nice but complicated implicit equation because, on the one hand, f;(6)
depends on () through the posterior p(6|z;) and, on the other hand, the limit
k— o0 is usually divergent (intuitively, the more precision we want for 6, the more
information is needed and to know the actual value from the experiment requires an
infinite amount of information). This can be circumvented regularizing the expression
as

0
w(0) o w(0y) klir&%

with 6, any interior point of ® (we are used to that in particle physics!). Let’s see
some examples.

Example 2.18 Consider again the exponential model for which r = n=' 3"'_ x; is
sufficient for 6 and distributed as

RGO
p(t|0) = ) 1" exp{—n0t}

Taking 7(6) = 1(0.00)(f) we have the proper posterior

n+1
Ol = % exp {—nfit} 6"

Then log 7* (0|t) = —(n6)t + n logf + (n + 1) logt + gy (n) and

w(0) o w(6y) nli)ngc 700 x 7

fn(a):exp[/ p(t10) log 7 (0]1) di =gz(§") — fu® ]
Qx

Example 2.19 Prior functions depend on the particular model we are treating. To
learn about a parameter, we can do different experimental designs that respond to
different models and, even though the parameter is the same, they may have different
priors. For instance, we may be interested in the acceptance; the probability to accept
an event under some conditions. For this, we can generate for instance a sample of
N observed events and see how many (x) pass the conditions. This experimental
design corresponds to a Binomial distribution

p(x|N,0) = (N) 6* (1 —gyN=*

X
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withx = {0, 1, ..., N}. For this model, the reference prior (also Jeffrey’s and PM) is
w(0) = 6~'/2(1 — )~'/? and the posterior § ~ Be(f|x + 1/2, N — x + 1/2). Con-
versely, we can generate events until r are accepted and see how many (x) have we
generated. This experimental design corresponds to a Negative Binomial distribution

pxlr, ) = (x ~ 1) 0 (1 -6y
r—1
where x =r,r + 1,...and r > 1. For this model, the reference prior (Jeffrey’s and

PM too) is (/) = 0~'(1 — #)~'/? and the posterior & ~ Be(d|r, x —r + 1/2).

Problem 2.7 Consider

(1) X ~ Po(x|0) = exp{—ﬁ}% and the experiment e(k) iid {x1, X2,
... x¢}. Take 7 (0) = 1(0,00)(0), and show that

7(0) o w(0y) kﬁ:& —]{kk((;o)) o 7172

2) X ~ Bi(x|N,0) = (1;/) 6% (1 — 0)N=* and the experiment e(k) id {x1, x2,
... x;}. Take 7 (0) o< 0°~1(1 — 6)>~119.1y(0) with a, b > 0 and show that

7(0) x 7(0) lim SO x 07121 —9)~17?

k=00 fi(6)

(Hint: For (1) and (2) consider the Taylor expansion of log I'(z, -) around E[z] and
the asymptotic behavior of the Polygamma Function W™ (z) = a,z ™" + @, 1z~ "V
T

(3) X ~ Un(x|0, 6) and the iid sample {x;, x, ...x}. For inferences on 6, show
that fi = 6~'g(k) and in consequence the posterior is Pareto Pa(f|xy,n) with
Xy = max{xy, xp, ...x;} the sufficient statistic.

A very useful constructive theorem to obtain the reference prior is given in [18].
First, a permissible prior for the model p(x|0) is defined as a strictly positive function
m(#) such that it renders a proper posterior; that is,

Vx € Qy /p(x|9)7r(0)d9 < 00
®

and that for some approximating sequence ®; C O;lim;_, o, ®; = ©, the sequence
of posteriors pi(0]x) o p(x]|0)m(0) converges logarithmically to p(f]x) o
p(x|0)m(0). Then, the reference prior is just a permissible prior that maximizes
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the maximum amount of information the experiment can provide for the parameter.
The constructive procedure for a one-dimensional parameter consists on:

(1) Take 7*(#) as a continuous strictly positive function such that the corresponding
posterior

p(zi6) ™ (0)
Jo p(zi10) w(0) dO

7 (0lzi) =

is proper and asymptotically consistent. 7*(6) is arbitrary so it can be taken for
convenience to simplify the integrals.
(2) Obtain

Q)
i 00)

fk*(9)=eXp[/ p(zi|6) log W*(9|zk)dzk] and  he(9; 6p) =
Qx

for any interior point 0y € ®;
3) It

(3.1) each f;*(9) is continuous;

(3.2) for any fixed 6 and large k, is /i, (0; 6p) is either monotonic in k or bounded
from above by %(0) that is integrable on any compact set;

(3.3) w(0) = limg_, o, hi(0; Oy) is a permissible prior function

then 7(0) is a reference prior for the model p(x|6). It is important to note that there
is no requirement on the existence of the Fisher’s information I(0). If it exists, a
simple Taylor expansion of the densities shows that for a one-dimensional parameter
7(0) = [1(60)]"/? in consistency with Jeffrey’s proposal. Usually, the last is easier to
evaluate but not always as we shall see.

In many cases supp(#) is unbounded and the prior 7w () is not a propper density. As
we have seen this is not a problem as long as the posterior p(0|z;) o< p(z;|0)7(0)
is propper although, in any case, one can proceed “more formally” considering a
sequence of proper priors 7, (0) defined on a sequence of compact sets ©,, C ®
such that lim,,_, o ®,, = ® and taking the limit of the corresponding sequence
of posteriors p,,(0|zx) o p(zx|@)m,(0). Usually simple sequences as for exam-
ple ®, =[1/m,m]; lim,,_ ®,, = (0, 00), or ®, = [—m,m]; lim,_. O, =
(—o0, o0) will suffice.

When the parameter € is n-dimensional, the procedure is more laborious. First, one
starts [4] arranging the parameters in decreasing order of importance {6, 05, ..., 6,}
(as we did for the Probability Matching Priors) and then follow the previous scheme
to obtain the conditional prior functions

(0,101,042, ...,60,_1) T(0,-1101,0,, ...,0,2) ... w(62]0)) 7(6,)

For instance in the case of two parameters and the ordered parameterization {6, \}:

(1) Get the conditional 7w(\|6) as the reference prior for A keeping 6 fixed;
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(2) Find the marginal model

p(x|0)=/bp<x|9, N TN0) dA

(3) Get the reference prior 7(6) from the marginal model p(x|0)

Then 7w (0, \) o< w(A|@)7(0). This is fine if w(A|@) and 7 (#) are propper functions;
seldom the case. Otherwise one has to define the appropriate sequence of compact
sets observing, among other things, that this has to be done for the full parameter
space and usually the limits depend on the parameters. Suppose that we have the

sequence ©; x A; iy ® x A. Then:
(1) Obtain m; (\|6):

. ) _p@ONTD AL
TN ) — 7 . 20) = =2 LG Sy — mOW = lim, S

(2) Get the marginal density p;(x|6):

pix16) = [ pxl6. ) m(6) 0
(3) Determine 7;(6):

pi k|07 (0) . fr01e, A, )
()16, (0 *(0lz) = i ((0) = lim TR )
O O) = O = mm@as O = Goien A, )

(4) The reference prior for the ordered parameterization {6, A} will be:

o mAO) ()
O = i i) . Go)

In the case of two parameters, if A is independent of # the Fisher’s matrix usually
exists and, if 7(#, \) and S(#, \) = I'(6, \) are such that:

In0,\) =al@)b}(\) and 8,16, )\) = ag2(0) by*(\)

then [19] w(0, A) = w(A|0)7(0) = ao(f) by (N) is a permissible prior even if the con-
ditional reference priors are not proper. The reference priors are usually probability
matching priors.

Example 2.20 A simple example is the Multinomial distribution X ~ Mn(x|60) with
dimX = k + 1 and probability
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p(x|0) o 0% 6% ... 07 (1 — &), 5 = Zoj

Consider the ordered parameterization {6, 65, ..., 6;}. Then
w01, 0o, ..., Or) = T(OkOk—1, Ok—2 ... 02, 01) T(Ok—1|0k—2 ... 02, 01) ... w(02101) ™(01)
In this case, all the conditional densities are proper
TOp|On_rs ... 01) xO,, 2 (1 =6,)"

and therefore

k
w01, 02, ... O o [0 (4 =672

i=1
The posterior density will be then

k

p(Blx) [H 0,512 (1 - 5,-)—1/2} (1 — Gy

i=1

Example 2.21 Consider again the case of two independent Poisson distributed ran-
dom quantities X and X, with joint density
1y B’

P(ny, na|u, =P P(n — e~ (1t 12)
(n1, na|pr, p2) (1) P(nalpa) Fo + DFa D

We are interested in the parameter 6 = 11/, so setting . = pp we have the ordered
parameterization {6, u} and:

9’”#"
C(ny+DI'(na+ 1)

P(ny.ny0, ) = e H(1+0)

where n = n; +n;,. Since E[X;] = p; = 0u and E[X;] = uy = p the Fisher’s
matrix and its inverse will be

_ (o1 . _ -1 1 [0 +0)/p—0
I_(1 (1"‘9)/#)’ det(I) =0 and S=1 _( _9 ,U)

Therefore

Sn=00+60/u and Fr=01+0)/u
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and, in consequence:

fI/Z_L 1/2_«/1—}-9
m(0) f1(pu) oSy, BNOET)] m(ulf) f2(0) X Fpy~ = N

Thus, we have for the ordered parameterization {f, u} the reference prior:

1
(0, p) = 7(p|0) m(0) W

and the posterior density will be:
PO, plny.ny) o exp {—p(l+0)) 0712 (14 6)712 112

and, integrating the nuisance parameter x € [0, 00) we get finally

onl—l/z

Olny, =N——
p@lny, n2) TEYIGL

with @ = 1 /p2, n =ny; +ny and N~ = B(ny + 1/2, np 4+ 1/2). The distribution
function will be:

0
P(9|n1,nz)=/ plni,n2)d0" = 1(0/(1 +0);n1 +1/2,n2 +1/2)
0

with I (x; a, b) the Incomplete Beta Function and the moments, when they exist;

E[0"] = 'mi+124+m)T(n, +1/2 —m)
B F'(ny+1/2)T(ny +1/2)

It is interesting to look at the problem from a different point of view. Consider
again the ordered parameterization {#, \} with 8 = u;/u, but now, the nuisance
parameter is A = ) + po. The likelihood will be:

1 —\ o

n

T+ Dl + D) (1 +0)"

P(ny,n2l0, \) =
The domains are ® = (0, co) and A = (0, 00), independent. Thus, no need to specify

the prior for A since

ny

(1+0)"

ni

a+oy " ®

p(@|ny, ny) ccm(0)

/ AN
A

In this case we have that
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1 1
1) x —— H=—
O rae O =T e
and, in consequence,
gm—1/2
Olny, =N—-—
pOlny, na) dr o

Problem 2.8 Show that the reference prior for the Pareto distribution Pa(x|6, xq)
(see Example 2.9) is (0, xo) o< (0xo)~! and that for an iid sample x = {x1, ..., x,,},
if x,, = min{x;}/"_, and a = > /_, In(x; /x,,) the posterior

n—1

nf—1
na X
(0, xolx) = P T e~ 0! (X—O) 10,00) (@) 1(0.x,,) (x0)

is proper for a sample size n > 1. Obtain the marginal densities

n—1

p(Olx) = = a e 0" 10 (0)  and

(n—1)

nn—1 n xa 17"
p(xglx) = ¥x0_1 |:l + —In (—):| 10,x,) (x0)
a a X0

and show that for large n (see Sect.2.10.2) E[0] ~ na~" and E[xo] =~ x,,.

Problem 2.9 Show that for the shifted Pareto distribution (Lomax distribution):

9 Xo 0+1
p(x]0, xo) = — ( ) 1(0,00)(x); 0,x0€ R"
Xo \X + Xxo

the reference prior for the ordered parameterization {6, x¢} is 7,(6, xo)
(2000 + 1))~! and for {xg, 8} is 7, (x0, 8) o (xo#)~'. Show that the first one is
a first order probability matching prior while the second is not. In fact, show that
for {xo, 0}, 7pm(x0, 0) o (x06*/?+/6+2)~" is a matching prior and that for both
orderings the Jeffrey’s prior is 7, (6, xo) o (xo(8 + 1)/0(@ +2))~".

Problem 2.10 Show that for the Weibull distribution

(x|, B) = afx"Texp {—axﬁ} 1(0,00) (x)

with «, 8 > 0, the reference prior functions are
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m@Go)=@d)  ad  mep) = (aBVD + @) —na)

for the ordered parameterizations {3, a} and {«, 3} respectively being ((2) = 72/6
the Riemann Zeta Function and ¢(2) = 1 — y the Digamma Function.

2.7 Hierarchical Structures

In many circumstances, even though the experimental observations respond to the
same phenomena it is not always possible to consider the full set of observations as an
exchangeable sequence but rather exchangeability within subgroups of observations.
As stated earlier, this may be the case when the results come from different exper-
iments or when, within the same experiment, data taking conditions (acceptances,
efficiencies,...) change from run to run. A similar situation holds, for instance, for
the results of responses under a drug performed at different hospitals when the under-
lying conditions of the population vary between zones, countries,... In general, we
shall have different groups of observations

X1 = {X11, X21, -+, Xny1}

x] = {xl]5 x2j, MR x}’ljj}

Xy ={x17, %20, .., Xn, 7}
from J experiments e (1), e>(n2), ..., e;(n;). Within each sample x ;, we can con-
sider that exchangeability holds and also for the sets of observations {x, x;, ..., x,}

In this case, it is appropriate to consider hierarchical structures.
Let’s suppose that for each experiment e(j) the observations are drawn from the
model

p(x;10;); j=1,2,...,J

Since the experiments are independent we assume that the parameters of the sequence
{6, 0,, ...,0,} are exchangeable and that, although different, they can be assumed
to have a common origin since they respond to the same phenomena. Thus,we can
set

J
P, 6s,....0,1¢) =] p@ild)

i=1
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Fig. 2.3 Structure of the
hierarchical model “

0, 0, ssssssses 6,4 Om
Xy Xy seemeerans X1 Xm

with ¢ the hyperparameters for which we take a prior w(¢). Then we have the
structure (Fig.2.3.)

J
P, x,01,...,0,,0) =7(d) || p(xi16:) 7(6:l9)
i=1

This structure can be repeated sequentially if we consider appropriate to assign a
prior w(¢|T) to the hyperparameters ¢ so that

p(x.0,¢.7) = p(x|0) 7(0|¢) 7(P|T) ™(T)

Now, consider the model p(x, 6, ¢). We may be interested in 0, in the hyperpa-
rameters ¢ or in both. In general we shall need the conditional densities:

o p(plx) x p(9) | p(x|0) p(Blp) dO

e p(Olx, P) = % and
o p(6lx) = 25 (o) = LSO [ pi01¢) p(g) dep

that can be expressed as

0
p(Olx) = / ”(’;(—x)d’)dgb: / p(O1x, &) p(dlx) déb

and, since

p(dlx)
p(x|p)

p(O1x) = p(x|0) / p(616) dé

we can finally write
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(0. ¢) (@) p(Blx)
= p(0 — =p(0
pe PO e =Pl e

In general, this conditional densities have complicated expressions and we shall
use Monte Carlo methods to proceed (see Gibbs Sampling, Example 3.15, in Chap. 3).

It is important to note that if the prior distributions are not proper we can have
improper marginal and posterior densities that obviously have no meaning in the
inferential process. Usually, conditional densities are better behaved but, in any case,
we have to check that this is so. In general, the better behaved is the likelihood
the wildest behavior we can accept for the prior functions. We can also used prior
distributions that are a mixture of proper distributions:

pOl@) =D wi pi(0]¢h)

with w; > 0 and D>~ w; = 1 so that the combination is convex and we assure that it
is proper density or, extending this to a continuous mixture:

P@@=/wwwwWUMa

2.8 Priors for Discrete Parameters

So far we have discussed parameters with continuous support but in some cases it
is either finite or countable. If the parameter of interest can take only a finite set
of n possible values, the reasonable option for an uninformative prior is a Discrete
Uniform Probability P(X = x;) = 1/n. In fact, it is shown in Sect.4.2 that maxi-
mizing the expected information provided by the experiment with the normalization
constraint (i.e. the probability distribution for which the prior knowledge is minimal)
drives to P(X = x;) = 1/n in accordance with the Principle of Insufficient Reason.

Even though finite discrete parameter spaces are either the most usual case we
shall have to deal with or, at least, a sufficiently good approximation for the real
situation, it may happen that a non-informative prior is not the most appropriate (see
Example 2.22). On the other hand, if the parameter takes values on a countable set
the problem is more involved. A possible way out is to devise a hierarchical structure
in which we assign the discrete parameter 6 a prior 7 (6| \) with A a set of continuous
hyperparameters. Then, since

px, ) = Zp(xlﬂ)W(GIA) T(A) = p(x|A) T(A)
0e®

we get the prior 7w(A) by any of the previous procedures for continuous parameters
with the model p(x|\) and obtain
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m(0) 0(/77(9|)\)7r()\)d)\
A

Different procedures are presented and discussed in [20].

Example 2.22 The absolute value of the electric charge (Z) of a particle is to be deter-
mined from the number of photons observed by a Cherenkov Counter. We know from
test beam studies and Monte Carlo simulations that the number of observed photons
n., produced by a particle of charge Z is well described by a Poisson distribution
with parameter ;i = nyZ?; that is

(noZ%)"

P . ,Z — —Vlozz—
(nfno, 2) = &% LS

so E[n,|Z = 1] = ny. First, by physics considerations Z has a finite support Q7 =
{1,2,...,n}. Second, we know a priory that not all incoming nuclei are equally
likely so a non-informative prior may not be the best choice. In any case, a discrete
uniform prior will give the posterior:

e—n0k2 25

P(Z:kln 7n01n) = =, 5 -
v ZZ:I e—nok‘ k2nq’

2.9 Constrains on Parameters and Priors

Consider a parametric model p(x|80) and the prior m((6). Now we have some infor-
mation on the parameters that we want to include in the prior. Typically we shall
have say k constraints of the form

/gf<0)w<0)d0=a,-; i1k
e

Then, we have to find the prior 7 (8) for which 7y () is the best approximation, in the
Kullback-Leibler sense, including the constraints with the corresponding Lagrange
multipliers );; that is, the extremal of

) k (/ )
F= 0) log ——— d6@ Yy i1(0) m(0) dO — q;
/@ﬂ) os o +§ 9O 70)d0 ~a

Again, it is left as an exercise to show that from Calculus of Variations we have the
well known solution

k
() o mo(6) exp{z A g,w)} where | / 91(0) 7(0)d0 = a;
®

i=1
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Quite frequently we are forced to include constraints on the support of the parame-
ters: some are non-negative (masses, energies, momentum, life-times,...), some are
bounded in (0, 1) (8 = v/c, efficiencies, acceptances,...),... At least from a formal
point of view, to account for constraints on the support is a trivial problem. Consider
the model p(x|@) with @ € ® and a reference prior m((8). Then, our inferences on
0 shall be based on the posterior

p(x|6) m(0)
Jo, P(x16) m(6) dO

p(Olx) =
Now, if we require that 8 € ® C ®( we define

700 =160) — [ 9:1(0)7(0)d0 = /) T@)d0=1—¢
@

CH)

720 =10:0) — | 20 7(8)d6 = / 7(0)d0 = ¢
@L‘

CH)
and in the limit ¢ — 0 we have the restricted reference prior

m0(6)

m(®) = I 70(0)d6

16(0)

as we have obviously expected. Therefore

p(x]6) m(6) p(x16) mo(0)

Olx,0 € ®) = —
POk, 0O = T 10 7(0)d0 — [, p(xI0) 70(6)d0

16(0)

that is, the same initial expression but normalized in the domain of interest ®.

2.10 Decision Problems

Even though all the information we have on the parameters of relevance is contained
in the posterior density it is interesting, as we saw in Chap. 1, to explicit some
particular values that characterize the probability distribution. This certainly entails
a considerable and unnecessary reduction of the available information but in the end,
quoting Lord Kelvin, “... when you cannot express it in numbers, your knowledge
is of a meager and unsatisfactory kind”. In statistics, to specify a particular value of
the parameter is termed Point Estimation and can be formulated in the framework of
Decision Theory.

In general, Decision Theory studies how to choose the optimal action among
several possible alternatives based on what has been experimentally observed. Given
a particular problem, we have to explicit the set 2y of the possible “states of nature”,
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the set Qx of the possible experimental outcomes and the set 24 of the possible
actions we can take. Imagine, for instance, that we do a test on an individual suspected
to have some disease for which the medical treatment has some potentially dangerous
collateral effects. Then, we have:

Qy {healthy, sic}

Qx = {test positive, test negative}

Q4 = {apply treatment, do not apply treatment}

Or, for instance, a detector that provides within some accuracy the momentum (p)
and the velocity () of charged particles. If we want to assign an hypothesis for
the mass of the particle we have that Qy = R™ is the set of all possible states of
nature (all possible values of the mass), Q2x the set of experimental observations (the
momentum and the velocity) and €24 the set of all possible actions that we can take
(assign one or other value for the mass). In this case, we shall take a decision based
on the probability density p(m|p, ().

Obviously, unless we are in a state of absolute certainty we can not take an action
without potential losses. Based on the observed experimental outcomes, we can for
instance assign the particle a mass m; when the true state of nature is m, # m, or
consider that the individual is healthy when is actually sic. Thus, the first element of
Decision Theory is the Loss Function:

I(a,f): (8,a) € QyxQ — RT+1{0}

This is a non-negative function, defined for all 8 € €4 and the set of possible actions
a € Q4, that quantifies the loss associated to take the action a (decide for @) when
the state of nature is 6.

Obviously, we do not have a perfect knowledge of the state of nature; what we
know comes from the observed data x and is contained in the posterior distribution
p(0|x). Therefore, we define the Risk Function (risk associated to take the action a,
or decide for @ when we have observed the data x) as the expected value of the Loss
Function:

R(a|x) = Egll(a, 6)] =/ [(a,0)p@|x)do

Qy

Sound enough, the Bayesian decision criteria consists on taking the action a(x)
(Bayesian action) that minimizes the risk R(a|x) (minimum risk); that is, that
minimizes the expected loss under the posterior density function.® Then, we shall
encounter to kinds of problems:

8The problems studied by Decision Theory can be addressed from the point of view of Game
Theory. In this case, instead of Loss Functions one works with Utility Functions u (0, a) that, in
essence, are nothing else but u(0,a) = K — (6, a) > 0; it is just matter of personal optimism to
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e inferential problems, where Q4 = R y a(x) is a statistic that we shall take as
estimator of the parameter 0;

e decision problems (or hypothesis testing) where 24 = {accept, reject} or choose
one among a set of hypothesis.

Obviously, the actions depend on the loss function (that we have to specify) and on
the posterior density and, therefore, on the data through the model p(x|0) and the
prior function 7 (@). It is then possible that, for a particular model, two different loss
functions drive to the same decision or that the same loss function, depending on the
prior, take to different actions.

2.10.1 Hpypothesis Testing

Consider the case where we have to choose between two exclusive and exhaustive
hypothesis H; and H,(=H,). From the data sample and our prior beliefs we have
the posterior probabilities

P(data|H;) P(H;)
P (data)

P (H;|data) = i=1,2

and the actions to be taken are then:

a; : action to take if we decide upon H,
a, : action to take if we decide upon H,

Then, we define the loss function I(a;, H;); i, j = 1,2 as:

l11 = 1» =0 if we make the correct choice; that is,
if we take action a; when the state of
nature is H; ora, when it is H»;

Hai | Hy) = li1p >0 if we take action a;(decide upon H;)
P when the state of nature is H,

L >0 if we take action a, (decide upon H)
when the state of nature is H;

(Footnote 8 continued)
work with “utilities” or “losses”. J. Von Neumann and O. Morgenstern introduced in 1944 the idea
of expected utility and the criteria to take as optimal action hat which maximizes the expected utility.
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so the risk function will be:
2
R(a;|data) = " I(a;|H;) P(H;|data)
j=1
that is:

R(a;|data) = [, P(H;|data) + [, P(H,|data)
R(ay|data) = [,; P(H;|data) + [, P(H,|data)

and, according to the minimum Bayesian risk, we shall choose the hypothesis H;
(action a) if

R(a;|data) < R(a|data) — P(H;|data) (I;; — 1) < P(H,|data) (I — [12)

Since we have chosen /;; = I, = 0 in this particular case, we shall take action a,
(decide for hypothesis H) if:

P(H1 |data) 112
—_— > —_—
P (H;|data) I

or action a; (decide in favor of hypothesis H,) if:

P (H,|data) 123

R(a,, data) < R(ay, data) P(Tldata) > E

that is, we take action a; (i = 1, 2) if:

P(H, |data) P(data|H,-) P(Hl) l,’j

= > —
P(Hj|data) P(data|Hj) P(H]) lj,'
The ratio of likelihoods

B — P (data|H;)
Y P(data|H;)

is called Bayes Factor B;; and changes our prior beliefs on the two alternative
hypothesis based on the evidence we have from the data; that is, quantifies how
strongly data favors one model over the other. Thus, we shall decide in favor of
hypothesis H; against H; (i, j = 1,2) if

P (H;|data) l;

- P(H;) [
P(H,|data) ~ [; Y

S DM G
P(H;) 1j;

i
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If we consider the same loss if we decide upon the wrong hypothesis whatever it be,
we have [, = [; (Zero-One Loss Function). In general, we shall be interested in
testing:

(1) Two simple hypothesis, H; versus H,, for which the models M; = {X ~
pi(x10;)}; i = 1,2 are fully specified including the values of the parameters
(that is, ®; = {6;}). In this case, the Bayes Factor will be given by the ratio of
likelihoods

B, = —pl(xW]) (usually p(xl@l))
p2(x]62) p(x102)

The classical Bayes Factor is the ratio of the likelihoods for the two competing
models evaluated at their respective maximums.

(2) A simple (H;) versus a composite hypothesis H, for which the parameters of
the model M, = {X ~ p,(x|6,)} have support on ®,. Then we have to average
the likelihood under H, and

_ p1(x161)
Jo, P2(x10)m2(0)d0

B>

(3) Two composite hypothesis: in which the models M; and M, have parameters
that are not specified by the hypothesis so

 Jo, Px10)T(01)d6,
" o, P2(x|02)2(62)db,

12
and, since P(H;|data) + P(H,|data) = 1, we can express the posterior probability
P(H,|data) as

By, P(Hy)
P(H,) + B, P(H))

P(H,|data) =

Usually, we consider equal prior probabilities for the two hypothesis (P(H;) =
P(H,) = 1/2) but be aware that in some cases this may not be a realistic assumption.

Bayes Factors are independent of the prior beliefs on the hypothesis (P (H;)) but,
when we have composite hypothesis, we average the likelihood with a prior and if
it is an improper function they are not well defined. If we have prior knowledge
about the parameters, we may take informative priors that are proper but this is not
always the case. One possible way out is to consider sufficiently general proper
priors (conjugated priors for instance) so the Bayes factors are well defined and then
study what is the sensitivity for different reasonable values of the hyperparameters. A
more practical and interesting approach to avoid the indeterminacy due to improper
priors [21, 22] is to take a subset of the observed sample to render a proper posterior
(with, for instance, reference priors) and use that as proper prior density to compute
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the Bayes Factor with the remaining sample. Thus, if the sample x = {x, ..., x,}
consists on iid observations, we may consider x = {x, x,} and, with the reference
prior 7(8), obtain the proper posterior

p(x110) 7(6)
Jo P(x110) T(6) dO

m(0lxy) =
The remaining subsample (x») is then used to compute the partial Bayes Factor”:

B2 (x2|xy) =

Jo, P1(x2161) 1 (8:1x1) d6, (_BF(x],xz))
Jo, P2(x2162) m(62]x1) d6> ~ BF(x))

for the hypothesis testing. Berger and Pericchi propose to use the minimal amount
of data needed to specify a proper prior (usually max{dim(6;)}) so as to leave most
of the sample for the model testing and dilute the dependence on a particular election
of the training sample evaluating the Bayes Factors with all possible minimal samples
and choosing the truncated mean, the geometric mean or the median, less sensitive to
outliers, as a characteristic value (see Example 2.24). A thorough analysis of Bayes
Factors, with its caveats and advantages, is given in [23].

A different alternative to quantify the evidence in favour of a particular model that
avoids the need of the prior specification and is easy to evaluate is the Schwarz cri-
teria [24] (or “Bayes Information Criterion (BIC)”). The rationale is the following.
Consider a sample x = {xj, ..., x,} and two alternative hypothesis for the mod-
els M; = {pi(x]0,); dim(8;) = d;}; i = 1,2. As we can see in Sect.4.5, under the
appropriate conditions we can approximate the likelihood as

. 1 L . . _
1(6]x) ~1(f]x) exp [—5 DD O =6 [nLin (©)] (B — 0,,»]

k=1 m=1

so taking a uniform prior for the parameters 6, reasonable in the region where the
likelihood is dominant, we can approximate

J(x) = / p(x10) 7(0) d8 =~ p(x|6) 27 /n)"/* |det[1(8)]]"/?
(0]

and, ignoring terms that are bounded as n— oo, define the BIC(M;) for the model
M; as

2In Ji(x)~BIC(M;) = 2 In p;(x|0;) —d; Inn

SO:

9Essentially, the ratio of the predictive inferences for x; after x; has been observed.
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0 0
e PUEOD amanz AL —amBp 2 P9~ dyinn
p2(x162) p2(x|02)

and therefore, larger values of Aj = BIC(M,) — BIC (M) indicate a preference
for the hypothesis H, (M) against H,(M;) being commonly accepted that for values
grater than 6 the evidence is “strong”'” although, in some cases, it is worth to study
the behaviour with a Monte Carlo sampling. Note that the last term penalises models
with larger number of parameters and that this quantification is sound when the
sample size n is much larger than the dimensions d; of the parameters.

Example 2.23 Suppose that from the information provided by a detector we estimate
the mass of an incoming particle and we want to decide upon the two exclusive and
alternative hypothesis H; (particle of type 1) and H,(=H,) (particle of type 2). We
know from calibration data and Monte Carlo simulations that the mass distributions
for both hypothesis are, to a very good approximation, Normal with means m; and
m;y variances o7 and o respectively. Then for an observed value of the mass mg we
have:

p(molHy)  N(mg|my, o1) o) [(mo—mz)2 (mo—m1)2}
2= = = —exp —

~ plmo|Hy) — N(molma, 02) o 203 202

Taking (I1» = lp1; 111 = [, = 0), the Bayesian decision criteria in favor of the
hypothesis H is:

P(H») P(H>)
—> InBj; > In
P(H)) P(Hy)

B12 >

Thus, we have a critical value m. of the mass:

P(H) 0y
2 2 2 2 2 _2
01" (me —ma)™ — 02" (me —my)” =207 02" In (—)
P(H,y) 02
such that, if my < m. we decide in favor of H; and for H, otherwise. In the case
that oy = 0, and P(H;) = P(H>,), then m. = (m| + m,)/2. This, however, may be
a quite unrealistic assumption for if P(H;) > P(H,), it may be more likely that the
event is of type 1 being B, < 1.

Example 2.24 Suppose we have aniid samplex = {xi, ..., x,} of sizen with X ~=
N (x|, 1) and the two hypothesis H; = {N(x]0, 1)} and H, = {N(x|u, 1); u # 0}.
Let us take {x;} as the minimum sample and, with the usual constant prior, consider
the proper posterior

exp{—(u — x)°/2)

1
m(plx;) = Nt

101f P(H1) = P(H>) = 1/2, then P(H|data) = 0.95 — Bj» = 19— A, ~ 6.
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that we use as a prior for the rest of the sample x" = {xy, ..., x;i—1, Xix1, ..., Xn}.
Then
P(H;|x', x;) .. P(Hy)
LT Ba)
P(H|x', x;) P(H,)
p(x'|0)

where Bp(i) = n'’? exp{—(nx* — x})/2}

I p& i (ulxodp

andX = n~' >}_, x;. To avoid the effect that a particular choice of the minimal sam-
ple ({x;}) may have, this is evaluated for all possible minimal samples and the median
(or the geometric mean) of all the By, (i) is taken. Since P(H,|x) + P(Hy|x) = 1, if
we assign equal prior probabilities to the two hypothesis (P(H,) = P(H;) = 1/2)
we have that

B>

a, -0t =% exp{(n T — med{x?})/2}) "

P(H|x) =

is the posterior probability that quantifies the evidence in favor of the hypothesis H;.
Itis left as an exercise to compare the Bayes Factor obtained from the geometric mean
with what you would get if you were to take a proper prior m(u|o) = N (1|0, o).

Problem 2.11 Suppose we have n observations (independent, under the same exper-
imental conditions,...) of energies or decay time of particles above a certain known
threshold and we want to test the evidence of an exponential fall against a power law.
Consider then a sample x = {x, ..., x,} of observations with supp(X) = (1, co)
and the two models

My : pr(x10) = fexp{—0(x — D}1(1.00)(x) and My : pr(xle) = ax~@TD1 o (x)

that is, Exponential and Pareto with unknown parameters # and a.. Show that for the
minimal sample {x;} and reference priors, the Bayes Factor B}, (i) is given by

, x, Inx,\" [ xi—1 p(x0) [x—1
Bip(i) = | = = —
x—1 x; Inx; p2xla) \x; Inx;
where (X, x,) are the arithmetic and geometric sample means and (@, @) the values
that maximize the likelihoods and therefore

i x, Inx,\" xi—11"
med{B2({)}i_, = (—x_]_ 1‘]) med[ ]

Xi In Xi )it

Problem 2.12 Suppose we have two experiments ¢; (n;); i = 1, 2 in which, out of
n; trials, x; successes have been observed and we are interested in testing whether
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both treatments are different or not (contingency tables). If we assume Binomial
models Bi(x;|n;, 6;) for both experiments and the two hypothesis H; : {#; = 0}
and H, : {0, # 6,}, the Bayes Factor will be

B Jo Bi(xilni, 0)Bi(xz|ny, 0)m(0)do
2, BiGulny, 00)m(00)d0; [, Bi(xlna, 0)m(02)d6

B

We may consider proper Beta prior densities Be(f|a, b). In a specific pharmaco-
logical analysis, a sample of n; = 52 individuals were administered a placebo and
ny = 61 were treated with an a priori beneficial drug. After the essay, positive effects
were observed in x; = 22 out of the 52 and x, = 41 out of the 61 individuals.
It is left as an exercise to obtain the posterior probability P (H|data) with Jef-
freys’ (a = b = 1/2) and Uniform (¢ = b = 1) priors and to determine the BIC
difference Ajs.

2.10.2 Point Estimation

When we have to face the problem to characterize the posterior density by a single
number, the most usual Loss Functions are:

e Quadratic Loss: In the simple one-dimensional case, the Loss Function is
10, a) = (0 — a)*

s0, minimizing the Risk:
min / O —a)lp@lx)dd — / (6 —a) pBlx)dd =0
Qg Q

and therefore a = E[6]; that is, the posterior mean.
In the k—dimensional case, if A = Qy = R* we shall take as Loss Function

10,a)=(a—0)" H(a—0)

where H is a positive defined symmetric matrix. It is clear that:
min (@a—60)"H(a—-6)p@Olx)dd0 — Ha=HE[0]
Rk

so, if H™! exists, then @ = E[0]. Thus, we have that the Bayesian estimate under a
quadratic loss function is the mean of p(8|x) (... if exists!).
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e Linear Loss: If A = Q4 = R, we shall take the loss function:
[(0,a) =ci(a—0)1p<q+c2(0 —a) g,

Then, the estimator will be such that

min / l(a, D) p@|x)dO = min (c1 /'a (a—)p@|x)dl + 3 /00(9 - a)p(@Ix)d@)
J J—00 a

After derivative with respect to a we have (c; + ¢3) P(6 < a) — ¢, = 0 and therefore
the estimator will be the value of a such that

Co

P(Gfa):q_i_c2

In particular, if ¢; = ¢, then P(6 < a) = 1/2 and we shall have the median of the
distribution p(@|x). In this case, the Loss Function can be expressed more simply as
[(B,a) = |0 —al.

e Zero-One Loss: Si A = Qy = R, we shall take the Loss Function
[(0,a) =1—-1p(

where B.(a) € 2y is an open ball of radius € centered at a. The corresponding point
estimator will be:

min / (1 = 1B.(a)) p(B]x) dO = max / p@lx)do
Qy B.(a)

It is clear that, in the limit ¢ — 0, the Bayesian estimator for the Zero-One Loss
Function will be the mode of p(8|x) if exists.

As explained in Chap. 1, the mode, the median and the mean can be very different
if the distribution is not symmetric. Which one should we take then? Quadratic
losses, for which large deviations from the true value are penalized quadratically,
are the most common option but, even if for unimodal symmetric the three statistics
coincide, it may be misleading to take this value as a characteristic number for the
information we got about the parameters or even be nonsense. In the hypothetical
case that the posterior is essentially the same as the likelihood (that is the case for a
sufficiently smooth prior), the Zero-One Loss points to the classical estimate of the
Maximum Likelihood Method. Other considerations of interest in Classical Statistics
(like bias, consistency, minimum variance,...) have no special relevance in Bayesian
inference.

Problem 2.13 (The Uniform Distribution) Show that for the posterior density (see
Example 2.4)
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xn
POy, m) =1 22 Lay00 (9)

the point estimates under quadratic, linear and 0—1 loss functions are

n

T 0o = xu 2" and Ooir = Xy
n—

QQL =Xy

and discuss which one you consider more reasonable.

2.11 Credible Regions

Let p(0]x), with @ € Q2 C R" be a posterior density function. A credible region with
probability content 1 — «v is a region of V,, € © of the parametric space such that

PO e Va):/ p@lx)dd =1—«

Va

Obviously, for a given probability content credible regions are not unique and a
sound criteria is to specify the one that the smallest possible volume. A region C of
the parametric space €2 is called Highest Probability Region (HPD) with probability
content 1 — « if:

(1) POeC)=1—a; CC
(2) p(61]-) = p(B,]-) for all B; € C and 6,¢C except, at most, for a subset of Q2
with zero probability measure.

It is left as an exercise to show that condition (2) implies that the HPD region so
defined is of minimum volume so both definitions are equivalent. Further properties
that are easy to demonstrate are:

(1) If p(]-) is not uniform, the HPD region with probability content 1 — « is unique;

(2) If p(61]-) = p(O;]), then B, and O, are both either included or excluded of the
HPD region;

(3) If p(6,]-) # p(0;-),there is an HPD region for some value of 1 — « that contains
one value of @ and not the other;

4) C =1{0 € O|p@|x) > k,} where k, is the largest constant for which
PO eC)>q

(5) If ¢ = f(0) is a one-to-one transformation, then

(a) any region with probability content 1 — « for 8 will have probability content
1 — o« for ¢ but...

(b) an HPD region for 8 will not, in general, be an HPD region for ¢ unless the
transformation is linear.

In general, evaluation of credible regions is a bit messy task. A simple way through
is to do a Monte Carlo sampling of the posterior density and use the 4th property.
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For a one-dimensional parameter, the condition that the HPD region with probability
content 1 — « has the minimum length allows to write a relation that may be useful
to obtain those regions in an easier manner. Let [6;, 6>] be an interval such that

0>
/ p@l)dd=1—-«

0

For this to be an HPD region we have to find the extremal of the function

0>
@01, 02, ) = (0> — 61) + A (/ p@l)do — (1 — a))
0,
Taking derivatives we get:

(8¢<7h€1,9€z%>)i:1,2:o — p(1]) = p(6r-)

l

—8925(95)'\92’ N _ g — :lz p@di=1-a

Thus, from the first two conditions we have that p(6;|-) = p(6;|-) and, from the
third, we know that 8, # 6,. In the special case that the distribution is unimodal and
symmetric the only possible solution is 6, = 2E[6] — 6.

The HPD regions are useful to summarize the information on the parameters con-
tained in the posterior density p(@|x) butit should be clear that there is no justification
to reject a particular value 6 just because is not included in the HPD region (or, in
fact, in whatever confidence region) and that in some circumstances (distributions
with more than one mode for instance) it may be the union of disconnected regions.

2.12 Bayesian (B) Versus Classical (F) Philosophy

The Bayesian philosophy aims at the right questions in a very intuitive and, at least
conceptually, simple manner. However the “classical” (frequentist) approach to sta-
tistics, that has been very useful in scientific reasoning over the last century, is at
present more widespread in the Particle Physics community and most of the stirred
up controversies are originated by misinterpretations. It is worth to take a look for
instance at [2]. Let’s see how a simple problem is attacked by the two schools. “We”
are 3, “they” are F.

Suppose we want to estimate the life-time of a particle. We both “assume” an
exponential model X ~ Ex(x|1/7) and do an experiment e(n) that provides an iid
sample x = {x1, x2, ..., x,}. In this case there is a sufficient statistic ¢ = (n, X) with
X the sample mean so let’s define the random quantity
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_1 n i ™ = Y ! -1 n—1
X = ;;Xl plxin, 7) = (;) T exp {—nx7'} X" 1g,00) (%)

What can we say about the parameter of interest 7?

F will start by finding the estimator (statistic) 7 that maximizes the likelihood
(MLE). In this case it is clear that 7 = X, the sample mean. We may ask about the
rationale behind because, apparently, there is no serious mathematical reasoning that
justifies this procedure. F will respond that, in a certain sense, even for us this should
be areasonable way because if we have a smooth prior function, the posterior is dom-
inated by the likelihood and one possible point estimator is the mode of the posterior.
Beside that, he will argue that maximizing the likelihood renders an estimator that
often has “good” properties like unbiasedness, invariance under monotonous one-
to-one transformations, consistency (convergence in probability), smallest variance
within the class of unbiased estimators (Cramer-Rao bound), approximately well
known distribution,... We may question some of them (unbiased estimators are not
always the best option and invariance... well, if the transformation is not linear usu-
ally the MLE is biased), argue that the others hold in the asymptotic limit,... Anyway;
for this particular case one has that:

72
E[Tl=r1 and V7] = —
n

and F will claim that “if you repeat the experiment” many times under the same
conditions, you will get a sequence of estimators {7}, 7, ...} that eventually will
cluster around the life-time 7. Fine but we shall point out that, first, although desirable
we usually do not repeat the experiments (and under the same conditions is even more
rare) so we have just one observed sample (x — X = 7) from e(n). Second, “if you
repeat the experiment you will get”is a free and unnecessary hypothesis. You do not
know what you will get, among other things, because the model we are considering
may not be the way nature behaves. Besides that, it is quite unpleasant that inferences
on the life-time depend upon what you think you will get if you do what you know
you are not going to do. And third, that this is in any case a nice sampling property
of the estimator 7 but eventually we are interested in 7 so, What can we say about it?

For us, the answer is clear. Being 7 a scale parameter we write the posterior density
function

(}’l f)"

I'(n)

p(T|n,x) = exp {—n YT"} 7~ +D 1(0,00)(T)

for the degree of belief we have on the parameter and easily get for instance:

_ 2
) Elr]=%——; VIr]=% -

ki _ (K . .
E[T"] = (nx) 71_(") — T D22

Cleaner and simpler impossible.
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To bound the life-time, F proceeds with the determination of the Confidence
Intervals. The classical procedure was introduced by J. Neyman in 1933 and rests on
establishing, for an specified probability content, the domain of the random quan-
tity (usually a statistic) as function of the possible values the parameters may take.
Consider a one dimensional parameter § and the model X ~ p(x|#). Given a desired
probability content 5 € [0, 1], he determines the interval [x1, x,] C Qx such that

P(X € [x1,x2]) =/ px|0)dx =3

for a particular fixed value of 8. Thus, for each possible value of 6 he has one interval
[x1 = f1(6; B), x1 = f2(0; B)] C Q2x and the sequence of those intervals gives a
band in the QyxQyx region of the real plane. As for the Credible Regions, these
intervals are not uniquely determined so one usually adds the condition:

(D) /M p(x|0)dx =/ px|0)dx = # or

-0 X2

0 X 6
@) / p(xlé))dx=/9 plf)dx = 5

or, less often, (3) chooses the interval with smallest size. Now, for an invertible
mapping x; —> f; (f) one can write

B=P(fi(h) < X<fr(0) = P(f; "(X) <0< f7'(X))

and get the random interval [ fz_1 (X), fl_1 (X)] that contains the given value of € with
probability 3. Thus, for each possible value that X may take he will get an interval
[ f{l(X ), ffl(X )] on the 6 axis and a particular experimental observation {x} will
single out one of them. This is the Confidence Interval that the frequentist analyst will
quote. Let’s continue with the life-time example and take, for illustration, n = 50
and 3 = 0.68. The bands [x; = fi(7), x = f>(7)] in the (7, X) plane, in this case
obtained with the third prescription, are shown in Fig.2.4(1). They are essentially
straight lines so P[X € (0.8477, 1.1267)] = 0.68. This is a correct statement, but
doesn’t say anything about 7 so he inverts that and gets 0.89 X < 7 < 1.18 X in
such a way that an observed value {x} singles out an interval in the vertical 7 axis.
We, Bayesians, will argue this does not mean that 7 has a 0.68 chance to lie in this
interval and the frequentist will certainly agree on that. In fact, this is not an admissible
question for him because in the classical philosophy 7 is a number, unknown but a
fixed number. If he repeats the experiment 7 will not change; it is the interval that
will be different because x will change. They are random intervals and what the
68% means is just that if he repeats the experiment a large number N of times, he
will end up with N intervals of which ~68% will contain the true value 7 whatever
it is. But the experiment is done only once so: Does the interval derived from this
observation contain 7 or not? We don’t know, we have no idea if it does contain 7,
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Fig.2.4 (1) 68% confidence level bands in the (7, X) plane. (2) 68% confidence intervals obtained
for 100 repetitions of the experiment

if it does not and how far is the unknown true value. Figure2.4(2) shows the 68%
confidence intervals obtained after 100 repetitions of the experiment for 7 = 2 and
67 of them did contain the true value. But when the experiment is done once, he picks
up one of those intervals and has a 68% chance that the one chosen contains the true
value. We B shall proceed in a different manner. After integration of the posterior
density we get the HPD interval P [T € (0.85x, 1.13 x)] = 0.68; almost the same
but with a direct interpretation in terms of what we are interested in. Thus, both have
an absolutely different philosophy:

JF: “Given a particular value of the parameters of interest, How likely is the observed
data?”

B: “Having observed this data, What can we say about the parameters of interest?”
... and the probability if the causes, as Poincare said, is the most important from the
point of view of scientific applications.

In many circumstances we are also interested in one-sided intervals. That is for
instance the case when the data is consistent with the hypothesis H : {6 = 6} and
we want to give an upper bound on 6 so that P(f € (—oo, 83] = 3. The frequentist
rationale is the same: obtain the interval [—o00, x2] C Qx such that

P(X < x2) = / p(x|0)dx =

—00

where x, = f>(0); in this case without ambiguity. For the random interval (—oo, f2_1
(X)) F has that

PO<fH'X))=1-P@O=f,"'X)=1-7

so, for a probability content « (say 0.95), one should set § = 1 — a (=0.05). Now,
consider for instance the example of the anisotropy is cosmic rays discussed in the last
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Sect.2.13.3. For a dipole moment (details are unimportant now) we have a statistic

exp(—6°/2)
V276

where the parameter 6 is the dipole coefficient multiplied by a factor that is irrelevant
for the example. It is argued in Sect.2.13.3 that the reasonable prior for this model
is m(f) = constant so we have the posterior

V2
JTx M(1/2,3/2,x/2)

X ~ p(xl0.1/2) = exp{—x/2)sinh (B/x) 10,00 (x)

pOlx,1/2) = exp{—02/2} 07" sinh(6+/%) 1(0,00) ()

with M(a, b, z) the Kummer’s Confluent Hypergeometric Function. In fact, 6
has a compact support but since the observed values of X are consistent with
H, : {# = 0} and the sample size is very large [AMS13],!" p(f|x, 1/2) is concen-
trated in a small interval (0, ¢) and it is easier for the evaluations to extend the
domain to R* without any effect on the results. Then we, Bayesians, shall derive
the one-sided upper credible region [0, 6y.95(x)] with &« = 95% probability content
as simply as:

0o.95
/ p@lx,1/2)d0 = a =0.95
0

This upper bound shown as function of x in Fig.2.5 under “Bayes” (red line).
Neyman’s construction is also straight forward. From

/ p(x10,1/2)dx =1 —a=0.05
0

(essentially a x? probability for v = 3), F will get the upper bound shown in the
same figure under “Neyman” (blue broken line). As you can see, they get closer as x
grows but, first, there is no solution for x < x, = 0.352. Infact, E[X] = 0% + 3 soif
the dipole momentis 6 = 0 (f = 0), E[X] = 3 and observed values below x. will be
an unlikely fluctuation downwards (assuming of course that the model is correct) but
certainly a possible experimental outcome. In fact, you can see that for values of x
less than 2, even though there is a solution Neyman’s upper bound is underestimated.
To avoid this “little” problem, a different prescription has to be taken.

The most interesting solution is the one proposed by Feldman and Cousins [25]
in which the region Ay C Qy that is considered for the specified probability content
is determined by the ratio of probability densities. Thus, for a given value 6y, the
interval Ay is such that

'[AMS13]: Aguilar M. et al. (2013); Phys. Rev. Lett. 110, 141102.
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Fig. 2.6 (1) Dependence of 6,, with x. (2) Probability density ratio R(x|6) for 6 =2

p(x|6p)

> kg; Vx € A
p(xl6,) ~ X

/ p(x10o)dx =3 with R(x|0o) =
Ax

and where 6}, is the best estimation of € for a given {x}; usually the one that maximizes
the likelihood (6,,). In our case, it is given by:

0 = 0 ifxfﬁ
" 0 + 05" — x coth(8,,4/x) =0 if x >+/3
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and the dependence with x is shown in Fig.2.6(1) (6,, >~ x for x >>). Asillustration,
function R(x|6) is shown in Fig. 2.6(2) for the particular value 6, = 2. Following this
procedure,'? the 0.95 probability content band is shown in Fig. 2.5 under “Feldman-
Cousins” (blue line). Note that for large values of x, the confidence region becomes
an interval. It is true that if we observe a large value of X, the hypothesis Hy : {§ = 0}
will not be favoured by the data and a different analysis will be more relevant although,
by a simple modification of the ordering rule, we still can get an upper bound if desired
or use the standard Neyman’s procedure.

The Feldman and Cousins prescription allows to consider constrains on the para-
meters in a simpler way than Neyman’s procedure and, as opposed to it, will always
provide a region with the specified probability content. However, on the one hand,
they are frequentist intervals and as such have to be interpreted. On the other hand,
for discrete random quantities with image in {xi, ..., xz, ...} it may not be possible
to satisfy exactly the probability content equation since for the Distribution Function
one has that F(xy11) = F(xx) + P(X = x341). And last, it is not straight forward
to deal with nuisance parameters. Therefore, the best advice: “Be Bayesian!”.

2.13 Some Worked Examples

2.13.1 Regression

Consider the exchangeable sequence z = {(x, y1), (x2, ¥2), - .., (X, y»)} of n sam-
plings from the two-dimensional model N (x;, y;|-) = N (x; |y, ai_)N il oy U;,).
Then

R N R T R R T &
p(z|) o exp —3 Z 2 zuyl + = 2”“
i=1 Tyi Txi
We shall assume that the precisions o,; and o,; are known and that there is a func-
tional relation 1, = f(r; @) with unknown parameters €. Then, in terms of the new
parameters of interest:

1 n P — x<;0 2 - x‘z
r(yl) O(exp[—EZ[(y S (15 6)) +(x ) :“

2 2
O-yt UX i

i=1

Consider a linear relation f(u,; a, b) = a + bu, with a, b the unknown parameters
SO:

12In most cases,a Monte Carlo simulation will simplify life.
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IS i —a — bpiy,)? = 1)
P(Z|~)O(exp’_52|:(y aa2 fx,) Jr(x Uzu,)“

i=1 Yi Xi

and assume, in first place, that i, = x; without uncertainty. Then,

I | i —a—bx;)?
p(yla.b) aexpi—zz[@f’j—z”]}

i=1 Vi
There is a set of sufficient statistics for (a, b):

n

n n
1 x? X; Vi i Xj
t={t1,t27 t3a t47 ts}ziz_zv Z_lza Z_z -y 5
=1 % = % i % i

0 s
Q

~

H‘ B
Q

-0

[ —

and, after a simple algebra, it is easy to write

1 [(a —a’  b-b)? ) @—a) (b—b())“

P()’|a, b) X exp [_2(1 — pz)

2
o2 o Oa op

where the new statistics {ag, by, 0,4, 0, p} are defined as:

ity — 1315 115 — 131y
ap = ———>, bho=——75
N —13 hio =4
I Ul I3
0'2 = —F O'g

Conh -1} P ="

Both (a, b) are position parameters so we shall take a uniform prior and in conse-
quence

hty — 13

1 (a—ag)® (b=bo)* (a—ag) (b—by)
B R o e e e
2w ,0p/ 1 — p?
This was obviously expected.

When p,, are n unknown parameters, if we take 7(1ty;) = 1(0,00)(ftxi) and mar-
ginalize for (a, b) we have

p(a,bl-) =

n n -1/2
1 (yi —a —bx;)? 2 2 2
potiymsa | -3 3 O T v

i=1

In general, the expressions one gets for non-linear regression problems are compli-
cated and setting up priors is a non-trivial task but fairly vague priors easy to deal with
are usually a reasonable choice. In this case, for instance, one may consider uniform



156 2 Bayesian Inference

priors or normal densities N (-|0, ¢ >>) for both parameters (a, ) and sample the
proper posterior with a Monte Carlo algorithm (Gibbs sampling will be appropriate).

The same reasoning applies if we want to consider other models or more involved
relations with several explanatory variables like §; = Z';zl «@ jxl.l;f . In counting exper-
iments, for example, y; € A/ so we may be interested in a Poisson model Po(y;|u;)
where ; is parameterized as a simple log-linear form In(u;) = o + aqx; (so p; > 0
for whatever oy, ar; € R). Suppose for instance that we have the sample {(y;, x;)}/_;.
Then:

p(ylag, az, x) Hexp{—,u,»},uiy" = exp [Oélsl + apsy — e Zeazx’]

i=l1 i=1

where sy = >,y and s, = >', y;x;. In this case, the Normal distribution
N(q;la;, ;) with o; >> is a reasonable smooth and easy to handle proper prior
density for both parameters. Thus, we get the posterior conditional densities

a? a; -
aila, y,x) xexpy——5 4o [ — +s5 ) —e¥ > et i=1,2
plailaj, y,x) p[ 207 (Ji2 ) ;

that are perfectly suited for the Gibbs sampling to be discussed in Sect. 4.1 of Chap. 3.

Example 2.25 (Proton Flux in Primary Cosmic Rays) For energies between ~20 and
~200GeV, the flux of protons of the primary cosmic radiation is reasonably well
described by a power law ¢(r) = cr” where r is the rigidity'® and v = dln¢/ds,
with s = Inr, is the spectral index. At lower energies, this dependence is significantly
modified by the geomagnetic cut-off and the solar wind but at higher energies, where
these effects are negligible, the observations are not consistent with a single power law
(Fig.2.7(1)). One may characterize this behaviour with a simple phenomenological
model where the spectral index is no longer constant but has a dependence (s) =
« + fBtanh[a(s — s¢)] such that lim;_, _ o y(s) = v (r—0) and lim;_, o, Y(s) = 72
(r— 4+ 00). After integration, the flux can be expressed in terms of 5 parameters
0 = {¢o, 71,0 =7 — 7,710, 0} as:

r od/o
603 0) = o™ [1+ (—) ]
ro

For this example, I have used the data above 45 GeV published by the AMS experi-
ment'* and considered only the quoted statistical errors (see Fig.2.7(1)). Last, for a
better description of the flux the previous expression has been modified to account
for the effect of the solar wind with the force-field approximation in consistency with

13The rigidity (r) is defined as the momentum (p) divided by the electric charge (Z) so r = p for
protons.

14 [AMS15]: Aguilar M. et al. (2015); PRL 114, 171103 and references therein.


http://dx.doi.org/10.1007/978-3-319-55738-0_4

2.13 Some Worked Examples

157

(1) ) ¢
w0 2000 |-
L 4 it F
- or T gy 1800 |-
12000 [~ i
- 1600 [~
10000 - N 1400 [
C ) 1200
8000 [~ 1000 E
r i
oo [ 800 [
. 600 [
4000 [~ * 400
200
2000 [ r Y1
Ll Ll ol 0 R BRI BT R L
7 2852 —2.85 -2848 —2.846 —2.844 —2.842 284 -2.838
10 10 10
@ @)
1800 02~
1600 |-
r 018 |-
1400 [~ o
1200 |- -
s 0.16 |-
1000 - -
800 014 |-
600 |- L
400 - 012 |-
200 L
o L Y1
o b [P B B | Lo L

— PRI B P I PN BRI SR
0.
0.12 0.14 0.16 0.18 0.2 -2.852 -2.85 -2.848 -2.846 -2.844 -2.842 -2.84 -2.838

o

Fig. 2.7 (1) Observed flux multiplied by r27 in m—2sr !'sec™'GV!7 as given in [AMSI15];
(2) Posterior density of the parameter 7, (arbitrary vertical scale); (3) Posterior density of the
parameter 6 = -, — 1 (arbitrary vertical scale); (4): Projection of the posterior density p(vyi, d)

[AMSI15]. This is just a technical detail, irrelevant for the purpose of the example.
Then, assuming a Normal model for the observations we can write the posterior
density

" 1
p(6|data) = 7(0) Hexp H—— (9i — P(ris 0))2]

; 202
i=1

I have taken Normal priors with large variances (o; >>) for the parameters -,
and ¢ and restricted the support to Rt for {¢y, ro, o}. The posterior densities for
the parameters ~; and ¢ are shown in Fig.2.7(2, 3) together with the projection
(Fig.2.7(4)) that gives an idea of correlation between them. For a visual inspection,
the phenomenological form of the flux is shown in Fig. 2.7(1) (blue line) overimposed
to the data when the parameters are set to their expected posterior values.
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2.13.2 Characterization of a Possible Source of Events

Suppose that we observe a particular region €2 of the sky during a time 7 and denote
by A the rate at which events from this region are produced. We take a Poisson
model to describe the number of produced events: k ~ Po(k|At). Now, denote by
€ the probability to detect one event (detection area, efficiency of the detector,...).
The number of observed events n from the region €2 after an exposure time ¢ and
detection probability € will follow:

n o~ Z Bi(k|n, €) Po(k|\t) = Po(n|\te)
k=n

The approach to the problem will be the same for other counting process like,
for instance, events collected from a detector for a given integrated luminosity. We
suspect that the events observed in a particular region €2, of the sky are background
events together with those from an emitting source. To determine the significance
of the potential source we analyze a nearby region, €2;, to infer about the expected
background. If after a time 7, we observe n;, events from this region with detection
probability e, then, defining 5 = €1, we have that

(BAp)"™

ny ~ Po(ny| Ay B) = exp {—BAp} C(ny +1)

At Q, we observe n, events during a time ¢, with a detection probability €,. Since
n, = ny + ny withn; ~ Po(n|\;«) signal events (o« = €,t,) and np, ~ Po(na| \pcv)
background events (assume reasonably that e; = e, = ¢, in the same region), we
have that

Ny
Ny ~ Z Po(ni|Asc) Po(ne — ni|Apa) = Po(noel(As + Ap)c)

I‘l1=0

Now, we can do several things. We can assume for instance that the overall rate
form the region 2, is A, write n, ~ Po(n,|a)) and study the fraction \/\, of the
rates from the information provided by the observations in the two different regions.
Then, reparameterizing the model in terms of § = A/, and ¢ = A\, we have

p(no, ny|) = Po(nolad) Po(ny| 3A,) ~ e~ P00 gt

where v = a/3 =(ests)/(eptp). For the ordering {6, ¢} we have that the Fisher’s
matrix and its inverse are

wWe 3 1 0499 _ 0
10, ) = jﬁ BU+10) and Tl )= 2 )
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Then
P12
(0, ¢) = w(9|0) m(0) m
and integrating the nuisance parameter ¢ we get finally:
,ynl,+l/2 gro—1/2
PO ) = g 2 my + 172) (1 % Ayl
From this:
b= L DR g1
and

0o
P(0 < 6o) =/ p@1)d0 =1—1B(n,+1/2,n,+1/2; (1 +~09)"")
0

with I B(x, y; z) the Incomplete Beta Function. Had we interest in 6 = A\;/);, the
corresponding reference prior will be

—1/2
(0, ) o " with 5= 1H7
JA+0)©+0) 0l

A different analysis can be performed to make inferences on ;. In this case, we
may consider as an informative prior for the nuisance parameter the posterior what
we had from the study of the background in the region €2;; that is:

pOplnp, B) o exp{—pAs} N\ 1/2

and therefore:

00 o
pOI) o Tk /0 PlrolaCrs +Ap) PO, ) dAp ccm(hg) e N A1 Sy
k=0

where

o — (n(,) Tk +np,+1/2)
FT\k [(a+ B

A reasonable choice for the prior will be a conjugated prior w(\;) = Ga(Xs|a, b)
that simplifies the calculations and provides enough freedom analyze the effect of
different shapes on the inferences. The same reasoning is valid if the knowledge on
Ay is represented by a different p(\,|-) from, say, a Monte Carlo simulation. Usual
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Fig. 2.8 90% Confidence Belt derived with Feldman and Cousins (filled band) and the Bayesian
HPD region (red lines) for a background parameter p, = 3

distributions in this case are the Gamma and the Normal with non-negative support.
Last, it is clear that if the rate of background events is known with high accuracy
then, with p; = a\; and w(uy) o (s + Mh)71/2 we have

1
pusl) = NCESTAND) expi— (s + 1p)} (fts + 115)* 10,00 (115)

As an example, we show in Fig.2.8 the 90% HPD region obtained from the previous
expression (red lines) as function of x for y;, = 3 (conditions as given in the example
of [25]) and the Confidence Belt derived with the Feldman and Cousins approach
(filled band). In this case, p;,, = max{0, x — u;} and therefore, for a given ;:

X2 X
Z Po(x|ps + ) =B with  R(x|pg) = elsm™) (M) > kg
/Js,m + 127

X1
for all x € [x1, x2].

Problem 2.14 In the search for a new particle, assume that the number of observed
events follows a Poisson distribution with p;, = 0.7 known with enough precision
from extensive Monte Carlo simulations. Consider the hypothesis Hy : {¢; = 0} and
H, : {us # 0}.Itis left as an exercise to obtain the Bayes Factor B Fy; with the proper



2.13 Some Worked Examples 161

prior 7 (1| 1) = 15 (s + 1) > proposed in [26], P(H;|n) and the BIC difference
Ao as function of n = 1,...7 and decide when, based on this results, will you
consider that there is evidence for a signal.

2.13.3 Anisotropies of Cosmic Rays

The angular distribution of cosmic rays in galactic coordinates is analyzed search-
ing for possible anisotropies. A well-behaved real function f (6, ¢) € L(£2), with
0, ¢) € Q = [0, 7] x[0, 27], can be expressed in the real harmonics basis as:

o]

1
FO.0 =3 X antin.0) where a = [ £6,01,0,0dp

1=0 m=—I

a;m € R and dp = sin 0dfd¢. The convention adopted for the spherical harmonic
functions is such that (orthonormal basis):

/ Vi (0. 8) Yo (6. $) djt = 611 6w and / Yin (0. 6) dp = /A7 610
Q Q

In consequence, a probability density function p(f, ¢) with support in € can be
expanded as

00 1
PO, &) = coo Yoo, ) + D D~ cim Yim (0, §)

=1 m=—I

The normalization imposes that cop = 1/+/47 so we can write

1
p0, ¢la) = i (1 + amm Yin (0, 9))
™

where [ > 1,

= 4mey, = 471—/ P(e» (b) Yim (Ha ¢) d,U/ =4n Ep;u[Ylm(ga ¢)]
Q

and summation over repeated indices understood. Obviously, for any (0, ¢) € Q we
have that p(f, ¢la) > 0 so the set of parameters a are constrained on a compact
support.

Even though we shall study the general case, we are particularly interested in
the expansion up to [ = 1 (dipole terms) so, to simplify the notation, we redefine
the indices (I, m) = {(1, —1), (1, 0), (1, 1)} as i = {1, 2, 3} and, accordingly, the
coefficients a = (aj—;, ayo, a11) as a = (ay, a», az). Thus:
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1
p(0, pla) = = (I+arY +aY, +azYs)

In this case, the condition p(6, ¢|a) > 0 implies that the coefficients are bounded by
the sphere af + a3 + a3 < 4m/3 and therefore, the coefficient of anisotropy

def. |3 12
o = ,/E (ai +a3+a3)" <1

There are no sufficient statistics for this model but the Central Limit Theorem
applies and, given the large amount of data, the experimental observations can be
cast in the statistic @ = (ay, az, a3) such that"

3
plalp) =[] N@ilpi, o)
i=1

with V (a;) = 47 /n known and with negligible correlations (p;; >~ 0).
Consider then a k-dimensional random quantity Z = {Z, ..., Z;} and the distri-
bution

k
pGlp. o) =[] NGjlpj. o)
j=1

The interest is centered on the euclidean norm || ||, with dim{p} = k, and its square;
in particular, in

3 2
0=/ =llull  fork=3 and c, = lull
4 .

First, let us define X; = Z;/oj and p; = puj/oj so X; ~ N(xj|p;, 1) and make
a transformation of the parameters p; to spherical coordinates:

p1 = p cos Py
p2 = p sing; cos ¢,
p3 = p sin @ sin ¢ cos @3

Pk—1 = p Sin @) sin¢; ... sin ¢x_y cos dp_;

Pk = p Sin@psin; ... sin gp_p Sin Pp_1

The Fisher’s matrix is the Riemann metric tensor so the square root of the determinant
is the k-dimensional volume element:

15Essentially, aim = 4,—1” Z?:I Yim (0;, ¢;) for a sample of size n.
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dvk — pk—ldpdsk—l

with

k—1
dS* ' =sin* 2 ¢, sin* 2 ¢, .. .singg_rddidey ... ddp_; = Hsin<k—1>—f bido;

j=1

the &k — 1 dimensional spherical surface element, ¢x_; € [0,27) and ¢ ;-2 €
[0, 7]. The interest we have is on the parameter p so we should consider the ordered
parameterization {p; ¢} with ¢ = {¢1, @2, ..., ¢x—1} nuisance parameters. Being p
and ¢; independent for all i, we shall consider the surface element (that is, the deter-
minant of the submatrix obtained for the angular part) as prior density (proper) for
the nuisance parameters. As we have commented in Chap. 1, this is just the Lebesgue
measure on the k — 1 dimensional sphere (the Haar invariant measure under rotations)
and therefore the natural choice for the prior; in other words, a uniform distribution
on the k — 1 dimensional sphere. Thus, we start integrating the angular parameters.
Under the assumption that the variances o7 are all the same and considering that

T L 2\" 1 1
/ei‘“"“’sinz”ede:ﬁ(g) Pw+2)1,(B)  for  Re(w)>—3

0

one gets p(¢|data) « p(¢,,|¢)m(¢p) where

v/2
P(Bmld, v) = be @+ (‘%) 1,2by/ 6/ 9)

is properly normalized,
2 2 n
v=k/2—1; ¢ = llpll*; Om = llall™; b=-—5=_—

and dim{p} = dim{a} = k. This is nothing else but a non-central x? distribution.
From the series expansion of the Bessel functions it is easy to prove that this
process is just a compound Poisson-Gamma process

P(buld,v) =D Polklbg) Ga(mlb, v +k + 1)
k=0

and therefore the sampling distribution is a Gamma-weighted Poisson distribution
with the parameter of interest that of the Poisson. From the Mellin Transform:

_ be™ T(s+v)
S Tw+1) b

MU(S) (—1,00) M(s+v,v+1,b9)
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with M (a, b, z) the Kummer’s function one can easily get the moments (E[¢)),] =
M(n + 1)); in particular

El¢pu]=0+b"' v+ 1) and Vign] =200~ +b2 (v + 1)

Now that we have the model p(¢,,|®), let’s go for the prior function 7 (¢) or 7 ().
One may guess already what shall we get. The first element of the Fisher’s matrix
(diagonal) corresponds to the norm and is constant so it would not be surprising to get
the Lebesgue measure for the norm dA(9) = m(§)dd = ¢ dJ. As a second argument,
for large sample sizes (n >>) we have b >> 50 ¢,, ~ N (¢, |p, 7> = 2¢/b) and, to
first order, Jeffreys’ prior is 7(¢) ~ ¢~!/2. From the reference analysis, if we take
for instance

T (9) = ¢

we end up, after some algebra, with

- 1/2
7($) o« (do) lim KD o (%)/ lim  e—36(6 — 60)/2+ [1(6,b) — (0. b)]
k

—o0 fr(o0) ® b—> o0
where
*© 1,(2b~/ QD)
(¢, b) = - log ——————do,,
6, b) /g Plonlo) log TP

and ¢( any interior point of A(¢) = [0, 00). From the asymptotic behavior of the
Bessel functions one gets

T(®) g2

and therefore, 7(d) = c. It is left as an exercise to get the same result with other
priors like 7*(¢) = ¢ or 7 (¢)) = ¢~ /2.

For this problem, it is easier to derive the prior from the reference analysis. Nev-
ertheless, the Fisher’s information that can be expressed as:

F(QS»I/)—b{ 1+b¢u/2+l A e z IV(me) dZ

and, for large b (large sample size), F (\; v) — ¢~ ! regardless the number of degrees
of freedom v. Thus, Jeffrey’s prior is consistent with the result from reference analy-
sis. In fact, from the asymptotic behavior of the Bessel Function in the corresponding
expressions of the pdf, one can already see that F (¢; /) ~ ¢~ !. A cross check from a
numeric integration is shown in Fig. 2.9 where, for k = 3,5,7 (v = 1/2,3/2,5/2),
F(¢; v) is depicted as function of ¢ compared to 1/¢ in black for a sufficiently large



2.13 Some Worked Examples 165

Sl e o

il N RN FRETE FRNTE FNURE FNNNE FRNNE FRNTE AAATy
0.01 0.02 0.03 0.04 005 006 007 008 0.09 0.1

o

Fig. 2.9 Fisher’s information (numeric integration) as function of ¢ for k = 3, 5, 7 (discontinuous
lines) and f(¢) = gb‘l (continuous line). All are scaled so that F (¢ = 0.005,v) =1

value of b. Therefore we shall use 7(¢) = ¢~'/? for the cases of interest (dipole,
quadrupole, ... any-pole).
The posterior densities are

eFor ¢ =|lpll*: p(dldm,v) = Ne " ¢~V 1, (2b/$,/$) with

_ Tw+ D7,
T MQA)2, v+ 1,bd,)

The Mellin Transform is

T(s—1/2) M(s —1/2,v+ 1, bdy)

Mol = 2 M Q72,04 1 b

and therefore the moments

T+ 1/2)Mmn+1/2,v+1,boy)
JTb M(1/2,v + 1, bd,)

E[¢"l=Mn+1) =
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In the limit |b¢,,| =00, E[¢"] = ¢),.

eForp=|lpll: p(plgm, v) =2N e p I,2b/Gnp) and

T(n/2+1/2)Mn/2+1/2, v+ 1, bdy)
TP M1/2, v+ 1, boy)

Mp(s) = My(s/2+1/2) — E[p"] =

In the particular case that k = 3 (dipole; v = 1/2), we have for § = /3 /4mp that
the first two moments are:

_ erf (2)
T ad,M(1,3/2, —z2%)

1
27
E[6] E[67] = aM(1.3/2.—2)

with z = 26,,+/b7/3 and, when 6,,—0 we get

N EE . 104
“Voaa ™ n T a UO_\/E

%ngga one sided 95% upper credible region (see Sect. 2.11 for more details) of §y.95 =
NZE

So far, the analysis has been done assuming that the variances 0? are of the
same size (equal in fact) and the correlations are small. This is a very reasonable
assumption but may not always be the case. The easiest way to proceed then is
to perform a transformation of the parameters of interest (x) to polar coordinates

p(p, ) and do a Monte Carlo sampling from the posterior:

p(p, Rz, 27 o | [ Njlni(o. 2, 27 | w(p)dpds™™
j=1

with a constant prior for § or 7(¢) o ¢~ '/2 for ¢.
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Chapter 3
Monte Carlo Methods

Anyone who considers arithmetical methods of producing
random digits is, of course, in a state of sin
J. Von Neumann

The Monte Carlo Method is a very useful and versatile numerical technique that
allows to solve a large variety of problems difficult to tackle by other procedures.
Even though the central idea is to simulate experiments on a computer and make
inferences from the “observed” sample, it is applicable to problems that do not
have an explicit random nature; it is enough if they have an adequate probabilistic
approach. In fact, a frequent use of Monte Carlo techniques is the evaluation of
definite integrals that at first sight have no statistical nature but can be interpreted as
expected values under some distribution.

Detractors of the method used to argue that one uses Monte Carlo Methods because
a manifest incapability to solve the problems by other more academic means. Well,
consider a “simple” process in particle physics: ee—eep . Just four particles in
the final state; the differential cross section in terms of eight variables that are not
independent due to kinematic constraints. To see what we expect for a particular
experiment, it has to be integrated within the acceptance region with dead zones
between subdetectors, different materials and resolutions that distort the momenta
and energy, detection efficiencies,... Yes. Admittedly we are not able to get nice
expressions. Nobody in fact and Monte Carlo comes to our help. Last, it may be a
truism but worth to mention that Monte Carlo is not a magic black box and will not
give the answer to our problem out of nothing. It will simply present the available
information in a different and more suitable manner after more or less complicated
calculations are performed but all the needed information has to be put in to start
with in some way or another.



170 3 Monte Carlo Methods

In this lecture we shall present and justify essentially all the procedures that are
commonly used in particle physics and statistics leaving aside subjects like Markov
Chains that deserve a whole lecture by themselves and for which only the relevant
properties will be stated without demonstration. A general introduction to Monte
Carlo techniques can be found in [1].

3.1 Pseudo-Random Sequences

Sequences of random numbers {x;, x, ..., x,} are the basis of Monte Carlo simula-
tions and, in principle, their production is equivalent to perform an experiment e(n)
sampling # times the random quantity X ~ p(x|0). Several procedures have been
developed for this purpose (real experiments, dedicated machines, digits of transcen-
dental numbers,...) but, besides the lack of precise knowledge behind the generated
sequences and the need of periodic checks, the complexity of the calculations we are
interested in demands large sequences and fast generation procedures. We are then
forced to devise simple and efficient arithmetical algorithms to be implemented in a
computer. Obviously neither the sequences produced are random nor we can produce
truly random sequences by arithmetical algorithms but we really do not need them. It
is enough for them to simulate the relevant properties of truly random sequences and
be such that if I give you one of these sequences and no additional information, you
won’t be able to tell after a bunch of tests [2] whether it is a truly random sequence or
not (at least for the needs of the problem at hand). That’s why they are called pseudo-
random although, in what follows we shall call them random. The most popular (and
essentially the best) algorithms are based on congruential relations (used for this
purpose as far as in the 1940s) together with binary and/or shuffling operations with
some free parameters that have to be fixed before the sequence is generated. They
are fast, easy to implement on any computer and, with the adequate initial setting of
the parameters, produce very long sequences with sufficiently good properties. And
the easiest and fastest pseudo-random distribution to be generated on a computer is
the Discrete Uniform."

Thus, let’s assume that we have a good Discrete Uniform random number
generator” although, as Marsaglia said, “A Random Number Generator is like sex:
When it is good it is wonderful; when it is bad... it is still pretty good”. Each
call in a computer algorithm will produce an output (x) that we shall represent as
x < Un(0, 1) and simulates a sampling of the random quantity X ~ Un(x|0, 1).
Certainly, we are not very much interested in the Uniform Distribution so the task is
to obtain a sampling of densities p(x|@) other than Uniform from a Pseudo-Uniform
Random Number Generator for which there are several procedures.

ISee [3, 4] for a detailed review on random and quasi-random number generators.

2For the examples in this lecture I have used RANMAR [5] that can be found, for instance, at the
CERN Computing Library.
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Table 3.1 Estimation of 7 from a Binomial random process

171

Throws (N) Accepted (n) ™ o*

100 83 3.3069 0.1500
1000 770 3.0789 0.0532
10000 7789 3.1156 0.0166
100000 78408 3.1363 0.0052
1000000 785241 3.1410 0.0016

Example 3.1 (Estimate the value of ) As a simple first example, let’s see how we
may estimate the value of 7. Consider a circle of radius r inscribed in a square with
sides of length 2r. Imagine now that we throw random points evenly distributed
inside the square and count how many have fallen inside the circle. It is clear that
since the area of the square is 4r% and the area enclosed by the circle is 772, the
probability that a throw falls inside the circle is 8 = 7 /4.

If we repeat the experiment N times, the number n of throws falling inside the
circle follows a Binomial law Bi(n|N, p) and therefore, having observed n out of
N trials we have that

p@ln, N) o 0"~ 12(1 — g)yN-—"-1/2

Let’s take 7* = 4 E[6] as point estimator and 0* = 40y as a measure of the precision.
The results obtained for samplings of different size are shown in Table3.1.

It is interesting to see that the precision decreases with the sampling size as
1/+/N. This dependence is a general feature of Monte Carlo estimations regardless
the number of dimensions of the problem.

A similar problem is that of Buffon’s needle: A needle of length [ is thrown at
random on a horizontal plane with stripes of widthd > [. What is the probability that
the needle intersects one of the lines between the stripes? It is left as an exercise to
shown that, as given already by Buffon in 1777, P,,, = 2I/nd. Laplace pointed out,
in what may be the first use of the Monte Carlo method, that doing the experiment
one may estimate the value of 7 “... although with large error”.

3.2 Basic Algorithms

3.2.1 Inverse Transform

This is, at least formally, the easiest procedure. Suppose we want a sampling of the
continuous one-dimensional random quantity X ~ p(x)? so

3Remember that if supp(X) = QCR, it is assumed that the density is p(x)1q(x).
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P[X € (—o0, x]] =/ p(xdx' =/ dF(x) = F(x)
—0Q —0o0

Now, we define the new random quantity U = F(X) with support in [0, 1]. How is
it distributed? Well,
F7ul)
Fy(u) = PlU <u] = P[F(X) <u)] = P[X<F~'(u)] =/ dF(x') = u
—0o0

and therefore U ~ Un(u|0, 1). The algorithm is then clear; at step i:

(i1) ui <= Un(ul0,1)
(i) xi = F~'(u;)

After repeating the sequence n times we end up with a sampling {x;, x5, ..., x,,} of
X ~ p(x).

Example 3.2 Let’ see how we generate a sampling of the Laplace distribution X ~
La(x|a, B) witha € R, 5 € (0, 00) and density

1
pxla.f) = 73 eI o) ()

The distribution function is

x 2
Flx) = / P, B)dx’ =

o0

Then, if u < Un(0, 1):
a+ BlnRu) if u <1/2
a— B —uw)) if u>1/2
The generalization of the Inverse Transform method to n-dimensional random
quantities is trivial. We just have to consider the marginal and conditional distribu-
tions
F(xi,x0, ..., %0) = F (5 lxn—1, .o, x1) - - Fa(xalxy) - - Fi(xy)

or, for absolute continuous quantities, the probability densities

PX1, X2, oy Xn) = Pl Xn—t, o x0) - pa(xalxy) - - pr(xn)
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and then proceed sequentially; that is:

(i2,1) w1 < Un(u|0, 1) and x; = F;'(uy);
(i22) ur < Un(ul0, 1) and xo = F; ' (uax1);
(i2,1) u3 < Un(ul0, 1) and x3 = F; '(u3]x1, x2);

(i2,n) Up <— UI’I(MIO, 1) and Xn = Fn_](u3|x,,,1, cee ,xl)

If the random quantities are independent there is a unique decomposition
n n
P&, xa, . x) = [ i) and Flo,x,..oox) =[] Fita)
i=1 i=1

but, if this is not the case, note that there are n! ways to do the decomposition and
some may be easier to handle than others (see Example 3.3).

Example 3.3 Consider the probability density
P, y) =27 1(g,00) () 10,13(y)

We can express the Distribution Function as F(x, y) = F(x|y)F(y) where:

p(y)z/0 px,y)dx =2y — F(y) =)’

p('xﬂ y) — le—x/y
r(®) y

Both F(y) and F(x|y) are easy to invert so:

—  Fxly)=1—e"

p(xly) =

(i1) u <= Un(0, 1) and get y = u'/?
(i) w<Un(@O,1)andgetx = —ylnw

Repeating the algorithm n times, we get the sequence {(x1, y1), (x2, y2), ...} that
simulates a sampling from p(x, y).

Obviously, we can also write F (x, y) = F(y|x)F (x) and proceed in an analogous
manner. However

1 00
p(x) = / P, V)dy = 2x / "
0 x

is not so easy to sample.

Last, let’s see how to use the Inverse Transform procedure for discrete ran-
dom quantities. If X can take the values in Qy = {xo, x1, x2, ...} with probabilities
P(X = xi) = py, the Distribution Function will be:
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Fy = P(X <x0) = po
Fi=P(X<x)=po+ pi
F,=PX=x)=po+pi+p

Graphically, we can represent the sequence {0, Fy, Fi, F>, ..., 1} as:

Po P1 P2

0 Iy Iy o 1

Then, it is clear that a random quantity u; drawn from U (x|0, 1) will determine a point
in the interval [0, 1] and will belong to the subinterval [F;_;, F;] with probability
pr = Fy — Fy—1 so we can set up the following algorithm:

(i1) Getu; ~ Un(u|0, 1);
(i) Find the value x; such that Fy_| < u; < Fy

The sequence {xg, x1, X2, ...} so generated will be a sampling of the probability
law P(X = x;) = pi. Even though discrete random quantities can be sampled in
this way, some times there are specific properties based on which faster algorithms
can be developed. That is the case for instance for the Poisson Distribution as the
following example shows.

Example 3.4 (Poisson Distribution) Po(k|u). From the recurrence relation

pe
- Pk—1

—eh— =
PE=¢ T+ " &

({1) u;i < Un(0,1)
(i») Find the value k =0, 1, ... such that F;_; < u; < F} and deliver x; = k

For the Poisson Distribution, there is a faster procedure. Consider a sequence
of n independent random quantities {X;, X», ..., X,;}, each distributed as X; ~
Un(x|0, 1), and introduce a new random quantity

v x
k=1

with supp{W,} = [0, 1]. Then

—1 n—1 1 )
Wn ~ p(w,,ln) = (Og—w”) — P(W < a) — / e—ttn—ldt
r(n) r(n) —loga

and if we take a = e¢™" we have, in terms of the Incomplete Gamma Function
P(a, x):
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n—1 k
PW,<e")=1—Pn,p)=¢* Zr(kﬂ——i—l) =Po(X<n-—1|p)
k=0

Therefore,

(ip) Setw, =1;
(i1) u; <= Un(0,1) and set w, = wpu;
(i2) Repeat step (i) while w, <e™", say k times, and deliver x; = k — 1

Example 3.5 (Binomial Distribution Bn(k|N, €)) From the recurrence relation

_ (N k n—k 0 n—k+1
Pk—(k)e(l—e) =1_4 & P

with py = (1 — §)*

(1) u; < Un(0, 1)
(i») Find the value k =0, 1, ..., N such that F;_; < u; < F} and deliver x; = k

Example 3.6 (Simulation of the response of a Photomultiplier tube) Photomultiplier
tubes are widely used devices to detect electromagnetic radiation by means of the
external photoelectric effect. A typical photomultiplier consists of a vacuum tube with
an input window, a photocathode, a focusing and a series of amplifying electrodes
(dynodes) and an electron collector (anode). Several materials are used for the input
window (borosilicate glass, synthetic silica,...) which transmit radiation in different
wavelength ranges and, due to absorptions (in particular in the UV range) and external
reflexions, the transmittance of the window is never 100%. Most photocathodes are
compound semiconductors consisting of alkali metals with a low work function.
When the photons strike the photocathode the electrons in the valence band are
excited and, if they get enough energy to overcome the vacuum level barrier, they are
emitted into the vacuum tube as photoelectrons. The trajectory of the electrons inside
the photomultiplier is determined basically by the applied voltage and the geometry
of the focusing electrode and the first dynode. Usually, the photoelectron is driven
towards the first dynode and originates an electron shower which is amplified in the
following dynodes and collected at the anode. However, a fraction of the incoming
photons pass through the photocathode and originates a smaller electron shower
when it strikes the first dynode of the amplification chain.

To study the response of a photomultiplier tube, an experimental set-up has been
made with a LED as photon source. We are interested in the response for isolated
photons so we regulate the current and the frequency so as to have a low intensity
source. Under this conditions, the number of photons that arrive at the window of the
photomultiplier is well described by a Poisson law. When one of this photons strikes
on the photocathode, an electron is ejected and driven towards the first dynode to start
the electron shower. We shall assume that the number of electrons so produced follows
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also a Poisson law ng., ~ Po(n|u). The parameter p accounts for the efficiency of
this first process and depends on the characteristics of the photocathode, the applied
voltage and the geometry of the focusing electrodes (essentially that of the first
dynode). It has been estimated to be ; = 0.25. Thus, we start our simulation with

(1) ngen <= Po(nlp)

electrons leaving the photocathode. They are driven towards the first dynode to start
the electron shower but there is a chance that they miss the first and start the shower
at the second. Again, the analysis of the experimental data suggest that this happens
with probability pg> 2~ 0.2. Thus, we have to decide how many of the n,, electrons
start the shower at the second dynode. A Binomial model is appropriate in this case:

(2) ng» <= Bi(ng|ngen, pa2) and therefore nyy = ngen — nan.

Obviously, we shall do this second step if nge, > 0.

Now we come to the amplification stage. Our photomultiplier has 12 dynodes so
let’s see the response of each of them. For each electron that strikes upon dynode k
(k=1,...,12), n, electrons will be produced and directed towards the next element
of the chain (dynode k + 1), the number of them again well described by a Poisson
law Po(ni|ue). If we denote by V the total voltage applied between the photocathode
and the anode and by Ry, the resistance previous to dynode k we have that the current
intensity through the chain will be

14

| = ———

13
Zi:l R;

where we have considered also the additional resistance between the last dynode
and the anode that collects the electron shower. Therefore, the parameters i, are
determined by the relation

e =a (I Ry)’

where a and b are characteristic parameters of the photomultiplier. In our case we have
that N = 12,a = 0.16459,b = 0.75, atotal applied voltage of 800 V and a resistance
chainof {2.4,2.4,2.4,1.0,1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.2, 2.4} Ohms. It is easy
to see that if the response of dynode k to one electron is modeled as Po(ny |y ), the
response to n; incoming electrons is described by Po(n|n; ). Thus, we simulate
the amplification stage as:

(3.1) Ifng; > 0: dofromk=1to 12:
p=png —> ng <= Po(n|p)
(3.2) Ifngp >0: dofromk=2to 12:

W= pns —> ng < Po(n|u)
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Once this is done, we have to convert the number of electrons at the anode in ADC
counts. The electron charge is Q, = 1.602176 10~'° C and in our set-up we have
fapc = 2.110'" ADC counts per Coulomb so

ADC,,, = (ng1 +na2) (Qe fanc)

Last, we have to consider the noise (pedestal). In our case, the number of pedestal
ADC counts is well described by a mixture model with two Normal densities

DPped(x|-) = a N1 (x]10.,,1.) + (1 — o) Ny (x]10., 1.5)

with o= 0.8. Thus, with probability o we obtain ADC .4 <=N1(x|10, 1.5), and with
probability 1 — a, ADC .4 <=N1(x|10, 1) so the total number of ADC counts will be

ADC,y = ADCpeq + ADC,p,

Obviously, if in step 1) we get nge, = 0, then ADC,,y = ADC 4. Figure 3.1 shows
the result of the simulation for a sampling size of 10° together with the main con-
tributions (1, 2 or 3 initial photoelectrons) and the pedestal. From these results, the
parameters of the device can be adjusted (voltage, resistance chain,...) to optimize
the response for our specific requirements.

The Inverse Transform method is conceptually simple and easy to implement for
discrete distributions and many continuous distributions of interest. Furthermore,
is efficient in the sense that for each generated value u; as Un(x|0,1) we get a
value x; from F(x). However, with the exception of easy distributions the inverse
function F~!(x) has no simple expression in terms of elementary functions and may
be difficult or time consuming to invert. This is, for instance, the case if you attempt
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to invert the Error Function for the Normal Distribution. Thus, apart from simple
cases, the Inverse Transform method is used in combination with other procedures
to be described next.

NOTE 5: Bootstrap. Given the iid sample {x;, x, ..., x,} of the random quantity
X ~ p(x|0) we know (Glivenko-Cantelly theorem; see lecture 1 (7.6)) that:

F)=1/n> lonm) =5 F(xl0)
k=1

Essentially the idea behind the bootstrap is to sample from the empirical Distribution
Function F,(x) that, as we have seen for discrete random quantities, is equivalent to
draw samplings {x{, x5, . .., x, } of size n from the original sample with replacement.
Obviously, increasing the number of resamplings does not provide more information
than what is contained in the original data but, used with good sense, each bootstrap
will lead to a posterior and can also be useful to give insight about the form of the
underlying model p(x|#) and the distribution of some statistics. We refer to [6] for
further details.

3.2.2 Acceptance-Rejection (Hit-Miss; J. Von Neumann 1951)

The Acceptance-Rejection algorithm is easy to implement and allows to sample a
large variety of n-dimensional probability densities with a less detailed knowledge
of the function. But nothing is for free; these advantages are in detriment of the
generation efficiency.

Let’s start with the one dimensional case where X ~ p(x|f) is a continuous
random quantity with supp(X) = [a, b] and p,, = max, p(x|6). Consider now two
independent random quantities X; ~ Un(x;|c, §) and X, ~ Un(x,|0, §) where
[a, b] € supp(X;) = [«, (] and [0, p,,] € supp(X32) = [0, d]. The covering does
not necessarily have to be a rectangle in R? (nor a hypercube R"*!) and, in fact, in
some cases it may be interesting to consider other coverings to improve the efficiency
but the generalization is obvious. Then

1
B —a

Now, let’s find the distribution of X conditioned to X, < p(X,16):

SN

p(x1, x2]) =

0
P(X|<x,Xo=<p(x|0)) [y dxi fop(xll ) p(x1,xal) dxa
P(X2 = p(x10)) J? dxy Op(xl‘e) plx1, x2]) dxa
_ Jo p(x110)1q 5y (x1) dxy :/'x
ff p(x110) 1[4 p1(x1) dx

P(X1 =x|X2<p(x]0)) =

p(x110) dx; = F(x|0)

a
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so we set up the following algorithm:

(i) u; <= Un(ula<a, f>b)and w; <= Un(w|0, > py);
(i) If w; < p(u;|0) we accept x;; otherwise we reject x; and start again from (i)

Repeating the algorithm n times we get the sampling {x{, x5, ..., x,,} from p(x|0).

Besides its simplicity, the Acceptance-Rejection scheme does not require to have
normalized densities for it is enough to know an upper bound and in some cases,
for instance when the support of the random quantity X is determined by functional
relations, it is easier to deal with a simpler covering of the support. However, the
price to pay is a low generation efficiency:

def. accepted trials area under p(x|0) <1
~ total trials  area of the covering ~

Note that the efficiency so defined refers only to the fraction of accepted trials and,
obviously, the more adjusted the covering is the better but for the Inverse Transform
€ = 1 and it does not necessarily imply that it is more efficient attending to other
considerations. It is interesting to observe that if we do not know the normalization
factor of the density function, it can be estimated as

/ p(x|0) dx =~ (area of the covering) €
X

Let’s see some examples before we proceed.

Example 3.7 Consider X ~ Be(x|a, 3). In this case, what follows is just for ped-
agogical purposes since other procedures to be discussed later are more efficient.
Anyway, the density is

pxla, B) ocx® ! (1 —x)71 x €[0,1]

Suppose that i, 3 > 150 the mode x, = (o — 1)(cr + 3 — 2) ! exists and is unique.
Then

(=1 (31!
(a + ﬂ _ 2)0,4—[3—2

pm=max{p(x|a, )} = p(xola, B) =

so let’s take then the domain [v = 0, § = 1] x [0, p,,] and

(ll) Get Xj ™~ UVZ()C|0, 1) and Yi ~ Un(yIO, pm);
(i) If
(@) y; < p(xila, B) we deliver (accept) x;
) yi > p(xila, B) we reject x; and start again from (i)
Repeating the procedure n times, we get a sampling {x1, x5, . . ., x, } from Be(x|a, 3).

In this case we know the normalization so the area under p(x|a, §) is Be(x|a, ()
and the generation efficiency will be:
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(a+ 6 — 2)a+372

B Ty

Example 3.8 Let’s generate a sampling of the spatial distributions of a bounded
electron in a Hydrogen atom. In particular, as an example, those for the principal
quantum number n = 3. The wave-function is ¥, (r, €, ¢) = R (r) Y, (6, ¢) with:

Rypoc(1 —2r/2 = 2r2/27)e "3 Ryjoxr(1—r/6)e™"3 and  R3poxre™"/3

the radial functions of the 3s, 3p and 3d levels and

[Yi01? occos28;  |Yieg|? ocsin26;  [Yaol? oc (Bcos?0 — 1)2;  |Yapq|? o cos?Bsin26);
|Y2i2|2 o sin?6

the angular dependence from the spherical harmonics. Since dy = r’sinfdrdfd ¢,
the probability density will be

p(r, 0, ¢ln, 1, m) = R2,(r) |Yim|* r* sind = p,(r|n, 1) pe(0ll, m) ps(¢)

so we can sample independently r, § and ¢. It is left as an exercise to explicit a
sampling procedure. Note however that, for the marginal radial density, the mode
isat r = 13,12 and 9 for / =0, 1 and 2 and decreases exponentially so even if
the support is r € [0, co) it will be a reasonable approximation to take a covering
r € [0, Fyay) such that P(r > r,,,,) is small enough. After n = 4000 samplings for
the quantum numbers (n, [, m) = (3, 1,0), (3, 2,0) and (3, 2, £1), the projections
on the planes 7y, 7y, and 7, are shown in Fig.3.2.

The generalization of the Acceptance-Rejection method to sample a n-dimensional
density X ~ p(x|0) with dim(x) = n is straight forward. Covering with an n+ 1
dimensional hypercube:

(i1) Getasampling {x”,x?,...,x"; y;} where
p g 1 1 L

9 = Un(xPlaw, BOYi_, i yi < Un(y]0,k) and k >max, p(x|6)

(i2) Acceptthen-tuplex; = (xil), xiz), cees xf)) if y; < p(x;|0) orrejectit otherwise.

3.2.2.1 Incorrect Estimation of max,{p(x|-)}

Usually, we know the support [, 3] of the random quantity but the pdf is complicated
enough to know the maximum. Then, we start the generation with our best guess for
max, p(x|-), say ki, and after having generated N; events (generated, not accepted)
in [a, B]1X[0, k1],... wham!, we generate a value x,, such that p(x,,) > k;. Certainly,
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Fig. 3.2 Spatial probability distributions of an electron in a hydrogen atom corresponding to the
quantum states (n, [, m) = (3, 1, 0), (3,2, 0) and (3, 2, £1) (columns 1, 2, 3) and projections (x, y)
and (x, z) = (y, z) (rows 1 and 2) (see Example 3.8)

our estimation of the maximum was not correct. A possible solution is to forget about
what has been generated and start again with the new maximum k, = p(x,,) > k)
but, obviously, this is not desirable among other things because we have no guarantee
that this is not going to happen again. We better keep what has been done and proceed
in the following manner:

(1) We have generated N; pairs (x;, x;) in [a, 8] x [0, k1] and, in particular, X,
uniformly in [0, k;]. How many additional pairs N, do we have to generate? Since
the density of pairs is constant in both domains [«, 5] x [0, k1] and [«, 5] x
[0, k»] we have that

Nl o N]+Na _ 12_
G-k G-ak = M= (k1 l)

(2) How do we generate them? Obviously in the domain [«, 5] X [k1, k»] but from
the truncated density

pe(x|') = (p(x|) - kl) 1p(x|~)>k|(x)
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(3) Once the N, additional events have been generated (out of which some have been
hopefully accepted) we continue with the usual procedure but on the domain

[er, B1X[0, ka].
The whole process is repeated as many times as needed.
NOTE 6: Weighted events.
The Acceptance-Rejection algorithm just explained is equivalent to:

(i;) Sample x; from Un(x|«, §) and u; from Un(u|0, 1);
(i) Assign to each generated event x; a weight: w; = p(x;|-)/pm; 0 <w; <1 and
accept the event if u; < w; or reject it otherwise.

It is clear that:

e Events with a higher weight will have a higher chance to be accepted;

e After applying the acceptance-rejection criteria at step (i), all events will have a
weight either 1 if it has been accepted or 0 if it was rejected.

e The generation efficiency will be

accepted trials 1 o
€= —m—— = — E w,=w
total trials(N) N

In some cases it is interesting to keep all the events, accepted or not.

Example 3.9 Let’s obtain a sampling {x, X2, ...}, dim(x) = n, of points inside a
n-dimensional sphere centered at x© and radius r. For a direct use of the Acceptance-
Rejection algorithm we enclose the sphere in a n-dimensional hypercube

C, = H[xf —r,x{ +r]
i=1

and:

M) x; = Unx|xi —r,x{ +r)yfori=1,...,n
(2) Accept x; if p; = ||x; — x€|| <r and reject otherwise.

The generation efficiency will be

volume of the sphere  27"* 1

e(n) =

volume of the covering  nI'(n/2) on
Note that the sequence {x;/p;}?_, will be a sampling of points uniformly distributed
on the sphere of radius » = 1. This we can get also as:

(1) zi = N(z|0,1)fori=1,...,n
2) p=llzilland x; = z;/p
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Except for simple densities, the efficiency of the Acceptance-Rejection algorithm
is not very high and decreases quickly with the number of dimensions. For instance,
we have seen in the previous example that covering the n-dimensional sphere with a
hypercube has a generation efficiency

B 272 1
€ln) = nT'(n/2) 2"

and lim,_, .o€(n) = 0. Certainly, some times we can refine the covering since there
is no need other than simplicity for a hypercube (see Stratified Sampling) but, in
general, the origin of the problem will remain: when we generate points uniformly in
whatever domain, we are sampling with constant density regions that have a very low
probability content or even zero when they have null intersection with the support
of the random quantity X. This happens, for instance, when we want to sample
from a differential cross-section that has very sharp peaks (sometimes of several
orders of magnitude as in the case of bremsstrahlung). Then, the problem of having
a low efficiency is not just the time expend in the generation but the accuracy and
convergence of the evaluations. We need a more clever way to generate sequences
and the Importance Sampling method comes to our help.

3.2.3 Importance Sampling

The Importance Sampling generalizes the Acceptance-Rejection method sampling
the density function with higher frequency in regions of the domain where the prob-
ability of acceptance is larger (more important). Let’s see the one-dimensional case
since the extension to n-dimensions is straight forward.

Suppose that we want a sampling of X ~ p(x) with support Qx € [a, b] and
F (x) the corresponding distribution function. We can always express p(x) as:

p(x) = cg(x) h(x)

where:

(1) h(x) is a probability density function, i.e., non-negative and normalized in Qy;
(2) g(x)>0; Vx € Qx and has a finite maximum g,, = max{g(x); x € Qx};
(3) ¢ > 0 a constant normalization factor.

Now, consider a sampling {x;, x2, . .., X, } drawn from the density A (x). If we apply
the Acceptance-Rejection criteria with g(x), how are the accepted values distributed?
It is clear that, if g,, = max(g(x)) and Y ~ Un(y|0, g,,)

faxh(x)dx fog(x)dy _ faxh(x)g(x)dx

P(X <x|Y = B
(X <x|Y<g(x)) [Pheydx [*Ddy [P hx) g(x)dx

= F(x)
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and therefore, from a sampling of n(x) we get a sampling of p(x) applying
the Acceptance-Rejection with the function g(x). There are infinite options for
h(x). First, the simpler the better for then the Distribution Function can be eas-
ily inverted and the Inverse Transform applied efficiently. The Uniform Density
h(x) = Un(xla, b) is the simplest one but then g(x) = p(x) and this is just the
Acceptance-Rejection over p(x). The second consideration is that 4 (x) be a fairly
good approximation to p(x) so that g(x) = p(x)/h(x) is as smooth as possible and
the Acceptance-Rejection efficient. Thus, if 2(x) > 0 Vx € [a, b]:

px)dx = @ h(x)dx = g(x)dH (x).
h(x)

3.2.3.1 Stratified Sampling

The Stratified Sampling is a particular case of the Importance Sampling where the
density p(x); x € Qy is approximated by a simple function over Q. Thus, in the
one-dimensional case, if Q = [a, b) and we take the partition (stratification)

Q=U_,Q, =V"_lai_1, a); ay=a, a,=b

with measure \(Q;) = (a; — a;_1), we have

$ 111[71,11/ ()C) o
h(x) = Z et &) =7 A(Qi)) — / h(x)dx =1
i=1 o

Denoting by p,, (i) = max,{p(x)|x € Q;}, wehave that for the Acceptance-Rejection
algorithm the volume of each sampling domainis V; = A(Q;) p,. (i).In consequence,
for a partition of size n, if Z € {1, 2, ..., n} and define

k
Fly=P(Z<k) =Y P(Z=])

j=1

Vi
P(Z=k)= ————;
( ) 2o Vi

we get a sampling of p(x) from the following algorithm:

(i1) u; < Un(u|0, 1) and select the partition k = Int[min{F; | F; > n-u;}];
(i2) xi <= Un(x|ax—1, a), yi <= Un(y10, p(k)) and accept x; if y; < p(x;) (reject
otherwise).



3.2 Basic Algorithms 185

3.2.4 Decomposition of the Probability Density

Some times it is possible to express in a simple manner the density function as a
linear combination of densities; that is

k
p(x):Zajpj(x); aj >0Vj=1,2,...,k
j=I

that are easier to sample. Since normalization imposes that

/ p(x)dx:Zaj/ pj(x)dx=Zam=1
- j=1 - j=1

we can sample from p(x) selecting, at each step i, one of the k densities p; (x) with
probability p; = a; from which we shall obtain x; and therefore sampling with higher
frequency from those densities that have a higher relative weight. Thus:

(i1) Select which density p;(x) are we going to sample at step (i) with probability

pi = ai;
(i) Get x; from p; (x) selected at (iy).

It may happen that some densities p;(x) can not be easily integrated so we do
not know a priory the relative weights. If this is the case, we can sample from
fj(x) o< pj(x) and estimate with the generated events from f; (x) the corresponding
normalizations /; with, for instance, from the sample mean

1 n
= -2 filtw)
k=1

Then, since p;(x) = f;(x)/I; we have that

K K

pl) =D a filxl) =D a;l -f’(") Zallp,(x)

i=1 i=1

so each generated event from f;(x) has a weight w; = a;1;.

Example 3.10 Suppose we want to sample from the density

3
px) = 3 (1 +x?); xe[—1,1]
Then, we can take:

pi(x) =1/2
p2(x) =3x%/2

p1(x) ol

2 —> normalization —>
pa(x) oxx
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SO:

3 1
px) = 1 pi(x) + 1 p2(x)

Then:

(i1) Getu; and w; as Un(u|0, 1);
(i) Get x; as:

ifu; <3/4thenx; =2w; — 1
ifu; > 3/4then x; = Quw; — 1)'/3

In this case, 75% of the times we sample from the trivial density Un(x| — 1, 1).

3.3 Everything at Work

3.3.1 The Compton Scattering

When problems start to get complicated, we have to combine several of the afore-
mentioned methods; in this case Importance Sampling, Acceptance-Rejection and
Decomposition of the probability density.

Compton Scattering is one of the main processes that occur in the interaction of
photons with matter. When a photon interacts with one of the atomic electrons with an
energy greater than the binding energy of the electron, is suffers an inelastic scattering
resulting in a photon of less energy and different direction than the incoming one
and an ejected free electron from the atom. If we make the simplifying assumptions
that the atomic electron initially at rest and neglect the binding energy we have that
if the incoming photon has an energy E, its energy after the interaction (E /7) is:

I

. 1

B —
E, 14a(l—cost)

€=

where 6 € [0, ] is the angle between the momentum of the outgoing photon and
the incoming one and a = E, /m,. Itis clear that if the dispersed photon goes in the
forward direction (that is, with 6 = 0), it will have the maximum possible energy
(e = 1) and when it goes backwards (that is, § = ) the smallest possible energy
(e = (14 2a)~"). Being a two body final state, given the energy (or the angle) of
the outgoing photon the rest of the kinematic quantities are determined uniquely:

: 1 t0/2
E,=E, (1 +-- 6) and  tand, = coté/
a 1+a
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The cross-section for the Compton Scattering can be calculated perturbatively in
Relativistic Quantum Mechanics resulting in the Klein-Nishina expression:

d oy 301

ax s W

where x = cos(f), o7 = 0.665barn = 0.665-107>*cm? is the Thomson cross-
section and

1 2 1— 2
_ (1 +xr 4 a(—x)
[1T+a(l—x)] I+a(l—x)
has all the angular dependence. Due to the azimuthal symmetry, there is no explicit

dependence with ¢ € [0,27] and has been integrated out. Last, integrating this
expression for x € [—1, 1] we have the total cross-section of the process:

f) =

UO(EA):Ul [(1—1—51)(2(1—1—61)_ln(1+2a))+1n(1+2a)_ 1 +3a :|
Y 4 a? 1+2a a 2a (1+2a)2

For a material with Z electrons, the atomic cross-section can be approximated by
o = Z opcm?/atom.

Let’s see how to simulate this process sampling the angular distribution
p(x) ~ f(x). Figure3.3 (left) shows this function for incoming photon energies
of 10, 100 and 1000 MeV. It is clear that it is peaked at x values close to 1 and gets
sharper with the incoming energy; that is, when the angle between the incoming and
outgoing photon momentum becomes smaller. In consequence, for high energy pho-
tons the Acceptance-Rejection algorithm becomes very inefficient. Let’s then define
the functions

1
[14+al—x)]"

and express f(x) as f(x) = (f1(x) + f2(x) + f3(x)) - g(x) where

filx)
1+ fix) + f2(x)

Jalx) =

g =1-2-x?

The functions f, (x) are easy enough to use the Inverse Transform method and apply
afterward the Acceptance-Rejection on g(x) > 0 Vx € [—1, 1]. The shape of this
function is shown in Fig.3.3 (right) for different values of the incoming photon
energy and clearly is much more smooth than f(x) so the Acceptance-Rejection
will be significantly more efficient. Normalizing properly the densities

1

1
pi(x) = — fi(x)  such that / pix)dx=1;, i=1,2,3
Wi 1
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Fig. 3.3 Functions f(x) (left) and g(x) (right) for different values of the incoming photon energy

we have that, with b = 1 4+ 2a:

L 2 2b
w=—Inb Wr=——F— W3=—F——
Ty R T

and therefore

(1) + f2(x) + f3x) - g(x) = (w1 p1(x) + w2 p2(x) + w3 p3(x)) - g(x)
wy (a1 p1(x) + a2 pa(x) + a3 p3(x)) - g(x)

fx)

where w; = w; + wy + w3,

=3
Wi .
a=— >0,i=1,2,3 and o =1
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Thus, we set up the following algorithm:
(1) Generate u < Un(u|0, 1),

(1.1) if u <« we sample x, ~ p;(x);
(1.2) if oy < u < + ap we sample x;, ~ p,(x) and
(1.3) if oy + oy < u we sample x; ~ py(x);

(2) Generate w < Un(wl0, gy ) where

b

gu=max[g()] =g(x=-1) =1—-1—==—3

If w < g(x,) we accept x,; otherwise we go back to step (1).

Let’s see now to sample from the densities p;(x). If u < Un(u|0, 1) and

F,»<x>=/ pis)ds i=1,2,3

-1

then:

o x ~ pi(x): Fi(x) = 1 — 100 Jfllfg})—x) gy =Lta-p
oxwpz(x):Fz(x)z%Z:—;)_zl_a N xg:b_al(lf—a;!
PR = gy a) (82:32 N 1) — =y +4al(71++1a)u]1/2

Once we have x, we can deduce the remaining quantities of interest from the kine-
matic relations. In particular, the energy of the outcoming photon will be

1

— 9 _ !

€, = — = —
Y E 1+a(l—x,)
Last, we sample the azimuthal outgoing photon angle as ¢ < Un(ul0, 27).

Even though in this example we are going to simulate only the Compton effect,
there are other processes by which the photon interacts with matter. At low energies
(essentially ionization energies: <E., <100KeV) the dominant interaction is the
photoelectric effect

~ + atom —> atom™’ +¢7;

at intermediate energies (E, ~ 1 — 10 MeV) the Compton effect

v+ atom —> v+ e~ + atom™
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and at high energies (£, > 100 MeV) the dominant one is pair production
~ + nucleus —> e 4 e~ + nucleus

To first approximation, the contribution of other processes is negligible. Then, at each
step in the evolution of the photon along the material we have to decide first which
interaction is going to occur next. The cross section is a measure of the interaction
probability expressed in cm? so, since the total interaction cross section will be in
this case:

0t = Ophot. T TCompt. + Opair

we decide upon the process i that is going to happen next with probability p; = o, /0y;
that is, u < Un(0, 1) and

(1) if u < ppnor. we simulate the photoelectric interaction;
(2) if pphot. < # =< (Pphot. + Pcompt.): We simulate the Compton effect and otherwise
(3) we simulate the pair production

Once we have decided which interaction is going to happen next, we have to
decide where. The probability that the photon interacts after traversing a distance x
(cm) in the material is given by

Fipy=1- e/
where ) is the mean free path. Being A the atomic mass number of the material, N4

the Avogadro’s number, p the density of the material in g/cm?, and o the cross-section
of the process under discussion, we have that

A=
pNAJ

[cm]
Thus, if u < Un(0, 1), the next interaction is going to happen at x = —Alnu along
the direction of the photon momentum.

As an example, we are going to simulate what happens when a beam of photons
of energy £, = 1 MeV (X rays) incide normally on the side of a rectangular block of
carbon (Z = 6, A = 12.01, p = 2.26) of 10 x 10 cm? surface y 20 cm depth. Behind
the block, we have hidden an iron coin (Z = 26, A = 55.85, p = 7.87) centered on
the surface and in contact with it of 2cm radius and 1 cm thickness. Last, at 0.5cm
from the coin there is a photographic film that collects the incident photons.

The beam of photons is wider than the block of carbon so some of them will
go right the way without interacting and will burn the film. We have assumed for
simplicity that when the photon energy is below 0.01 MeV, the photoelectric effect is
dominant and the ejected electron will be absorbed in the material. The photon will
then be lost and we shall start with the next one. Last, an irrelevant technical issue:
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Fig. 3.4 The upper figure 15

shows an sketch of the I
experimental set-up and the x r
trajectory of one of the 10

simulated photons until it is
detected on the screen. The 3
lower figure shows the 5
density of photons collected - 74)&///
at the screen for a initially L
generated sample 10° events

-10

the angular variables of the photon after the interaction are referred to the direction
of the incident photon so in each case we have to do the appropriate rotation.
Figure3.4 (up) shows the sketch of the experimental set-up and the trajectory
of one of the traced photons of the beam collected by the film. The radiography
obtained after tracing 100,000 photons is shown in Fig. 3.4 (down). The black zone
corresponds to photons that either go straight to the screen or at some point leave the
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block before getting to the end. The mid zone are those photons that cross the carbon
block and the central circle, with less interactions, those that cross the carbon block
and afterward the iron coin.

3.3.2 An Incoming Flux of Particles

Suppose we have a detector and we want to simulate a flux of isotropically distributed
incoming particles. It is obvious that generating them one by one in the space and
tracing them backwards is extremely inefficient. Consider a large cubic volume V
that encloses the detector, both centered in the reference frame Sy. At time fy, we
have for particles uniformly distributed inside this volume that:

1
p(ro)duo = 77 dxo dyo dzo

Assume now that the velocities are isotropically distributed; that is:
I .
p(w)du, = = sinfdfdo f(v)do
us

with f(v) properly normalized. Under independence of positions and velocities at
tp, we have that:

1 1
p(ro, v)duogdp, = deodyo dzo = sinfdfdo f(v)do
s

Given a square of surface S = (2/)?, parallel to the (x, y) plane, centered at (0, 0, z.)
and well inside the volume V, we want to find the probability and distribution of
particles that, coming from the top, cross the surface S in unit time.

For a particle having a coordinate zj at fp = 0, we have that z(¢) = zo + v,¢. The
surface S is parallel to the plane (x, y) at z = z,. so particles will cross this plane at
time . = (2. — zo0)/v, from above iff:

(0) zop > z.; obvious for otherwise they are below the plane S at 7y = 0;

(1) 8 € [7w/2, m); also obvious because if they are above S at fo = 0 and cut the
plane atsome ¢t > 0, the only way isthato, = vcosf <0 — cosf <0 — 0 €
[7/2, ).

But to cross the squared surface S of side 2/ we also need that
(2) —l<x(t))=xo+0v,t. <] and = <y(t.) = yo + 0yt <I

Last, we want particles crossing in unit time; that is 7. € [0, 1] so 0 <f. = (z. —
z0)/v, < 1 and therefore

(3) 20 € [z¢, 2c — v cosB]
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Then, the desired subspace with conditions (1), (2), (3) is
Q. =1{0 € [7/2,7); 20 € [2e, 2c —v 08 O]; xo € [—] — vste, I — Oxte];
Yo € [—] —vyte, ] —vyt.]}
After integration:

Ze—0 cos [—v, 1, I—vyt,
/ dzo / dxg / dyo = —(21)*v cos @
Z —l—v,t. —l—v,t

e

Thus, we have that for the particles crossing the surface S = (2/)? from above in unit
time

2
p@, ¢, v)d0dpdv = — @)

1
— sinf cos8dOd¢ f(v)vdo
47

with 6 € [7/2, ) and ¢ € [0, 27). If we define the average velocity

E[v] :/ v f(v)do
Q

v

the probability to have a cut per unit time is

S E[v]

oo < 1) = / (0, 6. v) dbdddv =
Q.xQ,

and the pdf for the angular distribution of velocities (direction of crossing particles)
is

1 1
p0, ¢)dOdp = —— sinf cos0dOdo = 7 d(cos’*0) do
™ i3

If we have a density of n particles per unit volume, the expected number of crossings
per unit time due to the ny = n V particles in the volume is

n E[v]
4

nC=nVPcut(tc§1)= N

so the flux, number of particles crossing the surface from one side per unit time and
unit surface is
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Note that the requirement that the particles cross the square surface S in a finite time
(t. € [0, 1]) modifies the angular distribution of the direction of particles. Instead of

p1(0, p) x sinfd; 0 € [0, 7); ¢ € [0,27)
we have
p2(0, p) x —sinf cosb; 0 € [7/2,m); ¢ € [0,2m)

The first one spans a solid angle of

/Oﬁdﬁ/ohdgbp](ﬂ,gb)zmr

while for the second one we have that

/()7T/2 do /027T dop,(0,¢) =

that is; one fourth the solid angle spanned by the sphere. Therefore, the flux expressed
as number of particles crossing from one side of the square surface S per unit time
and solid angle is

@ one n E[v]
™ TS 47

Thus, if we generate a total of ny = 6n, particles on the of the surface of a cube,
each face of area S, with the angular distribution

p(0, $)dodo = % d(cos®0) d¢

for each surface with 6 € [7/2, ) and ¢ € [0, 27) defined with k normal to the
surface, the equivalent generated flux per unit time, unit surface and solid angle is
®; = ny/6mS and corresponds to a density of n = 2ny /3S E[v] particles per unit
volume.

NOTE 7: Sampling some continuous distributions of interest

These are some procedures to sample from continuous distributions of interest. There
are several algorithms for each case with efficiency depending on the parameters but
those outlined here have in general high efficiency. In all cases, it is assumed that
u<=Un(0,1).
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e Beta: Be(x|a, §); a, 8 € (0, 00):

X1

x7 1 = x)‘g’ll(o,l)(x) — x =

plxl) = Ba. D)

where x; < Ga(x|1/2, a) and x, < Ga(x|1/2, B)

X1+ x2

e Cauchy: Ca(x|a, B); a € R; B € (0, 00):

b/m )1(_00,00)(x) — x=a+ 8 "tan(r(u — 1/2))

p(x]) = —(1 G o)

e Chi-squared: For x%(x|v) see Ga(x|1/2, v/2).

e Dirichlet Di(x|cv); dim(x, &) = n, o € (0,00), x; € (0, 1) and 37, x; = 1

T(ag+ - +ay) 1

Fen)--T(an) fo o) — =2/

px|la) =

where z; < Ga(z|l, ;) and z0 = >°7_, z;.

Generalized Dirichlet GDi(x|a, 38); dim(83) =n, 3; € (0, 00), Z;’;{ xj <1

n—1 r , , -
p(xi, ..., xpila, B) = H% i 1(1—Z)Ck)

with

R ﬂi_ai+l_/8i+1 fori:lszﬂ"'an_z
Y= By =1 fori=n—1

When 3; = a,H + Bi+1 reduces to the usual Dirichlet. If z; < Be(z|ag, 0x) then
xe=z(1— Z, xj)fork=1,...,n—1landx, =1—-3""x.

e Exponential: Ex(x|«a); a € (0, 00):

p(x]) = aexp{—ax}lp.o)(x) — x=—a 'lnu

e Gamma Distribution Ga(x|a, 5); o, 8 € (0, 00).
The probability density is

—ax xﬂfl 1(0’00) (.X)

p(xla, B) =

r (5)
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Notethat Z = aX ~ Ga(z|1, 3) solet’s see how to simulate a sampling of Ga(z|1, 3)
and, if a#1, take x = z/a. Depending on the value of the parameter 3 we have that

> [ = 1: This is the Exponential distribution Ex(x|1) already discussed;

> B =m e N: As we know, the sum X; = X| + --- + X, of n independent ran-
dom quantities X; ~ Ga(x;|a, 3;); i = 1,...,n is a random quantity distrib-
uted as Ga(|xs|a, B1 + - - - + B,). Thus, if we have m independent samplings
x;i < Ga(x|1,1) = Ex(x|1), that is

x1 = —lnuy, ..., x, = —lnu,,

with u; <= Un(0, 1), then
m
X=X +x2 -+ X, =—In Hui
i=1

will be a sampling of Ga(x,|1, 6 = m).
> B > 1 € R:Defining m = [3] we have that 3 = m + § with § € [0, 1). Then,
ifu; «Un(0,1); i =1,...,mand w < Ga(w|l, ),

7= —lnH:nzlu,- + w

will be a sampling from Ga(x|1, 3). The problem is reduced to get a sampling
w < Ga(w|l, ) with d € (0, 1).

> 0 < 3 < 1:Inthiscase, for small values of x the density is dominated by p(x) ~
x7~1 and for large values by p(x) ~ e~*. Let’s then take the approximant

gx) = xA-1 1(0,1)(x) +e 1[1’00)(x)
Defining

pi(x) = B Mo p(x) — Fi(x)=x"
pr(x) = e N () — B(x)=1-e"

w; = e/(e + ) and w, = (3/(e + 3) we have that
g(x) = wy p1(x) + wy pa(x)

and therefore:
(1) u; < Un(0,1);i=1,2,3
2) Ifu; <wy,setx = u;/‘d and accept x if u3 <e™*; otherwise go to (1);

Ifu; > wy,setx = 1 — Inu, and accept x if u3 <x”~!; otherwise go to (1);
The sequence of accepted values will simulate a sampling from Ga(x|1, §). It is
easy to see that the generation efficiency is
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€(B) = ﬁnm 1)

and €, (6 >~ 0.8) ~0.72.

e Laplace: La(x|a, §); a € R, 8 € (0, 00):

1 a+ PFnQu) if u<1/2
p(X|a, /3) = ﬁ e_lx_a‘/ﬁl(_oo’oo)(x) — X =

a—BnQ1A —u)) if u>1/2
e Logistic: Lg(x|a, 8); a € R; B € (0, 00):

exp{—f(x — )}
(1 +exp{—B(x — a)})?

u
p(xl) =B 1o @) —> x=a+ﬂ_lln(1_u>
e Normal Distribution N (x|u, V).

There are several procedures to generate samples from a Normal Distribution. Let’s
start with the one-dimensional case X ~ N (x|u, o) considering two independent
standardized random quantities X; ~ N(x;|0, 1); i = 1, 2 [7] with joint density

p(x1,x2) = — e~ (i +x3)/2
2

After the transformation X; = Rcos® and X, = Rsin® with R € [0, >0); O €
[0, 27) we have

|
pr0) = - r
27
Clearly, both quantities R and ® are independent and their distribution functions
—r2 /2 9
F(r)y=1—e¢ and Fp(0) = —
27

are easy to invert so, using then the Inverse Transform algorithm:

(1) u; & Un(0,1) and u, < Un(0, 1);

(2) r = /—21Inu; and 6 = 27uy;

(3) x1 = rcosf and x, = rsind.
Thus, we get two independent samplings x; and x; from N (x|0, 1) and
4) z1 = p1 +o1x; and z2 = po + 02x2

will be two independent samplings from N (x|u;, o) and N (x|uz, 02).
For the n-dimensional case, X ~ N(x|u, V) and V the covariance matrix, we
proceed from the conditional densities
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p(xlp, V) = pOenlxa—t, Xn—2.. ., x152) pQp—ilXn—2 ..., x15 ) - plxrl")
For high dimensions this is a bit laborious and it is easier if we do first a bit of algebra.
We know from Cholesky’s Factorization Theorem that if V € R™*" is a symmetric
positive defined matrix there is a unique lower triangular matrix C, with positive
diagonal elements, such that V = CCT. Let then Y be an n-dimensional random
quantity distributed as N (y|0, I) and define a new random quantity
X=p+CY
Then V-! = [C~!1]T C~! and
Y'Y=X-w'[CTCTX-p=X-w [V'IX-p

After some algebra, the elements if the matrix C can be easily obtained as

Vi

Ci = 1<i<n
Vi1
Vi = 251 CuC

Cij =

l<j<i<n
Cjj

i—1 1/2
Cil-z(V,»,-—ZCiZk) 1<l§}’l
k=1

and, being lower triangular, C;; = 0V > i. Thus, we have the following algorithm:

(1) Get the matrix C from the covariance matrix V;
(2) Get n independent samplings z; <= N (0, 1) withi =1, ..., n;
(3) Getx; = i + 21, Cijz;

In particular, for a two-dimensional random quantity we have that

V= O'% pPoO102
pPo102 U%

and therefore:

Vi

Ci = =o; Cp=0
v Vi1

Cy = Va =poy; Cun=Van—C)"*=0y1-p?
VAT

SO:

. g1 0
C= (p02 05 1—p2)
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Then, if z; » < N(z]0, 1) we have that:

(2)=0)* (e pii=)
x ) \ e o2 (zi p+ 221 —p?)

e Pareto: Pa(x|a, 0); a, B € (0, 00):

p(xl) = afx o (x) — x=Fu""

e Snedecor: Sn(x|a, §); a, 8 € (0, 00):

X1/«

x2/08

p(x]) o x27H (B4 ax) 21 o (x) — x=

where x; < Ga(x|1/2, «/2) and x, < Ga(x|1/2, 3/2).
e Student St (x|v); v € (0, 00):
p(x]) o ;1(_00,00)@) — x = v = 1)sinQmruy)
(14 x2/0) D72
where u;» < Un(0, 1).

e Uniform Un(x|a,b);a <b € R

pxl)=0b-a) k) — x=0b-1)+au

e Weibull: We(x|a, 3); a, 8 € (0, 00):

p(xl- = afx " exp(—(x/B) N.o0)(x) —> x=f (=Inu)"/*.

3.4 Markov Chain Monte Carlo

With the methods we have used up to now we can simulate samples from distributions
that are more or less easy to handle. Markov Chain Monte Carlo allows to sample
from more complicated distributions. The basic idea is to consider each sampling as
a state of a system that evolves in consecutive steps of a Markov Chain converging
(asymptotically) to the desired distribution. In the simplest version were introduced
by Metropolis in the 1950s and were generalized by Hastings in the 1970s.

Let’s start for simplicity with a discrete distribution. Suppose that we want a
sampling of size n from the distribution
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PX=k =m with k=12...,N

that is, from the probability vector
N
= (m,m,...,7y); m €[0,1]Vi=1,...,N and Zm =1
i=1

and assume that it is difficult to generate a sample from this distribution by other
procedures. Then, we may start from a sample of size n generated from a simpler
distribution; for instance, a Discrete Uniform with

1
P(X=k) =1 Yk

and from the sample obtained {n,n,,...,ny}, where n = Z,N:1 n;, we form the
initial sample probability vector

0 0 0
71'(0) = (ﬂ-i )97ré)a-~'97T](V)): (l’l]/l’l,l/lz/”l,...,n]\]/n)

Once we have the n events distributed in the N classes of the sample space Q =
{1,2, ..., N} we just have to redistribute them according to some criteria in different
steps so that eventually we have a sample of size n drawn from the desired distribution
P(X =k) =m.

We can consider the process of redistribution as an evolving system such that,
if at step i the system is described by the probability vector ), the new state at
step i + 1, described by 7@*D, depends only on the present state of the system (i)
and not on the previous ones; that is, as a Markov Chain. Thus, we start from the
state v and the aim is to find a Transition Matrix P, of dimension N x N, such that
wi+) = 7P and allows us to reach the desired state 7r. The matrix P is

Py P -+ Py
Py Py -+ Pay

P= . .

Pyi Pya -+ Pyy

where each element (P);; = P(i— j) € [0, 1] represents the probability for an event

in class i to move to class j in one step. Clearly, at any step in the evolution the
probability that an event in class i goes to any otherclass j =1,..., Nis 1 so

N N
2 )= Pi>j)=1
j=1 j=1
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and therefore is a Probability Matrix. If the Markov Chain is:

(1) irreducible; that is, all the states of the system communicate among themselves;
(2) ergodic; that is, the states are:

(2.1) recurrent: being at one state we shall return to it at some point in the
evolution with probability 1;

(2.2) positive: we shall return to it in a finite number of steps in the evolution;

(2.3) aperiodic: the system is not trapped in cycles;

then there is a stationary distribution 7 such that:

1) #==nP;
(2) Starting at any arbitrary state 7 of the system, the sequence

()

70— O p

2@ — 2O p — O p2

70 — 7O pn

converges asymptotically to the fix vector 7;

3)
’7"'] 7T2 .« .. 7TN
71—1 ﬂ'z ... ﬂ'N
hmn—)ooP” =
71—1 ﬂ'z ... ﬂ'N

There are infinite ways to choose the transition matrix P. A sufficient (although not
necessary) condition for this matrix to describe a Markov Chain with fixed vector 7
is that the Detailed Balance condition is satisfied (i.e., a reversible evolution); that is

7 Py =7, (P);; < m P(i—))=m; P(j—i)

It is clear that if this condition is satisfied, then 7 is a fixed vector since:

N N N
P = (Zﬂ'i P)i1, Zﬂ'i Pz, ... Zﬂ'i (P)iN) =
iz1 i—1 i-1
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due to the fact that
N N
> mi®Pu=Y m Py =m for k=1,2...N
i=1 i=1

Imposing the Detailed Balance condition, we have freedom to choose the elements
(P);;. We can obviously take (P);; = 7; so that it is satisfied trivially (m;7; = 7;m;)
but this means that being at class i we shall select the new possible class j with
probability P(i— j) = 7; and, therefore, to sample directly the desired distribution
that, in principle, we do not know how to do. The basic idea of Markov Chain Monte
Carlo simulation is to take

P)i; = q(jli)-a;j

where

q(jli): 1is a probability law to select the possible new class j = 1, ..., N for an
event that is actually in class i;

ajj: is the probability to accept the proposed new class j for an event that is at
i taken such that the Detailed Balance condition is satisfied for the desired
distribution 7.

Thus, at each step in the evolution, for an event that is in class i we propose

a new class j to go according to the probability ¢(j|i) and accept the transition

with probability a;;. Otherwise, we reject the transition and leave the event in the

class where it was. The Metropolis-Hastings [8] algorithm consists in taking the
acceptance function

: 7 q(ilj)

a;; = min 1, ————

i q(jli)

It is clear that this election of g;; satisfies the Detailed Balance condition. Indeed, if
miq(jli) > m;q(i|j) we have that:

7Tjq(ilj)] _ miq(l))

[ = — and a;; = min {1,
T qGli) ) miq(li) ! [

- [ mq(ﬂi)]
a;j =min 11, _—
7 q(ilj)

and therefore:
mi-q(lj)

i -q(jli) B
= miq(ilj) =7 qlj)aji = 7; P);;

m (P)ij = miq(jli)a;; = mi q(jli)

The same holds if ;¢ (j|i) < 7;q(i|j) andis trivial if both sides are equal. Clearly, if
q(ilj) = m; then a;; = 1 so the closer ¢ (i| ) is to the desired distribution the better.
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A particularly simple case is to choose a symmetric probability ¢(jli) =
q(ilj) [9]

dij = min 1, —
T
In both cases, it is clear that since the acceptance of the proposed class depends upon
the ratio 7 /7;, the normalization of the desired probability is not important.
The previous expressions are directly applicable in the case we want to sample an
absolute continuous random quantity X ~ 7 (x). If reversibility holds, p (x'|x)7(x) =
p(x|x")mw(x") and therefore

/ p'x)dx' =1 — / p' )7 (x)dx = w(x’)/ pxlx)dx = w(x")
X X X
The transition kernel is expressed as

p(x'Ix) = p(x—x') = g(x'|x) - a(x—x")

and the acceptance probability given by

a(x—x") = min [1 —w(x/)q(x|x/)]
T om(x) g(x'|x)

Let’s see one example.

Example 3.11 (The Binomial Distribution) Suppose we want a sampling of size
n of the random quantity X ~ Bi(x|N,0) Since x =0,1,..., N we have i =
1,2,..., N + 1 classes and the desired probability vector, of dimension N + 1, is

N .
7 = (po, P1,-.., pn) Where Pk:P(X=k|‘):(k)9k(1_9)N k

Let’s take for this example N = 10 (that is, 11 classes), § = 0.45 and n = 100,000.
We start from a sampling of size n from a uniform distribution (Fig.3.5(1)). At each
step of the evolution we swap over the n generated events. For and event that is in bin
J we choose a new possible binto go j = 1, ..., 10 with uniform probability g (j|i).
Suppose that we look at an event in bin i = 7 and choose j with equal probability
among the 10 possible bins. If, for instance, j = 2, then we accept the move with
probability

T = P2

ap = a(7—2) min (1,
™ = P71

) =0.026

if, on the other hand, we have j = 6,
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Fig. 3.5 Distributions at steps 0, 2 and 100 (1, 2, 3; blue) of the Markov Chain with the desired
Binomial distribution superimposed in yellow

a6 = a(7—6) min (1, M) =1.
T = P17

so we make the move of the event. After two swaps over all the sample we have the
distribution shown in Fig.3.5(2) and after 100 swaps that shown in Fig. 3.5(3), both
compared to the desired distribution:

7% = (0.091, 0.090, 0.090, 0.092, 0.091, 0.091, 0.093, 0.089, 0.092, 0.090, 0.092)
72 = (0.012,0.048,0.101,0.155, 0.181, 0.182, 0.151, 0.100, 0.050, 0.018, 0.002)
7100 = (0.002, 0.020, 0.077, 0.167, 0.238, 0.235, 0.159, 0.074, 0.022, 0.004, 0.000)
7 = (0.000, 0.021, 0.076, 0.166, 0.238, 0.234, 0.160, 0.075, 0.023, 0.004, 0.000)
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Fig. 3.6 Distributions of the mean value, variance and logarithmic discrepancy vs the number of
steps. For the first two, the red line indicates what is expected for the Binomial distribution

The evolution of the moments, in this case the mean value and the variance with the
number of steps is shown in Fig. 3.6 together with the Kullback-Leibler logarithmic
discrepancy between each state and the new one defined as

10 n)
T
Sx{m|m™) = E 77,’([) lnﬂ—k
k
k=1

As the previous example shows, we have to let the system evolve some steps (i.e.,
some initial sweeps for “burn-out” or “thermalization”) to reach the stable running
conditions and get close to the stationary distribution after starting from an arbitrary
state. Once this is achieved, each step in the evolution will be a sampling from the
desired distribution so we do not have necessarily to generate a sample of the desired
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size to start with. In fact, we usually don’t do that; we choose one admissible state
and let the system evolve. Thus, for instance if we want a sample of X ~ p(x|-) with
x € Qx, we may start with a value xo € Qy. Ata given step i the system will be in
the state {x} and at the step i + 1 the system will be in a new state {x'} if we accept
the change x — x’ or in the state {x} if we do not accept it. After thermalization,
each trial will simulate a sampling of X ~ p(x|-). Obviously, the sequence of states
of the system is not independent so, if correlations are important for the evaluation
of the quantities of interest, it is a common practice to reduce them by taking for the
evaluations one out of few steps.

As for the thermalization steps, there is no universal criteria to tell whether stable
conditions have been achieved. One may look, for instance, at the evolution of the
discrepancy between the desired probability distribution and the probability vector
of the state of the system and at the moments of the distribution evaluated with a
fraction of the last steps. More details about that are given in [10]. It is interesting
also to look at the acceptance rate; i.e. the number of accepted new values over the
number of trials. If the rate is low, the proposed new values are rejected with high
probability (are far away from the more likely ones) and therefore the chain will
mix slowly. On the contrary, a high rate indicates that the steps are short, successive
samplings move slowly around the space and therefore the convergence is slow. In
both cases we should think about tuning the parameters of the generation.

Example 3.12 (The Beta distribution) Let’s simulate a sample of size 107 from a
Beta distribution Be(x|4, 2); that is:

m(x)xx® (1 —x) with x € [0, 1]

In this case, we start from the admissible state {x = 0.3} and select a new possible
state x” from the density ¢ (x'|x) = 2x’; not symmetric and independent of x. Thus
we generate a new possible state as

’ ’

Fq(x/)z/ q(s|x)ds:/ 2sds =x? — x'=u'? with u < Un(,1)
0 0

The acceptance function will then be

x/2(1 _ x/)

= min Il, m]

depending on which we set at the state i + 1 the system in x or x’. After evolving the
system for thermalization, the distribution is shown in Fig. 3.7 where we have taken
one x value out of 5 consecutive ones. The red line shows the desired distribution
Be(x|4,2).

m(x') - g (x|x") ]

a(x—x'") = min [1, o) 207
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Example 3.13 (Path Integrals in Quantum Mechanics)
In Feynman’s formulation of non-relativistic Quantum Mechanics, the probability
amplitude to find a particle in x ; at time ¢, when at ; was at x; is given by

K(xp,telxi, 1) = / ) /MO Dlx(1)]
paths

where the integral is performed over all possible trajectories x(¢) that connect the
initial state x; = x(#;) with the final state xy = x(t5), S[x(#)] is the classic action
functional

S[x(8)] =/f L(x,x,t)dt

that corresponds to each trajectory and L(x, x, t) is the Lagrangian of the particle.
All trajectories contribute to the amplitude with the same weight but different phase.
In principle, small differences in the trajectories cause big changes in the action
compared to Ji and, due to the oscillatory nature of the phase, their contributions
cancel. However, the action does not change, to first order, for the trajectories in a
neighborhood of the one for which the action is extremal and, since they have similar
phases (compared to /i) their contributions will not cancel. The set of trajectories
around the extremal one that produce changes in the action of the order of /¢ define the
limits of classical mechanics and allow to recover is laws expressed as the Extremal
Action Principle.

The transition amplitude (propagator) allows to get the wave-function ¥ (x¢, t¢)
from ¥ (x;, t;) as:
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“P(Xf, tf) = / K(Xf, tf|x,~, l‘,‘) lP()C,‘, l‘,‘) dx,‘ for tf > 1

In non-relativistic Quantum Mechanics there are no trajectories evolving backwards
in time so in the definition of the propagator a Heaviside step function 8(t; — ;) is
implicit. Is this clear from this equation that K (x ¢, t|x;, 1) = 6(x s — x;).

For a local Lagrangian (additive actions), it holds that:

K(xf,rf|xi,tl~)=/ K (g iyl 1) K (v, 1, 1) dx

analogous expression to the Chapman-Kolmogorov equations that are satisfied by
the conditional probabilities of a Markov process. If the Lagrangian is not local,
the evolution of the system will depend on the intermediate states and this equation
will not be true. On the other hand, if the Classical Lagrangian has no explicit time
dependence the propagator admits an expansion (Feynman-Kac Expansion Theorem)
in terms of a compete set of eigenfunctions {¢,} of the Hamiltonian as:

K(xp,tylxi ) =D e MEU=0 ¢ () ¢ (x:)
n

where the sum is understood as a sum for discrete eigenvalues and as an integral for
continuous eigenvalues. Last, remember that expected value of an operator A(x) is
given by:

(A) :/ A[x(t)] ei/hS[x(t)] D[x(t)]/ / ei/hS[x(l)] D[x(t)]

Let’s see how to do the integral over paths to get the propagator in a one-
dimensional problem. For a particle that follows a trajectory x (¢) between x; = x(;)
and x5 = x(t¢) under the action of a potential V (x()), the Lagrangian is:

1
L(x,x,1) = 3 mx(t)? — V(x(1))
and the corresponding action:
ty 1 )
S[x(1)] =/ (szc(t) - V(x(t))) dt
ti
so we have for the propagator:

Koty ) = /T ¢HSO) Dl ()] =
r

_ L
= /Tr exp[h/t’ (me(t) V(x(t))) dt] D[x(1)]



3.4 Markov Chain Monte Carlo 209
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Fig. 3.8 Trajectory in a space with discretized time

where the integral is performed over the set Tr of all possible trajectories that start
at x; = x(;) and end at x; = x(¢y). Following Feynman, a way to perform this
integrals is to make a partition of the interval (#;, ;) in N subintervals of equal
length e (Fig. 3.8); that is, with

tr — 1t
e:% sothat ¢ —tj1=¢ j=12,....,N

Thus, if we identify o = t; and ty = ¢y we have that
[t 1) = URC0 [, 1500)

Oneachinterval [¢;, ¢;11), the possible trajectories x (¢) are approximated by straight
segments so they are defined by the sequence

{xo =x; =x(&), x1 =x(t1), x2 =x(t2), ... xn—1 = x(tn-1), XNy = X5 = x(t)}

Obviously, the trajectories so defined are continuous but not differentiable so we
have to redefine the velocity. An appropriate prescription is to substitute X (¢;) by
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. Xi—Xxi_
i(t) — AT AL

so the action is finally expressed as:

N 1 X;i— Xi_ 2
Sylx(®)] =€ Z Em (%) — Vi(x;)
j=1

Last, the integral over all possible trajectories that start at xo and end at xy is
translated in this space with discretized time axis as an integral over the quantities
X1, X2, . . ., Xy—1 S0 the differential measure for the trajectories D[x (¢)] is substituted
by

j=N—1
D[x(t)] — Ay Hj:l dx;
with Ay a normalization factor. The propagator is finally expressed as:

KN(Xf, tflxia tl) =

. N 2
I xi
= AN /d_xl/ de71 exp l_ Z —m (M) _V(_x]) .€
xi XN-i It o 2 €

After doing the integrals, taking the limit e—0 (or N—o0 since the product
Ne = (t; —t;) is fixed) we get the expression of the propagator. Last, note that
the interpretation of the integral over trajectories as the limit of a multiple Riemann
integral is valid only in Cartesian coordinates.

To derive the propagator from path integrals is a complex problem and there
are few potentials that can be treated exactly (the “simple” Coulomb potential for
instance was solved in 1982). The Monte Carlo method allows to attack satisfactorily
this type of problems but before we have first to convert the complex integral in a
positive real function. Since the propagator is an analytic function of time, it can be
extended to the whole complex plane of ¢ and then perform a rotation of the time
axis (Wick’s rotation) integrating along
Tze”r/zt:it;thatis, t— —iT
Taking as prescription the analytical extension over the imaginary time axis, the
oscillatory exponentials are converted to decreasing exponentials, the results are
consistent with those derived by other formulations (Schrodinger or Heisenberg for
instance) and it is manifest the analogy with the partition function of Statistical
Mechanics. Then, the action is expressed as:

S[x(1)] — i /‘Tf (%mic(t)z + V(x(t))) dt
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Note that the integration limits are real as corresponds to integrate along the imaginary
axis and not to just a simple change of variables. After partitioning the time interval,
the propagator is expressed as:

1
Kn(xp, trlxi, ;) = An / dx / dxn_1 eXP’——SN(XO,X1,~-~,XN)]
X1 XN-1 h

where

N 2
1 Xi—Xi_
Sy (xo, X1, ..., xN) = E |:§m (—j c ! l) +V(x.,-):| "€
j=1

and the expected value of an operator A (x) will be given by:

/ jﬁj’“ dx; A(xo, X1, ..., XyN) €xp [—% Sn (X0, X1, -+, XN) ]

[ sziv_l dx;j exp {—% Sy (x0, X1, . . - ,XN)}

Our goal is to generate N, trajectories with the Metropolis criteria according to

1
p(xo, X1, ..., XN) X €Xp {—% Sy (x0, X1, ..., XN) ]

Then, over these trajectories we shall evaluate the expected value of the operators of
interest A (x)

N,
| N ) .
(A) = Z Alxo, x, . x P )

Last, note that if we take (77, xy) = (7, x) and (7;, x;) = (0, x) in the Feynman-Kac
expansion we have that

K(x,7|x,0) = Z e VRET ¢ (x) ¢ (x)

and therefore, for sufficiently large times
K (x, 7lx, 0) ~ e T g (x) g (x) + -
so basically only the fundamental state will contribute.

Well, now we have everything we need. Let’s apply all that first to an harmonic
potential
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Fig. 3.9 Potential wells studied in the Example 3.13

1
Vx) = Ekx2

so the discretized action will be:

N 2
1 X; —Xi_ 1
Sy (xg, X1, ..., xy) = E |:§m(1—11) +§kx12-:| €
j=1 ¢

To estimate the energy of the fundamental state we use the Virial Theorem. Since:

I o=
Ty = 5 (x-VV(X)w

[\

we have that (T')y = (V)y and therefore
(Eyy = (T)y + (Vg = k (%)

In this example we shall take m = k = 1 (Fig.3.9).

We start with an initial trajectory from xo = x(t;) =0 to xy = x(¢y) = 0 and
the intermediate values xi, x5, ..., xy_; drawn from Un(—10., 10.), sufficiently
large in this case since their support is (—o00, 00). For the parameters of the grid
we took € = 0.25 and N = 2000. The parameter € has to be small enough so that
the results we obtain are close to what we should have for a continuous time and N
sufficiently large so that 7 = Ne is large enough to isolate the contribution of the
fundamental state. With this election we have that 7 = 2000-0.25 = 500. Obviously,
we have to check the stability of the result varying both parameters. Once the grid
is fixed, we sweep over all the points x;, x,, ..., xy_ of the trajectory and for each
xj,j=1,..., N — 1 we propose a new candidate x; with support A. Then, taking
Jt = 1 we have that:
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P(x;—>x)) =CXP{—SN(xo,xl,...xj,...,xN)]
and

P(x;j—>x;) =exp{—Sy(xo,x1,... X}, ..., xx)}
so the acceptance function will be:

, ) P(xj—>x;.)
a(xj—x;) =min {1, ———
J P(xj—>x;)

Obviously we do not have to evaluate the sum over all the nodes because when
dealing with node j, only the intervals (x;_, x;) and (x;, x;4;) contribute to the
sum. Thus, at node j we have to evaluate

a(xj—>x;) = min {1, exp {—SN(xj,l,x;,le) + SN(xj,l,xj,le)}}

Last, the trajectories obtained with the Metropolis algorithm will follow eventu-
ally the desired distribution p(xo, X1, ..., xy) in the asymptotic limit. To have a
reasonable approximation to that we shall not use the first N, trajectories (ther-
malization). In this case we have taken N, = 1000 and again, we should check
the stability of the result. After this, we have generated Ny, = 3000 and, to reduce
correlations, we took one out of three for the evaluations; that is N, = 1000 tra-
jectories, each one determined by N = 2000 nodes. The distribution of the accepted
values x;will be an approximation to the probability to find the particle at position
x for the fundamental state; that is, |Wo(x)|?. Figure3.10 shows the results of the
simulation compared to
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Fig. 3.10 Squared norm of the fundamental state wave-function for the harmonic potential and one
of the simulated trajectories
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Fig.3.11 Squared norm of the fundamental state wave-function for the quadratic potential and one
of the simulated trajectories

together with one of the many trajectories generated. The sampling average (x2) =
0.486 is a good approximation to the energy of the fundamental state Ey = 0.5.
As a second example, we have considered the potential well (Fig.3.9)

2
Vix)= az [(x/a)2 — 1]2

and, again from the Virial Theorem:

3 2 a’
(E)w —m(x Yo — (x )\Y"FZ
We took a = 5, a grid of N = 9000 nodes and ¢ = 0.25 (so 7 = 2250), and as before
Nierm = 1000, Nge,, = 3000 and Ny4.q = 1000. From the generated trajectories we
have the sample moments (x?) = 16.4264 and (x*) = 361.4756 so the estimated
fundamental state energy is (Ep) = 0.668 to be compared with the exact result Ey =
0.697. The norm of the wave-function for the fundamental state is shown in Fig.3.11
together with one of the simulated trajectories exhibiting the tunneling between the
two wells.

3.4.1 Sampling from Conditionals and Gibbs Sampling

In many cases, the distribution of an n-dimensional random quantity is either not
known explicitly or difficult to sample directly but sampling the conditionals is easier.
In fact, sometimes it may help to introduce an additional random quantity an consider
the conditional densities (see the Example 3.14). Consider then the n-dimensional
random quantity X = (X}, ..., X,) with density p(x, ..., x,), the usually simpler
conditional densities
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pxilxa, x3...,%,)

p(x2|-x1’-x3 e ’xn)

p(xn|-x1a X2y ety -xnfl)

and an arbitrary initial value x {x?), xg), e, x,?)} € Qx. If we take the approx-

imating density ¢ (xi, x2, . . ., Xx,,) and the conditional densities

0 _

q(x1]x2, X3, ..., Xp)

q(x2|x19-x37 s a-xn)

Q(-xnlxlsXZs cee ,.anl)

we generate for x; a proposed new value x,l ) from q(x; |x3) , xg)), ..., x9) and accept

the change with probability

0) 0) 0) 0)
. p(x , X ,x Y )q(x ,x ,x s, X))
a(x? —>x1))—m1n[1 1 2) 3) 0 1272 ?)) ’(’)) =
p(x],xz,x3,... )q(xl,xz,xg,... Xn')
0
: p(xl)lxz ,X3), e O))Q(x1)|x2 nx3 LI )
= minj I, =5 0) Oy D 0
px; |x2,x3,... n )q (X, |x2,x3,...,xn)

After this step, let’s denote the value of x; by x| (that is, x| = x|’
was not accepted). Then, we proceed with x,. We generate a proposed new value x,

from g (x2|x}, x, ..., x9) and accept the change with probability

or xj = x1 if it
D

1 0) X9 0) X9
X', %), X, ... X!, x0 ,x ,. ..
a(x — xz)) = min { 1, p( : %)) ?)) ))q( 072 °73 )) =
D(X1, Xy, X3, .o, X )q(xl,xz,x3,.. Xn')
1 0 0 0

_ min 1 p(x2)|x]ax3):-~~ax1(1)))q(x2)|xlsx3)>~--9xr(l)))

= > 0 0 1 0 0
p(xz)lxl, x3), e, xn))q(x2)|x/x3), e x,,))

After we run over all the variables, we are in a new state {x], xj, ..., x, } and repeat
the whole procedure until we consider that stability has been reached so that we are
sufficiently close to sample the desired density. The same procedure can be applied
if we consider more convenient to express the density

px1, X2, x3 ..., %) = p(XnlXn—t, ..., X2 .., X1) -+ p(xalxy) p(x1)

Obviously, we need only one one admissible starting value x?).
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Gibbs sampling is a particular case of this approach and consists on sampling
sequentially all the random quantities directly from the conditional densities; that is:

q('xi|-xl9 cees Xie1s Xitd, "'axn) = p('xi|'x15 cees Xi—1s Xitls "'s-xﬂ)

so the acceptance factor a(x—x’) = 1. This is particularly useful for Bayesian infer-
ence since, in more than one dimension, densities are usually specified in conditional
form after the ordering of parameters.

Example 3.14 Sometimes it may be convenient to introduce additional random quan-
tities in the problem to ease the treatment. Look for instance at the Student’s distri-
bution X ~ St (x|v) with
—(w+1)/2
px|v) x (1 +x2/1/) D/

Since
oo
/ ey ldu =T (b)a™?
0

we can introduce an additional random quantity U ~ Ga(ula, b) in the problem with
a=1+x*/vandb = (v +1)/2 so that

00 —(w+1))2
p(x,u|1/)o<e7a“ub71 and p(x)o</ p(x, ulv)du xa?= (1 +x2/1/) b/
0

The conditional densities are

pxlu,v) = % =N®x[0,0); o*>=vQu)"
p(u|x,u)=%:Ga(u|a,b); a=1+x*/v, b=w+1)/2

so, if we start with an arbitrary initial value x € R, we can

(1) Sample U|X: u < Ga(ula,b) witha =1+ x>/vandb = (v +1)/2
(2) Sample X|U: x <= N(x|0, o) with 02 = v(2u)~!

and repeat the procedure so that, after equilibrium, X ~ St (x|v). We can obviously
start from u € R and reverse the steps (1) and (2). Thus, instead of sampling from the
Student’s distribution we may sample the conditional densities: Normal and a Gamma
distributions. Following this approach for v = 2 and 10° thermalization sweeps (far
beyond the needs), the results of 10° draws are shown in Fig.3.12 together with the
Student’s distribution St (x|2).
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Fig. 3.12 Sampling of the L
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Example 3.15 We have j = 1,...,J groups of observations each with a sample
of size nj; that is x; = {x1;, x25, ..., , x»,;}. Within each of the J groups, obser-
vations are considered an exchangeable sequence and assumed to be drawn from a
distribution x; ; ~ N (x|u;, o) wherei =1,..., n;. Then:

202

- . < (xij — 1))
pejlug, o) = [ [N Gijluj, 0% oo ’exP[_z oo

i=1 i=I

Then, for the J groups we have the parameters p = {{1, ...y} that, in turn, are
also considered as an exchangeable sequence drawn from a parent distribution yi; ~
N (g, Ui). We reparameterize the model in terms of n = 0;2 and ¢ = 02 and
consider conjugated priors for the parameters considered independent; that is

(1,1, ¢) = N (ulpo, 05) Ga(nle, d) Ga(Pla, b)

Introducing the sample means X; = n;l Zgl xijy X =J7! ij'=1 X; and defining
n=J""! ZJJ.ZI ; and defining After some simple algebra it is easy to see that the
marginal densities are:
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u o~ 1\](”105714”“72 0,0° )
J

2 2 2 2
n;o, + o njaﬂ-i—cr

©~ N oo + 03I 0,05
Ui—i—.]o’(% ’Ui—l—]dé

J
1 J
n=o, Ga > E (nj—wm* +c, 2+d

nj

j=1
. L . L

¢:U ~ Ga EZZ()CU—M]‘) —I—a,Ean—l—b
=1 =1

i=1

Thus, we set initially the parameters {uq, 09, a, b, ¢, d} and then, at each step

Get {p1, ..., pus}eachas yu; ~ N(, )
Get u~ N(-, -)

Geto, =n~"? withn ~ Ga(-, -)
Geto = ¢~ V/? with ¢ ~ Ga(-, )

S

and repeat the sequence until equilibrium is reached and samplings for evaluations
can be done.

3.5 [Evaluation of Definite Integrals

A frequent use of Monte Carlo sampling is the evaluation of definite integrals. Cer-
tainly, there are many numerical methods for this purpose and for low dimensions
they usually give a better precision when fairly compared. In those cases one rarely
uses Monte Carlo... although sometimes the domain of integration has a very com-
plicated expression and the Monte Carlo implementation is far easier. However, as
we have seen the uncertainty of Monte Carlo estimations decreases with the sampling
size N as 1/ VN regardless the number of dimensions so, at some point, it becomes
superior. And, besides that, it is fairly easy to estimate the accuracy of the evaluation.
Let’s see in this section the main ideas.
Suppose we have the n-dimensional definite integral

1 =/ fxr,x2, ..., x)dx1dx; ... dx,
Q

where (x1, x2,...,x,) € Qand f(x;, x2, ..., Xx,) is a Riemann integrable function.
If we consider a random quantity X = (X, X», ..., X,,) with distribution function
P (x) and support in Q, the mathematical expectation of ¥ = g(X)=f(X)/p(X) is
given by
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e = [ gwarw = [ T8are = [ jwax=
Q QP ( )
Thus, if we have a sampling {x, x», ..., Xy}, of size N, of the random quantity X

under P(x) we know, by the Law of Large Numbers that, as N — oo, the sample
means

N N
1 1
I;S/l) =N E g(x;) and 11512) =N E g (x;)
im1

i=1

converge respectively to E[Y] (and therefore to I) and to E[Y 2] (as for the rest, all
needed conditions for existence are assumed to hold). Furthermore, if we define

1
st == (19 - uy)
we know by the Central Limit Theorem that the random quantity

-1
SI

7z =

is, in the limit N — oo, distributed as N (x|0, 1). Thus, Monte Carlo integration pro-
vides a simple way to estimate the integral I and a quantify the accuracy. Depending
on the problem at hand, you can envisage several tricks to further improve the accu-
racy. For instance, if g(x) is a function “close” to f(x) with the same support and
known integral /; one can write

1=/Qf(x)dx=/Q(f(x)—g(x))dX+Ig

and in consequence estimate the value of the integral as

L
=5 Z(f(xi) —g(x))+ 1,
i1

reducing the uncertainty.
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Chapter 4
Information Theory

Sir, the reason is very plain; knowledge is of two kinds. We know
the subject ourselves, or we know where we can find information
upon it

S. Johnson

The ultimate goal of doing experiments and make observations is to learn about
the way nature behaves and, eventually, unveil the mathematical laws governing
the Universe and predict yet-unobserved phenomena. In less pedantic words, to get
information about the natural world. Information plays a relevant role in a large
number is disciplines (physics, mathematics, biology, image processing,...) and, in
particular, it is an important concept in Bayesian Inference. It is useful for instance
to quantify the similarities or differences between distributions and to evaluate the
different ways we have to analyse the observed data because, in principle, not all
of them provide the same amount of information on the same questions. The first
steep will be to quantify the amount of information that we get from a particular
observation.

4.1 Quantification of Information

When we observe the result of an experiment, we get some amount of information
about the underlying random process. How can we quantify the information we have
received? Let’s start with a discrete random quantity X that can take the values
{x1,x2, ..., Xt, ...} with probabilities p; = p(x;);i = 1,2, ... It is reasonable to
assume that the information we get when we observe the event X = x; will depend on
its probability of occurrence p; = p(x;);thatis, I (x;) = g(p;). Now, if I tell you that I
have seen a lion in a photo-safari in Kenya, you will not be surprised. In fact, it is quite
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natural, a very likely observation, and I hardly give you any valuable information.
However, if I tell you that I have seen a lone lion walking along Westminster Bridge,
you will be quite surprised. This is not expected; a very unlikely observation worth of
further investigation. I give you a lot of information. Surprise is Information. Thus,
it is also sensible to assume that if the probability for an event to occur is large
we receive a small amount of information and, conversely, if the probability is very
small we receive a large amount of information. In fact, if the event is a sure event,
p(x;) = 1 and its occurrence will provide no information at all. Therefore, we start
assuming two reasonable hypothesis:

H;: I (x;) = f(1/p;) with f(x) a non-negative increasing function;
H,: f(1) =0.

Now, imagine that we repeat the experiment n-times under the same conditions
and obtain the sequence of independent events {xi, x2, . . ., x, }. We shall assume that
the information provided by this n-tuple of observed results is equal to the sum of
the information provided by each observation separately; that is:

n

IGo, X0, x) = > 1(x)

=1

Being all independent, we have that p(xi, x2, ..., x,) = Hf‘z , p(x;) and, in conse-
quence:
H. L YN (L
Sf(plpn)_zf E
k=1

Those are the three hypothesis we shall make. Since p; € [0, 1], we have that w; =
1/pi € [1, oo) and therefore we are looking for a function f(w) such that:

(1) f: we[l,oo) — [0, c0) and increasing;

(2) f(1)=0;

3) flwrwa--wy) = f(w) + -+ fwn)

The third condition implies that f(w") = nf(w) so, taking derivatives with respect
to w:

LOf 9 fw)
dw" ow

and this has to hold for all n» € A/ and w € [1, 00); hence, we can write

9 fw) _

w@w

— f(w) =clogw

with ¢ a positive constant and f(w) an increasing function since w > 1. Taking
¢ = 1, we define:
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e The amount of information we receive about the random process after we have
observed the occurrence of the event X = x; is:

I (x;) = log = —log p(x;)

p(x;)

This is the expression Claude Shannon derived in 1948 [1] as a quantification
of information in the context of Communication Theory. The integration constant
c determines the base of the logarithms and therefore the units of information. In
particular:

I(x;) = —=In p(x;) “nats” = —lg, p(x;) “bits” = =g,y p(x;) “hartleys”

and therefore: 1nat =1g, e bits (~1.44) =lg,ye hartleys (=20.43). In general,
the units will be irrelevant for us and we shall work with natural logarithms.

4.2 Expected Information and Entropy

The amount of information we receive after we have observed the event X = x;,
I(x;) = —log p(x;), depends only on the probability of this particular event but
before we do the experiment we do not know which result we shall get; we know
only that each of the possible outcomes {xi, x2, ..., X, ...} has a probability p(x;)
to occur. Then, we define

e The amount of information we expect to get from the realization of the random
experiment is:

IX) =" p) I(x) ==Y p(x)Inp(x)

with the prescription lim,_o+x Inx = 0. It is clear that the expected information
I1(X) does not depend on any particular result but on the probability distribution
associated to the random process.

We can look at this expression from another point of view. If from the experiment
we are going to do we expect to get the amount of information 7 (X), before we do the
experiment we have a lack of information 7 (X) relative to what we shall have after
the experiment is done. Interpreted in this way, the quantity 7 (X) is called entropy
(H (X)) and quantifies the amount of ignorance about the random process that we
expect to reduce after the observation.

Example 4.1 Consider a binary random process described by a random quantity X
that can take the values {0, 1} with probabilities p and 1 — p respectively. Then, if
we observe the result X = 0 we get /(X = 0) = —log p units of information and,
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if we observe the event X = 1, we get (X = 1) = —log (1 — p). The information
we expect to get from the realization of the experiment e(1) is:

I(X)=—plogp—(1—p)log(1 - p)

that, in the case the two results are equally likely (p = 1/2) and we take logarithms
in base 2, becomes:

1 1
I = Elog22+§10g22=10g22= 1 bit

Example 4.2 Consider a discrete random quantity with support on the finite set
{x1, x2, ..., x,} and probabilities p; = p(x;) and consider an experiment that consist
in one observation of X. What is the distribution for which the lack of information
is maximal? Defining

PPN =—> Pilnpi-i-)\(z p,-—l)
i=1 i=1

we have that

‘7%(71;/\)=_1npi—1+/\=0 —  pi=eM! 1

1

— p(xi) = —; i=1,..., n
n

0 d(p, A n _
7(%")\ )=Zi:]pi—1:0 — M=

Therefore the entropy, the lack of information, is maximal for the Discrete Uniform
Distribution and its value will be

n

1
Hy(X) = z ;lnn =Inn

i=1

Thus, for any random quantity with finite support of dimensionn,0 < H(X) <Inn
and the maximum amount of information we expect to get from one observation is
I(X) =Inn.

If the sample space is countable, it is obvious that the distribution that maximizes
the entropy can not be the Discrete Uniform. Suppose that we know the expected
values of k functions { f; (x)}l;:ﬁ that is:

o0

szzp(xi)fj(x,») with i=12,...,k

i=1
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and let’s define
00 o) k o)

¢ X\ A) == pilnpi+ X (Z pi — 1)+Z>\j (Mj - pi fj(xi))
i=1 i=1 j=1 i=1

with A = {\1, ..., A} Then:

Do AN _

k
o —lnpi—l+)\—2)\jfj(x,-)=0

j=1

k
—  pi=exp{\—1}exp —z)\jfj(xi)

The derivative with respect to A gives the normalization condition

oo k
exp(A—1) Z exp Z i fitp) ] =1

i=1

so if we define

-1

00 k
ZA) = Zexp Z)\ i)

i=1 j=1

we have that
k
pi=2ZNexp [ =D A f;(x)
j=1
The remaining Lagrange multipliers A are determined by the conditions

=" pl) fi(x) with =12,k

i=1

Suppose for instance that X may take the values {0, 1, 2, ...} and the have only one
condition:
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that is, f(x,) = n. Then p, = Z(\;) exp {—\ n} and therefore

oo oo
u:ann:Z(/\l)Znexp{—)\ln} — Z(/\l):,ue’\‘ (1—e)?
n=0 n=0

Imposing finally that > >~ p, = 1 we get \; = In (% + 1) and in consequence

n

I

=W with I’l=0,1,2,... and u>0

Pn

is the distribution for which the lack of information is maximal. In this case:

a +u)”“]

!

Hy(X) = =2 p)lnp(x;) =1In [
i=l1

is the maximum entropy for any random quantity with countable support and known
mean value p = E[X] > 0.

4.3 Conditional and Mutual Information

Consider two discrete random quantities, X and Y, with supports 2, = {x1, x2, ...}
and Qy = {y1, y2, ...} and joint probability

P(X =x;,Y =y;) = p(x;,y;) = pxily;) p(y;) = p(yjlxi) p(xi)

The Expected Information about (X, Y) from an observation will be

IX,Y)==2">" plxi,y)Inplx,y))
Qe Q,

=2 > pi y)Inplxily)) = D p(y)In p(y))

If we define!

I'The non-negativity of this and the following expressions of Information can be easily derived from
the Jensen’s inequality for convex functions: Given the probability space (R, B, 1), a p-integrable
function X and a convex function ¢ over the range of X, then ¢( JR Xdp) < JR ¢(X) dp provided
the last integral exist; that is, @(E[X])] < E[¢(X)]. Observe that if ¢ is a concave function, then
—¢ is convex so the inequality sign is reversed and that if ¢ is twice continuously differentiable
on [a, b], it is convex on that interval iff ¢”(x) > 0 for all x € [a, b]. Frequent and useful convex
functions are ¢(x) = exp(x) and ¢(x) = —log x.
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IXIY)==>" > plxiy)Inplxly) =0

Q. Q
we can write:
IX, ) =1IXIY)+IXY)=IX|X)+I1(X)=1(,X)

Now, I (Y) is the amount of information we expect to get about Y and, if (X, Y) are
not independent, the knowledge of Y gives some information on X so the remaining
information we expect to get about X is not 7 (X) but the smaller quantity 7 (X|Y) <
I1(X) because we already know something about it. In entropy language, H(X|Y)
is the amount of ignorance about X that remains after Y is known. It is clear that
if X and Y are independent, /(X|Y) = I(X) so the knowledge of Y doesn’t say
anything about X and therefore the remaining information we expect to get about
X is I(X). The interesting question is: How much information on X is contained
in Y? (or, entropy wise, By how much the ignorance about X will be reduced if we
observe first the quantity Y'?). Well, if observing X we expect to get / (X) and after
observing Y we expect to get / (X|Y), the amount of information that the knowledge
of Y provides on X is the Mutual Information:

I(X:Y)=I1(X)—I(X|Y)

Again, if they are independent / (X|Y) = I(X) so I(X : Y) = 0. From the previous
properties, it is clear that

IX:Y)=1(X)—[(X|Y) = I(Y)—I(Y|X) = I(X)+ 1Y) = [(X,Y)=I(Y : X)

so it is symmetric: the observation of Y provides as much information about X as
the observation of X about Y. Expliciting the terms:

1(X:Y)

IX)+1Y)—-I1(X,Y)=
D> pliypInp(xi, ) — D pea)Inplx) — D p(y)In p(y)

o 2 Q. Q,

and, in consequence:

e The Mutual Information, the amount of information we expect to get about X
(or Y) from the knowledge of Y (or X), is given by

IX:Y)=1(Y:X)= Zzp(x,,y,)l ( p(xi, yj) )

pxi) p(y;)
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Again from the Jensen’s inequality for convex functions / (X : Y) > 0 with the equal-
ity satisfied if and only if X and Y are independent random quantities so the Mutual
Information is therefore a measure of the statistical dependence between them (see
Note 3).

4.4 Generalization for Absolute Continuous Random
Quantities

Up to now, we have been dealing with discrete random quantities. Consider now a
continuous random quantity X ~ p(x) with support on the compact set 2, = [a, b]
and let’s get a discrete approximation. Given a partition

N
Qy = A A, =[a+ (n— De, a+ nel

n=1

with large N and e = (b — a)/N > 0, if p(x) is continuous on A, we can use the
Mean Value Theorem and write

P(X € Ay) =/ p(x)dx = p(x,) €

Aﬂ

with x, an interior point of A,. Then, we define the discrete approximation Xp

of X that takes values {x{, x), ..., x)} with probabilities p; = p(x;)e such that
N .

> i1 P = 1 and write

N N N
In(Xp) == > [p(xp) ellog[p(x)) el = — > pilog p(x;) —loge > pi

k=1 k=1 k=1

s0, in limit e—=0%, X tends to X in distribution and

b
Ip(Xp) — —/ p(x)log p(x)dx —loge

One may be tempted to regularize this expression and define

1(X) e lim,_o[Ip(Xp) + loge] = —/ p(x)log p(x)dx
Qx

... but this doesn’t work. This “naive” generalisation is not the limit of the information
for a discrete quantity and is not an appropriate measure of information, among other
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things, because 7 (X) so defined may be negative. For example, if X ~ Un(x|0, b),
have that /(X) = Inb and for 0 < b < 1 this is negative.2

However, this reasoning is meaningful for the Mutual Information because, being
the argument of the logarithm a ratio of probability densities, the limit is well defined.
Thus, we can state that

e Given two continuous random quantities X and Y with probability density p(x, y),
the amount of information on X that is contained in Y is the Mutual Information:

I(X:Y) =/ dx/ dy p(x,y)In (p(x—,y))
Q. Q, px) p(y)

=/ dx/ dy p(x,y)In (p(ny)).
Q, Q, p(x)

4.5 Kullback-Leibler Discrepancy and Fisher’s Matrix

Consider the random quantity X ~ p(x|@), the sequence of observations x =
{x1,x2,...,x,} and the prior density 7(0) that describes the knowledge we have
on O before we do the experiment. Then p(x, 8) = p(8|x)p(x) and therefore, the
Mutual Information

p(x,0)
(X :0)= d do o)1 _
(X0 /Q * /Q P, O)ln (p(x)w(e))

_ p(0lx)
_/Qx dxp(x)/ge do p(@ix)In ( -0 )

quantifies (Lindley; 1956) the Information we expect to get from the experiment
e(n) on the parameter 8 € 2y when the prior knowledge is represented by 7(6).
Therefore, we have that:

e The amount of Information provided by the data sample x = {x;, x, ..., x,} on
the parameter 8 € 2y with respect to the prior density 7 (8) is:

I(x|7(8)) =/ p(01x)In (p(0|x)) 46
I (0)

that is; given the experimental sample x, I (x|f) is the information we need to
actualize the prior knowledge 7(6) and substitute it by p(0|x);

2Despite of that, the “Differential Entropy” h(p) = — fo p(x)log p(x)dx is a useful quantity
in a different context. It is left as an exercise to show that among all continuous distributions with
supporton [a, b], then the Uniform distribution Un(x|a, b) is the one that maximizes the Differential
Entropy, among those with support on [0, co) and specified first order moment is the Exponential
Ex(x|p) and, if the second order moment is also constrained, we get the Normal density N (x|u, o).
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e The amount of Expected Information from the experiment e(n) on the parameter
0 € Qy with respect to the knowledge contained in 7(8) will be

p@)x) .
p(@|x)In ( =0 ) do =

I(e|m(8)) = / p(x) I(x|m(0)) dx —/Q p(x)dx/

Q

p(xG))
0) In dxdl =1(X:6
/QX/QG”(" ) ((0)p() * X0

As a general criteria to compare a probability density p(x) with an approximation
m(x), Solomon Kullback [2] y Richard Leibler introduced in 1951 the so called
Kullback—Leibler Discrepancy as:

DirlpOlm()] =/ dx p(x)In (@)

Qx m(x)

It is easy to check that:

(1) Dgrlp()]7()] = 0 with the equality iff p(x) = 7(x) almost everywhere;
(i) Dgrlp()|lm(.)]1is a convex function with respect to the pair (p(x), 7(x)).

The Kullback—Leibler discrepancy Dk [p(.)|7(.)] is not a metric distance because
it is not symmetric; that is, Dk [p(.)||7(.)] # Dk r[7(.)||p(.)] and therefore does
not satisfy either the triangular inequality. However, it can be symmetrized as
Jp(: ()] = Drr[pOIm(] + D[P

From the previous expressions, we have that

I(e|m(0)) = Dk [p(x, 0)Im(8) p(x)] and I(x|m(0) = Dk [p(O|x)|7(6)]

In the context of Bayesian Inference, the Kullback—Leibler discrepancy is a natural
measure of information and clearly evidences that amount of knowledge on the
parameters 6 that we get from the experiment and is contained in the posterior density,
is relative to our prior knowledge. This is an important relation for the Reference
Analysis (Sect. 6.7) developed in [3, 4].

4.5.1 Fisher’s Matrix

What is the capacity of the experiment to distinguish two infinitesimally close values
6y and 6, = 0y + A, of the parameters? or, in other words, How much infor-
mation has to be provided by the experiment so that we can discern between two
infinitesimally close values of 8? Let’s analyze the local behaviour of

1(8o : 0, =00+A00)=/ 2(x160) In (P(x|90)) "
Qx p(x1601)
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If dim{0} = n, after a Taylor expansion of In p(x|6) around 8, and considering
that

/ pxlHdx =1 — p(x|0) %ln p(x|0)dx = 2 px|f)dx =0
Qy

Qx 90 Ja,
we get
R 9*1n p(x|0)
1(6y:00+ AO) >~ —— AO; AO; 0) ——d
(60 : 00 + AB) 21;; ,[/pr(xn 70,00, x]eo+
Thus, if we define the
e Fisher’s matrix
0 1n p(x|0) 0 1n p(x|0)
(6 /Q P10 —50 00, ¥ X[ 96,00, }

we can write

1 n n
16000+ 86) = = > > A0 1 (B0) A0, + -

i=1 j=1

The Fisher’s matrix is a non-negative symmetric matrix that plays a very important
role in statistical inference... provided it exists. This is the case for regular distribu-
tions where:

(1) supp,{p(x]8)} does not depend on ;

(2) p(x|0) € Cr(O) for k > 2 and

(3) The integrand is well-behaved so % fo (o)dx = fo 855) dx

Interchanging the derivatives with respect to the parameters #; and the integrals over

Qy it is easy to obtain the equivalent expressions:

_ PInpxlO)] Oln p(x|0) Oln p(x|0)
L) = Ex [_ 86; 00, }_ EX[ 90; 06, }
B Pinp(x|0)] dln p(x]0)\*
o - [ L] (e

If X = (Xi,..., X,) is a n-dimensional random quantity and {X;}?_, are indepen-
dent, then Iy (0) = >, Ix, (). Obviously, if they are iid then Ix, (6) = Ix(0) for all
i and Ix(0) = nilx(0).
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4.5.2 Asymptotic Behaviour of the Likelihood Function

Suppose that the experiment e(n) provides an independent and exchangeable
sequence of observations {x, x, ..., x,} from the model p(x|0) with dim(@) =
The information that the experiment provides about 0 is contained in the likelihood
function and, being non-negative function, consider for simplicity its logarithm:

w(@]-) = > log p(x:|0)

i=1

and the Taylor expansion around the maximum 0:

a 921 ;16 N .
w<0|>—w<9|>—22{ Z(—;fk’;ﬁj‘“”wk—ek><em—em>+m
m 79

k=1m=1

where the second term has been multiplied and divided by n. Under sufficiently
regular conditions we have that @ converges in probability to the true value 6, so we
can neglect higher order terms and, by the Law of Large Numbers, approximate

[ * log p(xi10) & log p(x|0) ~
1 - )| Ex || = 11, (0
i [ 2 ( 96: 00, )L "[ 06,00, ]@ (@)

Therefore

. 1 L - . _
w®) = w®) =5 > > O =00 [1Lin @] O = O) + -

k=1 m=1

and, under regularity conditions, we can approximate the likelihood function by a
Normal density with mean 0 and covariance matrix X' = nI (0) In fact, for a
Normal density

1

1 —
Gy ey P TV )

px|p, o) = 5

we have for the parameters p that

dlnp(x|p, o)

D —Z::] [V ik Gk — pua)
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and therefore
Ly = 370 D0 IV IV Ex [ = ) (s — 1)) =

Zk 12 V7 V™ ]IP[ Tip Z[V_l]i.i

that is; the Fisher’s Matrix I;; () is the inverse of the Covariance Matrix.

Example 4.3 The quantity I;;(#) as an intrinsic measure of the information that
an experiment will provide about the parameters 6 was introduced by R.A. Fisher
around 19201in the context of Experimental Design. It depends only on the condi-
tional density p(data|parameters) and therefore is not a quantification relative to
the knowledge we have on the parameters before the experiment is done but it is
very useful and has many interesting applications; for instance, to compare different
procedures to analyze the data. Let’s see as an example the charge asymmetry of
the angular distribution of the process ete™— ™ ™. If we denote by 0 the angle
between the incoming electron and the outgoing x4~ and by x = cosf € [—1, 1], the
angular distribution can be expressed in first order of electroweak perturbations as

3 2
plxla) = 2 (1+x7) +ax

where a, the asymmetry coefficient, is bounded by |a| < a,, = 3/4 since p(x|a) > 0.
Now, suppose that an experiment e(n) provides n independent observations x =
{x1, x2, ..., x,} so we have the joint density

n

pxla) =] (g (14+x7) +ax,-)

i=1
In this case, there are no minimal sufficient statistics but, instead of working with the
whole sample, we may simplify the analysis and classify the events in two categories:

Forward (F) if § =€ [0, /2] — x € [0, 1]) or Backward (B) if 0 € [7/2, 7] —
x € [—1, 0]. Then

1 1 0 |
PF=/0 P(xla)dx=§(1+a) and  pp =/1 p(x|a)dx:5(1_a): 1= pp

and the model we shall use for inferences on a is the simpler Binomial model

1
P(npln,a) = > ( ) 14+a)" (1 —a)* ", np=0,1,...,n
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For this second analysis (A2) we have that

n 2
Lot = Z Plnpin. a) (6lnPg1aF|n,a)) . n

o 1—a

In contrast, for the first analysis (A;) we have that

L@ /1 x2 J 8(2+ | 1—04+7r2a2—1)
a)=n X =n-—- aln —
Al _, pxla) 3 l+a 21—

where « = a/a,, € [—1, 1]. Foranysa € [—3/4, 3/4], itholds that 14, (a) > I42(a)
so it is preferable to do the first analysis.

4.6 Some Properties of Information

e If we do n independent samplings from the same distribution, Shall we get
n times the Information on the parameters of interest that we get from one
observation?

Consider the random quantity X ~ p(x|6), the sample x = {xy, ..., x,} and the
Mutual Information
0
I(Xl,...,Xn:Q)z/ d0x©®) | px|o) In (”m )) dx
2 Q p(x)

If the n observations are independent, p(x|0) = p(x1]6) - - - p(x,|0) and therefore

[ dxpwioy i peioy = 3 [ dn pcsio)npsio)
X i=1 X

n/ dx p(x]0)1In p(x|6)
Qx

On the other hand:

/ do w(0) dx p(x|6)In p(x) = / dx p(x)In p(x)
Q Qy

Qx

SO:

=
>
=
=
=
[

n/ do () / dx p(x|0)1In p(x|0) —/ dx p(x) In p(x) =
Q Qx Qx

nI(X :0) = Digrlp(x)|p(xr)--- p(xn)]
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and Dgr[p(x)|p(x1) - -+ p(x,)] = 0 if, and only if, p(x) = p(x1) - -+ p(x,). How-
ever, since

p(x) = / d0 p(a0) . .. p(x,16) 7(6)
Qy

the random quantities X, X», ..., X, are correlated through 6 and therefore are not
independent. Thus, since Dk [p(x)||p(x;) - - - p(x,)] > 0 the information provided
by the experiment e(n) is less than n times the one provided by e(1). This is reasonable
because, as the number of samplings grows, the knowledge about the parameter ¢
increases, the prior distribution 7(6) is actualized by p(f|xi, ..., x,) and further
independent realizations of the same experiment (under the same conditions) will
provide less information.

This is not the case for Fisher’s criteria of Information. In fact, if the observations
are independent, it is trivial to see that for x = {xy, x2, ..., x,,}

IE;')(O) _ £y [81np(x|0) 81np(x|0):| —nEy |:8lnp(x1|9) 81np(x1|0)]

6 90, 6 90,
=n1;} )

Example 4.4 Consider a random quantity X ~ N (x|u, o) with o known and p the
parameter of interest with a prior density w(u) = N (u|po, 0o). Then

p(x, plpo, 0, 00) = N(x|p, o) N(ulpo, 00); p(xlpo, 0, 00) = N(x|po, /o2 + o)

so the amount of Expected Information from the experiment e(1) on the parameter
1 with respect to the knowledge contained in 7(x) will be

o % _ 2\ 12
e(D)|r(w) = / du/ dx p(x, ) In (M) =m(1+%
LY (ul) pl) -

Consider now the experiment e(2) that provides two independent observations
{x1, x2}. Then

p(x1, X2, ptlpio, 0, 00) = N(x1|p, 0) N(x2|p, o) N (gt pio, 00)

and

p(x1, X2|po, 0, 00) = N(x1, X2|po, o, \/02 + o, \/02 + 0, p)

where p = (1 + o / 0(2))’1; that is, the random quantities X; and X, are correlated
through 7 (). In this case:
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1 0'(% 1 s
I(e(2)|7r(,u))=§ In 1+2? =2](e(1)|7r(,u))+51r1(1 —p9)

SO0 Dir[p(x1, x2[) |l p(xi ) p(xq])] = —% In (1 — p?). In general, for n independent
observations we have that

1 O'é
Iem)m(w) = (1 +n _)

g

that behaves asymptotically with n as I (e(n)|7 (1)) ~ Iny/n.

e In general, the grouping of observations implies a reduction of information.
Consider a partition of the sample space

N
QX=Ui=1E,-; ENE; =0 Yi#j

and let’s write the Mutual Information as:

L plx,0) )
I(X:0) = /szx dx /Q(; df p(x,0)In (—(x)ﬂ(e)) =

/ de/ dx p(x,6) In (”(x 9)) / d6 p(6) In ()
Q Qy ( ) Qp

Introducing

m(E,-,H):/ px,0)dx y NZ(Ei)Z/ p(x)dx
E; E;

we have for the first term that:

al px, 0)
do d L)1 2 =
f, 03 [, axveom (Z57)
p(x,0)/p1(E;, 0) m(E,-,H))
= a0 E;,0)In =
/ Z/ m(El,m #1(Ez, O)ln ( PO/ p2(E) pa(Ep)
11(E;, ) / (mx,e))}
= do E;, 0) {1 + d ,0)1
;/Qe p1( )[n el MCICLL (v

where

_ px.0) _ rWw)
fl(x»e)—mio and Hx) = 12 (ED) >
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The Mutual Information for the grouped data is

Ml(Eiv 0)

— do p9)1 [
w2 (Ey) /Q,, pE) Inm(©)

N
IG(X:9)=Z/ df i (E;, 0) In
i=1 7

and therefore

fikx, 0)
fa(x)

N
1(X:9)=IG(X:9)+/ dézul(Ei,H)/ dx fi(x,0)1n
E;

$2 i=1

Jensen’s inequality for convex functions implies that

Si(x, 0)
/E’, dxfl(x,e)lnm 20

and, in consequence, I (X : ) > I (X : 6) being the equality satisfied if and only if

PG, 0)  wi(E;,0)

0) = N
fix, 0) = falx) p(x) pa(E;)

o If sufficient statistics exist, using them instead of the whole sample does not
reduce the information.

Given a parametric model p(xi, Xz, ..., x,|0), we know that the set of statistics
t =t(xy,...,x,)is sufficient for 0 iff for all n > 1 and any prior distribution 7(6)
it holds that

pOlxi, x2, ..., xp) = p(O]0)

Then, since p(0]t) « p(¢|0) 7(0) we have that

1(X:6) =/ dx p(x) d@p(@lx)ln(p(elx))
Q Qg m(0)

:/ dtp(t)/ d0p(@]t)In (p(0|t)) —I(T: 6)
Qr sz(, T(0)

It is then clear that for inferences about 0, all the information provided by the data
is contained in the set of sufficient statistics.

Example 4.5 Consider the random quantity X ~ Ex(x|)\) and the experiment e(n).
Under independence of the sample x = {x|, x5, ..., x,} we have that

POXL e X A) = AT e A
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We know already that there is a sufficient statistic t = x; + - - - + x,, with density
Ga(t|\, n):

A ¥
tHA) = t"
plA) o

Therefore, for a prior density 7(\):

_ [ > p(x, N
EOILEY —/ dA/ dx px. A) 1“( (A)P(x))

Pt N)
d\ d A) In
/ / tp(t ) ( <A)p(r)>

In particular, for a conjugated prior w(\|a, b) = Ga(\|a, b) we have that

T -
I(e(n)lw()\))_lnm n+ (n+b)W(n+b) — bW (b)

with W (x) the Digamma Function. This can be written as

I(em)|m(A) =nl(e(D)|m(A) — {n 1+ %) + @+ DY) - (n+b)¥(n+b)

b T (b) ]
[(n+b)

where the last term in brackets the Kullback—Leibler discrepancy. Again, the asymp-
totic behaviour with n is non-linear: I (e(n)|7(\)) ~ In\/n.

4.7 Geometry and Information

This last section is somewhat marginal for the use of Information in the context that we
have been interested in but, besides being an active field of research, illustrates a very
interesting connection with geometry that almost surely will please most physicists.
Consider the family of distributions F[p(x|0)] with @ € Qg CR". They all have the
same functional form so their difference is determined solely by different values of the
parameters. In fact, there is a one-to-one correspondence between each distribution
p(x]0) € F and each point 8 € Qg and the “separation” between them will be
determined by the geometrical properties of this parametric space. Intuitively, we
can already see that, in general, this space is a non-Euclidean Riemannian Manifold.
Consider for instance the Normal density N(x|u, o) and two points (u, 07) and
(142, 02) of the parametric space 2, , = R X R*. Forareal constanta > 0, if p, =
w1 +a and o) = o0, (same variance, different mean values) we have the Euclidean
distance
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dp =/ (g —p)* + (02 — 1)’ =a

‘We have the same Euclidean distance if ¢ = p1 and 0, = o + a (different variance,
same mean values) but, intuitively, one would say that in this second case it will
be more difficult to distinguish the two distributions. Even though the Euclidean
distances are the same, we shall need more information to achieve the same level of
“separation”.

As we have seen (Problem2.1), the Fisher’s Matrix (from now on denoted by
9ij (0))

Jln p(x|0) Oln p(x|0) dx
00; 00,

gij(a) = / p(x|0)
Qx
behaves under a change of parameters ¢ = ¢(6) as a second order covariant tensor;
that is:

06, 06,
gi(p) = o 87% 2. (0)

with the contravariant form g'/(6) satisfying ¢'*(6)g:;(6) = &}. In the geometric
context it is called the Fisher-Rao metric tensor and defines the geometry of the
parameters’ non-Euclidean Riemannian manifold. The differential distance is given
by

(ds)* = g;j(0) do' do’
and for any two pints 8 and 6, of the parametric space, the distance between them

along the trajectory 0(¢) parametrized by ¢ € [¢1, t,] with end points O(#;) = 8, and
0(t,) = 0, will be:

o ©oods [ o' doi\'"?
50, 0,) = ds = dt — = dt | g;;(0) — —
o= ["aem [ [ (0 )

that, for one parameter families, reduces to

[
S(01,0,) = Vg(0)do
0y

The path of shortest information distance between two points is always a geodesic
curve determined by the second order differential equation
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d*et . del dok . : 1

e + F}k(O) o dr 0 with F}k(O) =3 9" (9jmk + Imk,j — Gjkm )
the Christoffel symbols and ¢ the affine parameter along the geodesic. Each point
of the manifold has associated a tensor (Riemann tensor) given, in its covariant
representation, by

Riklm = % (gim,kl + Gkl,im — Gil.km — gkm,il) + Gnp (F]rcllr‘,pm - F]r;mrlp[)

that depends only the metric and provides a local measure of the curvature; that
is, by how much the Fisher-Rao metric is not locally isometric to the Euclidean
space. For a n-dimensional manifold it has n* components but due to the sym-
metries Rixm = Rimik = — Riitm = — Rigmi and Rjgim + Rimis + Riyme = 0 they are
considerably reduced. The only non-trivial contraction of indices of Ry, is the
Ricci curvature tensor R;; = g" Rijj, (symmetric) and its trace R = g"/R;; is
the scalar curvature. For two dimensional manifolds, the Gaussian curvature is
k = Rya12/det(g;j) = R/2. Last, note that the invariant differential volume element
isdV = /|det g(x)|dx and +/|det g(x)] is the by now quite familiar Jeffrey’s prior.

We have then that, in this geometrical context, the Information is the source of
curvature of the parametric space and the curvature determines how the information
flows from one point to another. The geodesic distance is an intrinsic distance, invari-
ant under reparameterisations, and is related to the amount of information difference
between two points; in other words, how easy is to discern between them: the larger
the distance, the larger the separation and the easier will be to discern.

Let’s start with a simple one-parameter case: the Binomial distribution Bi (n|N, ).
In this case

1 1-20
0) = ——; oy =001-0 d rl@=——="_
g11(0) 91— 0) g (0) ( ) an 1(0) 2001 — 0)
so the geodesic equation is:
0 _1-20 (dOY* 0 — 0(r) = sin’(at + b)
- —_) = = sin“(a
dr> 201 —6) \ dr

Then, for any two points 6}, 6, € [0, 1] the geodesic distance will be:

2

[
0

0,
S0, 0,) =/ Vg1 0)do =2 ‘arcsin«/g
0

1

and for two infinitesimally close points (6, 6 + €)

s<9,9+e):ﬁ x /I
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that is, Jeffrey’s prior. We leave as an exercise to see that for the exponential family
Ex(x|1/71)

1 1 1 ™ €
g =—; Iy =—=  S,m)=|log=;  Sr,74+6 = - < /g1
T T T1 T

The Normal family N (x|x, o) is more interesting. The metric tensor for {y, o} is

_ 1/02 0 . N 4. ij _ 0'2 0
gl] _( 0 2/02)’ det(gl_/) —2/0 ) g’ = 0 0_2/2

and therefore the non-zero Christoffel symbols are
FszFi:—l/U; F%1:1/20'; 1'%2:—1/0

From them we can obtain the Gaussian and scalar curvatures:

Rio1n 1 i
K = = — =, R = t mR im — _1
det(g[j) ) g-°g iljm

and conclude that the parametric manifold (x4, o) of the Normal family is hyperbolic
and with constant curvature (thus, there is no complete isometric immersion in £ 3.
The geodesic equations are:

A’ 2dud d? 1 (du\> 1 (do\?
T 2dudo oy Lo L(de) L (doy_,
dt o dt dt dt 20 \ dt o \ dt

SO writing

do do du and d*c  d*c (du 2 do d*u
dt — dp dt dr®  du?

- dt dp \ dr?
we have that:

d*c do\> 1 d(oo) 1
[E— - _ = - = O 2 2 — _ _ b 2
Odu2+(du) 2= T2 —  20*(w=a—(u—b)

where b — \/a < p < b + \/a. For the points (i, 1) and (12, 02), the integration
constants are

2_ 2 2 2 2 2
— _ 2 — 2oy —
_mtm n o] — 05 and  a— [(1 — p2)= + 2(01 + 02)7I[(p1 — p2)” + 2(01 — 02)°]

b
2 11— 1 4y — po)?
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and the geodesic distance is

H2
Sis =\/a/2/ a(u)‘zdu=ﬁ1n[1+§]
Gt -

1

with

5 ((m — ) +2(0 —02)2)1/2 clo.n)
(11 — p2)* + 2(01 + 02)?

Suppose for instance that (u;,o0;) are given. Then, under the hypothesis
Ho @ {p = po}:

inf,S(p1, 015 o, @) — 0% = o} + (1 — p0)*/2
and, under H; : {o = oy}:
inf,S(p1, 013 1, 00) — =

Problem 4.1 Show that for the Cauchy distribution

p(xla, B) = g [l—i-ﬁz(x—oz)z]_l; xeR;, (B eRxR'

we have for {«, 8}:

(2 0 ).
9=\ o yes)

M=-p% I'h=-T3%=0" Ron=-1/2;, R=2k=—4

and, as for the Normal family, the geodesic equation has a parabolic dependence
372 = a — (o — b)%. It may help to consider that

~ —n r 1/2
/ pxla, B) [14 52 (x — @)?] :%; neN

As for the Normal family, the parametric manifold for the Cauchy family of distribu-
tions is also hyperbolic with constant curvature. Show that this is the general case for
distributions with location and scale parameters p(x|«, 3) = Bf[B(x — a)] where
x€Rand (o, 3) € R x RT.

Problem 4.2 Show that for the metric of the Example2.21 (ratio of Poisson para-
meters)

(w0 1
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the Riemann tensor is zero and therefore the manifold for {6, i} is locally isometric
to the two dimensional Euclidean space. Show that the geodesics are given by () =
(bo + b1~ '/?)? and, for the affine parameter ¢, /(1) = (ap + a;t)>. If we define the
new parameters ¢; = 2(fu)'/? and ¢, = 2p.'/%, What do you expect to get for the
manifold M{¢p1, ¢,}?

As we move along the information geodesic, there are some quantities that
remain invariant. The Killing vectors ¢, are given by the first order differential
equation (y,, + Cy,, — 2I'),(, = 0 and if we denote by u* = dx"/dt the tangent
vector to the geodesic, with ¢ the affine parameter, one has that (,u" = constant.
For n-dimensional spaces with constant curvature there are n(n + 1)/2 of them and
clearly and linear combination with constant coefficients will be also a Killing vector.
In the case of the Normal family we have that:

2 2
W =20 p w1 1
Gu=c (T’;)“z (55) e (;’0)

with ¢} 2 3 integration constants and setting ¢; = 1, ¢;; = Ofori, j = 1,2, 3 we get
the 3 independent vectors. Therefore, along the information geodesic:

pr—=20*dp  pdo w dp ldo 1 du
E_— 4 Sl et and — =
402 dt o dt 202 dt o dt o? dt

will remain constant. In fact, it is easier to derive from these first order differential
equations the expression of the geodesic as function of the affine parameter ¢:

1 2
w(t) = b+ Jatanh(c;t +¢y) and  o()~' =,/ = cosh(cit + ¢p)
a
where for 7 € [0, 1], (i1, 01)r=0 and (p2, 02)r=1:

—b —b
co = tanh (M\/E ) and co — ¢} = tanh (Mi/ﬁ )

With respect to the standardized Normal N (x|0, 1), all points of the (i, o) of the
manifold R x R with the same geodesic distance S > 0 are given by

p=+ (40 cosh(S/v/2) —2(1 + 02))1/2

Figure4.1(left) shows the curves in the (i, o) plane whose points have the same
geodesic distance with respect to the Normal density N (x]0, 1). The inner set cor-
responds to a distance of dg = 0.1, the outer one to dg = 1.5 and those in between
to increasing steps of 0.2.
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P N T OO R FUPUE SO JOUNN Lo
-2 15 -1 05 0 05 1 15 2
u

Fig. 4.1 Left Set of points in the (u, o) plane have the same geodesic distance with respect to the
Normal density N (x]0, 1) points in the (¢, o). The inner set corresponds to a distance of dg = 0.1,
the outer one to dg = 1.5 and those in between to increasing steps of 0.2. Right Euclidean (dg),
symmetrized Kullback—Leibler discrepancy (dg ) and the Hellinger distance (dy) for the set of
(u, o) points that have the same geodesic distance dg = 0.5

For two normal densities, the symmetrized Kullback—Leibler discrepancy is

(11 — w2)? + (03 — 02)?
20303

JIp1; p21 = D(pi1llp2) + D(p2llp1) =

and the Hellinger distance

HLPL P2 Uf—}—a% 4(0%4—0%)

Figure 4.1(right) shows the euclidean (dg), the symmetrized Kullback—Leibler (dg )
and the Hellinger distances (dy) for the set of points that have the same geodesic
distance dg = 0.5.
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