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1 Introduction

Machine learning is typically divided into three subareas: supervised learning, unsupervised learning, and reinforce-
ment learning.

In broad terms, the goal of supervised learning is to learn a mapping from inputs to outputs based on examples.
Consider a dataset D = (x1,¥1),...,(Xn,yn), where x; € RP ¢, € R, and each high-dimensional vector x;
(observation) is associated to a scalar y; (target), for every i € {1,...,N}. Each element of an observation
corresponds to a feature. The task of finding a function (classifier) f : RP? — R that generalizes from such a
training set D is typical in supervised learning. Generalization is usually evaluated in a separate dataset (test set).
If the set of valid targets is finite and associated to categories, the task is called classification. If the set of valid
targets is a real-valued interval, the task is called regression.

The goal of unsupervised learning is to find interesting structure in a sequence of observations D = x1,...,Xy,
where x; € RP. The concept of interesting is intentionally vague. Applications of unsupervised learning include
finding clusters (groups of related observations), finding relationships between features, and modeling joint proba-
bilities.

Reinforcement learning is concerned with agents that act in an environment with the goal of maximizing cumu-
lative reward signals. These agents are not told which actions to take, but typically discover which actions yield
most cumulative rewards by interacting with the environment. In this setting, each action may affect all subsequent
rewards. Although reinforcement learning will not be covered in this text, it typically employs supervised learning
for generalization.

The remainder of this section introduces important concepts in the context of supervised learning.

Probability theory is very useful to model uncertainty in machine learning, and will be reviewed in the next
section. In classification, for example, instead of directly finding a function f that generalizes from a training set D,
it is also possible to model the probability P(Y =y | X = x) of target y given observation x. The corresponding
classifier f could be defined as f(x) = arg max, P(Y =y | X = x).

One of the simplest classification techniques is K-nearest neighbors. In this technique, the conditional probability
of a target y given an observation x is defined as

1
PY =y| X =x)= > I(y: = y),
(x4,y;)EN (x,D,K)

where I(e) = 1 if the logical expression e is true, and 0 otherwise; and N(x, D, K) is a subset of D whose observations
are the K closest to x (ties broken arbitrarily), according to a distance function on R (e.g., Euclidean distance).
In other words, this technique defines P(Y =y | X = x) as the fraction of the K nearest neighbors of x that belong
to class y.

Although K-nearest neighbors can generalize well given an appropriate distance function and sufficient data,
it can also suffer from the curse of dimensionality, a difficulty that may arise in high-dimensional spaces. As an
example of this curse, consider a hypercube with unit volume. A hypercube with side [ < 1 inside such unit
hypercube occupies a fraction F(I) = [P of the unit volume. Thus, to occupy a fraction r of the volume of the
unit hypercube, a hypercube must have side L(r) = §/7. In the case of D = 100, to occupy r = 1% of the volume
of the unit hypercube, the smaller hypercube must have sides larger than 0.95. This example aids the intuition
that a technique like K-nearest neighbors may base its decisions on neighbors that are considerably distant in the
high dimensional space (depending on the dataset). Other techniques may achieve better generalization by making
particular assumptions about the dataset. For the same reason, there is no single best learning algorithm for every
practical situation.

The misclassification rate e( f , D) of classifier f on dataset D is defined as
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Clearly, a 1-nearest neighbor classifier achieves zero misclassification rate on the training set (assuming there
are contradictory observation-target pairs). This does not imply that the classifier generalizes well. Generalization



can be evaluated by the misclassification rate on a separate dataset (test set). A classifier is said to underfit when
it performs poorly on both training and test sets, and to overfit when it performs poorly on the test set relative
to the training set. Overfitting may be caused by a overly complicated model, which fails to capture the important
trends behind the possibly noisy training set.

Notice that K-nearest neighbors requires fixing K before the classifier f can be fitted to the training set, which
makes K a hyperparameter. The general task of choosing hyperparameters that generalize well is called model
selection. As already mentioned, generalization cannot be evaluated on the training set. Hyperparameters should
not be chosen based on performance on the test set either, because doing so would introduce an optimistic bias.
In short, it would not be clear how hyperparameters chosen for a particular test set would generalize for other test
sets.

A typical solution is to partition the training set into a validation set and an effective training set. For each choice
of hyperparameters, the classifier is fitted to the effective training set, and evaluated in the validation set. This
procedure is called cross-validation. In K-fold cross-validation, the training set is partitioned into K subsets (folds).
Each fold is used as a validation set while the others are used as effective training sets, and the hyperparameters
that achieve best (average) results over each validation fold are selected. The selected hyperparameters are used to
fit a classifier to the whole training set, which can be finally evaluated on the test set.

2 Preliminaries

2.1 Probability theory

Probability theory is a well developed mathematical framework for reasoning under uncertainty. This section
presents the fundamentals of the theory. For more advanced topics, see the measure-theoretic probability notes by
the same author.

A sample space () is the set of possible outcomes of an experiment. Elements of ) are also called sample
outcomes. Events are subsets of (2. An event is said to occur if the outcome of the experiment belongs to the event.

A set of events {A1, ...} is said to be disjoint if A; N A; = () for every ¢ # j. A partition of Q is a disjoint set of
events such that | J, 4; = Q.

If P is a function from the set of all subsets of 2 to R and has the properties:

P(A) > 0 for every event A,
P(Q) =1,

If {Ay,...} is a disjoint set of events, P (U AZ-) = Z P(A;),

then P is a probability distribution over Q!.
For any events A and B, the following properties of a probability distribution P over € can be derived from the
three properties above:

AUB)=P(A)+ P(B)— P(ANB).

Intuitively, P(A) represents the degree of belief that event A will contain the sample outcome of an experiment.
For instance, if the sample space is finite and there is no reason to believe that P({u}) > P({w}) for any u,w € Q,
then, for any event A, P(A) = %, and P is said to be a uniform distribution.

An example may be useful to illustrate the application of these definitions. Suppose we are interested in
computing the probability of obtaining tails exactly once after tossing two unbiased coins. The sample space can
be represented as Q = {(H,H), (H,T),(T,H),(T,T)}. We can let P({w}) = % for every w € , since there is no

reason to believe that a sample outcome is more likely than any other. The event of obtaining tails exactly once

1The function P may also be defined over a set of events that contains 2 and is closed under countable unions and complementation,
but the distinction is not crucial in this text.



can be represented as A = {(T, H), (H,T)}. Therefore, P(A) = P({(T,H)}) + P({(H,T)}) = 1, since these two

events are disjoint.
Let P(B) > 0 for an event B. The conditional probability of an event A given B is defined as:
P(ANB)
P(AIB) = ————=

Intuitively, P(A|B) can be interpreted as the degree of belief that A will occur given that B is already known
to have occurred. The formula for conditional probability also gives the equality P(A N B) = P(B)P(A|B).
Let A and B be events on 2, with P(B) > 0, and Q(A) = P(A|B). Then Q is a probability distribution over
), as it follows the three properties mentioned in the beginning of this section. Therefore,
P(A|B) > 0 for any event A,
P(Q|B) =1,

If {Ay,...} is a disjoint set of events, P (U AZ-|B> = Z P(4;|B),

P(0|B) =0,

ACC = P(A|B) < P(C|B),

0<P(A|B) <1,

P(A°|B) =1 — P(A|B),

P(AUC|B) = P(A|B) + P(C|B) — P(ANC|B),
P(ANC|B) = P(C|B)P(A|BNC).

Let A= {A,...} be a partition of Q. In that case,
P ((UA) ﬂB) = P(QNB) = P(B).

Let {A4,...} be a partition of Q. Then, if P(B) # 0, the definition of conditional probability can be restated as

_ P(B|A)P(A)
P(A;|B) = >, P(BIAj)P(4;)

The equation above is called Bayes’” Theorem.

In the special case when P(AN B) = P(A)P(B), A and B are said to be independent events.

Introduced the fundamentals, we now present random variables, which are essential to model complicated events.
It is often possible to omit the sample space entirely when modeling problems using random variables.

A random variable X is a function X : 2 — R. Let P be a probability distribution over 2. Then, by definition,

P(X =2) = P({w € Q| X(w) = z}),
Pla<X <b)=P{weN]|a< X(w) <b}).

In words, P(X = x) represents the probability of an event that contains all sample outcomes that are mapped
by X to x, while P(a < X < b) represents the probability of an event that contains all sample outcomes that are
mapped by X to a real number in the open interval (a,b). If the outcome of the experiment is w and X (w) = =z,
random variable X is said to be in state x or assigned to x.

Consider the experiment mentioned earlier of tossing two unbiased coins. We can let X (w) be the number of
tails in a sample outcome w € Q. Therefore, P(X =0) =1, P(X =1) = § and P(X =2) = {.

When working with random variables X and Y, we write P(X = 2NY = y) as P(X = z,Y = y) for convenience.

We denote the image of a random variable X by Val(X), i.e., the set of values assigned to some sample outcome.
If Val(X) is countable, then X is said to be a discrete random variable. If Y is also a random variable, Val(X,Y)
denotes the set of valid assignments to X and Y. This notation also extends to vectors of random variables.

Some properties of a probability distribution P are restated in terms of random variables below.

For a discrete random variable X distributed according to a probability distribution P,

Y PX=2)=L

z€Val(X)



Also, the probability of the union of events can be restated as
P(X=2)U(Y =y))=P(X =2)+P(Y =y) - P(X =2,Y = x),
and Bayes’ theorem can be restated as

P(Y =y|X =2)P(X =x)
ZI’GVal(X) P(Y = y|X = x’)P(X = LL‘I)

PX =z|Y =y) =

if P(Y =y) > 0.
Let P be any joint probability distribution over discrete random variables Xi,...,X,. The chain rule of
probability, which can be derived from the definition of conditional probability, gives

n—1
P(X)=x1,..., X, =2,) = P(X,, = 2,) H P(X; = 24| Xig1 = Tig1, ... Xn = ),
i=1
for every (z1,...,z,) € Val(Xy,...,X,), assuming P(X; 11 = %i41,... X, = ) > 0 for every i.
If P is a probability distribution over 2 and X is a discrete random variable over €2, we define the probability
mass function (pmf) f of X as f(z) = P(X = z), for every .
If X is a continuous random variable and f is a function such that f(z) > 0 for all «, ffooo fl@) de = 1,

Pla< X <b) = f; f(x) dz for every a < b, then f is called a probability density function (pdf) of X. It is
important to note that f(z) does not represent P(X = z) in the continuous case. The remainder of this section
presupposes continuous pdfs.

We let X ~ f denote that variable X is distributed according to the probability mass/density function f.

In the discrete case, a function fx y such that fxy(z,y) = P(X = ,Y =y) for every z and y is called a joint
probability mass function of X and Y. A function fxy such that fxy(z,y) = P(X =z|Y =y)=P(X =2,Y =
y)/P(Y = y) for every x and y is called a conditional mass function of X given Y. It is also common to denote
fxiy(z,y) as fxpy(z]y).

In the continuous case, if fx y is a joint probability density function of X and Y, then

b d
P(X €[a,B],Y € [c,d]) :/ / oy (@ y)dy dr,

for every choice of a,b,c,d € R.
The conditional density function of X given Y is defined as fx|y(zly) = fx,v(z,y)/fy(y) for every x and y
such that fy (y) > 0, where fy is the pdf for Y. In this case, P(X € [a,b] | Y = y) is defined as

POX €l |Y =9) = [ frvlaly) da.

If fx,y is a joint pmf for X and Y and fx is the pmf for X, fx(z) =3_, fx,v(z,y), for every . Analogously,
if fxy is a joint pdf for X and Y and fx is the pdf for X, fx(z) = ffooo fxv(z,y) dy, for every x. In both cases,
obtaining fx from fx y is called marginalizing over Y.

It is common to omit the name of a random variable when denoting probabilities. For instance, P(X = z,Y =
y) = P(X = z|Y = y)P(Y = y) can be written as P(x,y) = P(z|y)P(y). We will often let the context determine
whether a function p is a probability density or mass function. Also, when there is no risk of ambiguity, probability
functions will omit the subscripts (e.g., px y|z(x,y|z) will be written as p(x,y|z)).

Consider a random vector X = (X1, ..., Xp), where each X; is a random variable. The notation X ~ p indicates
that p is a joint probability function for X. We denote the corresponding probability mass/density of x € Val(X)
by p(x).

Let X, Y and Z be random variables, and p a probability (mass/density) function. Variable X is independent of
Y given Z, written as X 1L Y | Z, if and only if p(z, y|2) = px|z(x|2)py|z(y|2) for all 2,y and z such that pz(z) > 0.
Intuitively, this means that knowing the state of Y does not give additional information about the state of X when
the state of Z is already known. The definition of unconditional independence (e.g., X L Y') is analogous. It is
easy to show that X 1 Y | Z if and only if there exist functions g and h such that px y|z(z,y|z) = g(z, 2)h(y, 2)
for every x,y and z such that pz(z) > 0.

Consider a random variable X distributed according to P. An a-quantile is defined as an x such that P(X <
x) = a. A 0.5-quantile is called a median.



The expected value (mean) E[X] of a discrete random variable X ~ p is defined as E[X] = > xp(x). In the
case of a continuous random variable X ~ p, E[X] = f_oooo xp(z) dr (assuming the integral exists).

Consider a continuous random variable X, and a function f : R — R. The function fo X : Q — R, defined
as (f o X)(w) = f(X(w)) is also a random variable. In this case, it may be possible to compute the expectation
E[f o X] = [%_ f(z)p(x) dz, which is usually denoted by E[f(X)]. The discrete case is analogous.

In the case of a continuous random vector X = (Xj,...,Xp) and a function f : RP? — R, the expectation is
defined using the joint distribution: E[f(X)] = fval(x) f(x)p(x)dx. The discrete case is analogous.

Expectations over random vectors or random matrices should be considered element-wise. For instance, if
X = (Xla cee 7XD)7 E[X] = (E[Xl]v cee aE[XD])

The variance of a random variable X is defined as var[X] = E[(X — E[X])?] = E[X?] — E[X]2. The standard
deviation of a random variable X is defined as std[X] = y/var[X]. A high variance indicates that a random variable
is likely to assume values that deviate highly from the expected value.

The covariance between random variables X and Y is defined as cov[X,Y] = E[(X — E[X])(Y — E[Y])]. It is
easy to show that cov[X,Y] = E[XY] — E[X]E[Y]. The (Pearson) correlation coeflicient between random variables
X and Y is defined as corr[X,Y] = cov[X,Y]/(std[X]std[Y]) when std[X]std[Y] > 0, and is always between —1
and 1. A high correlation coefficient (in absolute value) indicates a highly linear relationship between X and Y, and
the sign indicates whether the variables are proportional or inversely proportional. In particular, | corr[X,Y]| =1
implies Y = aX + b for some a,b € R, where a # 0. If X 1 Y, then corr[X,Y] = 0. However, the converse is
not generally true, and the correlation coefficient is not an appropriate measure of dependence between random
variables.

The covariance matrix of a random vector X = (X1, ..., Xp) is defined as cov[X] = E[(X — E[X])(X — E[X])7],
where ZT denotes the random row matrix corresponding to a random vector Z. In other words, cov[X];; =
cov[X;, X;]. The correlation matrix is analogous.

In this text, we write the dot product between vectors u and v as uv, since that is usually unambiguous.
Operations between matrices and vectors consider the vector as a column matrix, unless stated otherwise.

If X is a random variable and Y = aX + b for a,b € R, it is easy to show that E[Y] = aE[X] + b. More
generally, if X is a random vector, and Y = AX + b for a matrix A and vector b, it is possible to show that
E[Y] = AE[X] + b, and that cov[Y] = A cov[X]A”

Consider a dataset D = xi,...,xy where each x; is obtained by sampling X; ~ p, for every i. Also, let
X_i = Uj» {X,} and suppose X; L X_;, for every 7. In this case, D is said to be independent, identically
distributed (iid) according to p. As a consequence of these assumptions,

N
p(D) Zp(X1, ces 7XN) = Hp(xi)7
i=1

and p(D) is the so-called likelihood of the dataset D. The definition is the same whether p is a probability mass
or density function. It should be noted that p denotes two distinct probability functions on the equation above,
which are unambiguous given their arguments. As already mentioned, such abuse of notation will be common.

Consider an iid dataset D = x1,...,2y distributed according to p. If X ~ p and E[X] exists and is finite,
the law of large numbers guarantees that N1 vazl x; — E[X] as N — oo. In other words, the mean of a (very
large) dataset may be a good approximation to the expected value of X. This is a particular case of Monte Carlo
approximation, which can be used to approximate the expected value of any function of random variables.

For instance, if p is a Monte Carlo approximation of E[X] considering the dataset D, the variance var[X] of
X can be approximated by N~} Zi\;l(xl — w)?. Tt can be shown that this approximation underestimates var[X]
(particularly when N is small), precisely because it also requires an estimate of E[X].

Consider a discrete random variable X ~ px and let Y = f(X). Naturally, py (y) = >_, ()=, Px (@).

Now consider a continuous random variable X ~ px. If Y = f(X) for an invertible function f : R - R, g = f~1,
and g is differentiable, then py (y) = px (9(y))|9’ (v)|-

For the general case, consider a continuous random vector X ~ px, and let Y = f(X) for an invertible function
[ :RP — RP and suppose g = f~! is differentiable. Let Jy, ,x(y) denote a matrix such that [Jy x(y)]i; = gz; at
point y. We say Jy.,x(y) the Jacobian matrix of g at y. Under these assumptions, it can be shown that

py(y) = px(g9(y))| det Jysx(y)|-



2.2 Notable probability distributions

This section introduces probability distributions that will be useful in the remainder of this text. We will define
each probability function p on a subset of its domain whose complement has every element mapped to zero. Notice
that the properties presented in the previous section implicitly required continuous pdfs, while some pdfs presented
here are continuous only in a particular subset of their domains, requiring additional care.

The binomial (conditional) pmf Bin(- | n,6) is defined on {0,...,n} as

Bin(z | n,0) = <Z> 6°(1 — 9)"~2,

where 0 € [0,1], and n € N. If X ~ Bin(- | n,0), P(X = x) can be intuitively interpreted as the probability of
obtaining exactly x successes in n independent trials of an experiment that has probability € of success in each trial
(and probability 1 — 8 of failure).

The Bernoulli pmf Ber(- | §) is defined on {0,1} as

Ber(z | 0) = 6%(1 — 0)' =,

where 6 € [0,1]. Clearly, Ber(x | §) = Bin(z | 1,6).
The multinomial (joint) pmf Mu(- | n, ) is defined on {x € NP | 3" 2; = n} as

D

n! .

Mu(x | n,60) = ———— [ 67",
1: Dy

where 8 € [0,1]P, 3.6, = 1, and n € N. Intuitively, if X ~ Mu(- | n,0), P(X = x) is the probability
of obtaining, jointly for every i, exactly x; results of type ¢ in n independent trials of an experiment that has
probability 8; of being of type 7 in each trial.

The categorical pmf Cat(- | €) is defined on {1,...,D} as

Cat(z | 0) = Mu(e, | 1,0) = 0,

where 0 € [0,1]P, 3, 60; = 1, and e, is a vector that is zero in every element except the z-th, which is 1.

The Poisson pmf Poi(- | A) is defined on N as Poi(z | \) = f‘v—je_’\, where A > 0. If X ~ Poi(- | A), Poi(z | A) is
intuitively the probability that x events will occur in a fixed interval of time, if A events are expected to occur in
this interval, and the occurrence of an event is independent of the time since the previous occurrence.

The empirical pmf pemp (- | D) is defined on the set of elements in the (sequence) dataset D as

1 Ny
Pemp(X | D) = N Z Ix =x;] = N
x; €D

where N is the number of elements in D, and Ny is the number of occurrences of x in D.
The uniform pdf Unif(- | a,b) is defined on [a, b] as

Unif(x | a,b) =

b—a’

where a,b € R, and a < b. Intuitively, if X ~ Unif(- | a,b), the probability of X being in any two same-length
subintervals of [a,b] is the same.
The Gaussian pdf N(- | s, 0?) is defined on R as

9 1 CEN
N(x ‘ M’ o ) = \/We 20
2

where 1 is called mean, and o2 > 0 is called variance. Indeed, if X ~ N(- | u,0?), E[X] = p and var[X] = o2,
The Gaussian pdf is symmetric about its mean, where it also achieves its single maximum. The inverse of the
variance A = o0~ 2 is also called precision. Intuitively, higher precision indicates higher probability of the variable
being close to the mean. The Standard Gaussian pmf is defined as (- | 0,1).

The Gaussian distribution is very important in probability, partly due to the central limit theorem. Consider
a sequence of iid random variables X1,..., Xy (sample), with finite expected value p = E[X;], and finite non-zero




variance 02 = var[X;]. Also, let X = % >; X; be the so-called sample mean, which is also a random variable. It
is possible to show that X becomes approximately distributed according to N'(- | u, N~'0?) as N — co. In other
words, for a large sample, the sample mean becomes distributed according to a Gaussian distribution that has the
same expected value as any of the (iid) variables in the sample, and a precision that is proportional to N.

The multivariate Gaussian joint pdf V(- | p, X) is defined on RP as

]. 1 Tsv—1
NEx| ) = ——e 2= 27 (x=m)
(x| p, %) TP
where 1 € R” is the mean vector and X is the D x D (positive definite) covariance matrix. Indeed, if X ~ N (- |
i, ), it is possible to show that E[X] = g and cov[X] = X. The matrix A = X! is also called precision matrix.
The Gamma function I is defined on R as

I'(z) :/ z* e da.
0
It is possible to show that I'(z) = (z — 1)I'(z — 1), for every z € R. If z e N, I'(2) = (n — 1)
The (non-standardized) Student’s t pdf 7 (- | u, 02, v) is defined on R as

v+1

T(qu,UQ,y):F(FI;;%j <1+i(x;l‘>2> a

where p is the mean, ¢ is a scale parameter (not variance), and v > 0 is called degrees of freedom. Indeed,

if X ~T( | po?v)and v > 1, E[X] = p. Also, if v > 2, var[X] = %502 The Student’s t pdf is symmetric

about its mean, and has heavier tails than the Gaussian pdf (specially for small v). In other words, compared to a

Gaussian pdf with the same expected value and variance, the Student’s t pdf assigns higher density to outliers.
The Laplace pdf Lap(- | i, b) is defined on R as

|z —p]
b

Lap(m | :U’vb) = 27(]67 )

where b > 0. If X ~ Lap(- | u,b), E[X] = u and var[X] = 2b?. The Laplace distribution is symmetric about its
mean, and has heavier tails than the Gaussian.
The Gamma pdf Ga(- | a,b) is defined on R+ as

a

b ta—le—tb’
I'(a)
where a > 0 is the shape, and b > 0 is the rate. If X ~ Ga(- | a,b), E[X] = ¢, and var[X] = 5. The pdf has
a maximum (mode) at “;1 for a > 1. The Gamma pdf is very flexible, and has several important pdfs as special
cases.

The exponential pdf Expon(- | A) is defined as Expon(¢ | A) = Ga(t | 1, A). Intuitively, if A events are expected
to occur in a unit of time, and the occurrence of an event is independent of the time since the previous occurrence,
Expon(t | A) is the density for the event occurring at time ¢.

The chi-squared pdf x(- | v) is defined as x?(z | v) = Ga(z | 4,1
The importance of this distribution comes from the fact that if Zq, ...,
pdf and S =3, ZZ, then S ~ x*(- | v).

The beta pdf Beta(: | a,b) is defined on [0, 1] as

Ga(t | a,b) =

), where v € N are the degrees of freedom.
Z,, are iid according to a standard Gaussian

1
Beta(z | a,b) = Blab) P (R L
where a,b > 0, and the beta function B is defined as B(a,b) = Fr(?a)ié};) If X ~ Beta(- | a,b), E[X] = ;%5 and

var[X] = %. If a = b =1, the beta pdf is equal to the uniform pdf on [0,1]. If a =b and 0 < a < 1, the
distribution has modes at 0 and 1. This pdf will be discussed in the context of parameter estimation.

The Dirichlet pdf Dirichlet(- | «) is defined over the so-called probability simplex Sp = {x | 0 < x; <
1forall i, 7 ;= 1} as



D
Dirichlet(x | ) H zi

where a; > 0 for all i, ap = Zil a;, and the generalized Beta function B is defined as B(a) = % If

X ~ Dirichlet(- | ), E[X;] = £%, and var[X;] = M for all 4. This pdf will also be discussed in the context

of parameter estimation.
The Pareto pdf Pareto(- | k,m) is defined on [m, 00) as

kmkF

Pareto(x | k,m) = W,
where k,m > 0. If X ~ Pareto(- | k,m) and k > 1, E[X] = z%-m. This pdf places high density at m, which
decreases fast (particularly when k is large).

2.3 Information theory

The entropy (in bits) H[X] of a discrete random variable X ~ p is defined as

H[X] = E[-log, p(X Zp ) log, p(k

where p(k) > 0 for every k. If p(k) = 0 for some k, 0log, 0 is conventionally replaced by 0, which is justified by
the fact that lim,_0alog, a = 0. It is also common to denote H[X] by H|[p].

Consider the task of transmitting a sequence of assignments to N iid discrete random variables, and let X ~ p
denote one of these variables. Shannon’s source coding theorem states that, as N — oo, H[X] is a lower bound on
the average number of bits required to transmit an assignment (after the encoding is established).

The cross-entropy H [p, q] between two pmfs p and ¢ is defined as H[p, q] = — ), p(k) log, q(k), where 0log, 0 is
again replaced by 0. Considering the transmission task mentioned above, the cross-entropy H [p, q] can be interpreted
as the average number of bits required to transmit an assignment when the encoding is ideal for ¢ (instead of p).

The Kullback-Leibler divergence KL(p||q) between two pmfs p and ¢ is defined as

Lipllo) = 306 )log, § Hip.q) - Hp),

where p(k), q(k) > 0 for every k. If either p(k) or ¢(k) are 0, the corresponding term is conventionally replaced
by 0. Considering again the transmission task, the Kullback-Leibler divergence KL(p||g) can be interpreted as the
increase in the average number of bits required to transmit an assignment when the encoding is ideal for ¢ (instead
of p).

We now show that KL(p||¢) > 0 for any two pmfs p and ¢, assuming p(k), g(k) > 0 for every k. By definition,

~KLipllo) = = 30, Fs = 3ot lows T
k

Jensen’s inequality states that if f is a concave function and Aq,. .., Ay are positive numbers such that > 5, A; = 1,
then f(3°, Aiwi) > >, Aif(x;). Using this result,

—KL(pllq) < log, [Xk:p(k)zggl = log, 1= 0.

Therefore, — KL(p||q) < 0, and KL(p||q) > 0.
We now show that a discrete random variable has maximum entropy when it is distributed uniformly. Firstly,
note that a pmf ¢ defined as ¢(k) = % for k € {1,..., K} has entropy

1 1
?log2 7 —log, — % = log, K.

Mw

Hlg] = -
k=1



Let p be a pmf that is non-zero on D = {1,... K'}. By definition:

p(k)
L(pllq) = ZP ) logy m
= 3 bk 1oz, 22

k K

= k)1 k) — )1
zk:p( ) log, p(k) Zp ngK
Because KL(p||q) > 0 for any p and g,

_H[p} + 10g2 K 2 07
Hip] <logy, K

Thus, an arbitrary pmf p that is non-zero on D has at most the same entropy as the uniform distribution on D.
Consider an iid (discrete) dataset D = x3,...,xy, and a joint pmf ¢(- | ) parameterized by 8, such that
q(x | 8) > 0 for any x, 0. The likelihood ¢(D | 8) of D under ¢(- | 8) is defined as

q(D|0)= quz|0 Hq(x|0)N

where Ny is the number of occurrences of x in D. Maximum likelihood estimation consists on finding a 6 such
that ¢(D | 0) is maximum. Because the logarithm is an increasing function (and ¢(x | ) > 0 for any x, ), this is
equivalent to finding a 6 that maximizes the log-likelihood

log, q¢(D | ) = logQqu|0 "—ZlogQ (x| )N ZNlong(x|0)

Let pemp denote the empirical distribution for D. We now show that maximum likelihood estimation minimizes
the Kullback-Leibler divergence between pemp and ¢(- | 8). By definition,

Pemp (X)

q(x [ )
= Zpemp 10g2 pemp X Zpemp IOgQ Q(X ‘ 6)

KL (pemp| ‘q Z pemp 10g2

= Zpemp 10g2 pemp( - N Z Ny 10g2 Q(X | 0)7

where the summation only involves the x for which pemp(x) > 0. Because the leftmost summation is a constant
wrt 6, minimizing KL(pemp||q(- | €)) corresponds to maximizing

1
N Z Ny log, q(x | 6)

wrt 6, which corresponds to maximum likelihood estimation (since % is a positive constant), as we wanted to show.
Consider two discrete random variables X and Y. The conditional entropy H[X | Y] of X given Y is defined as

HIX | Y] = ZPY prlylogszly Zpy HIX|Y =y],

where 0log, 0 is replaced by 0. It is possible to show that H[X | Y] < H[X] for any X and Y.
The mutual information I(X;Y") between two discrete random variables X and Y is defined as

I(X;Y) = KL(px,v|lpxpy) = Z Zp(x,y) log me



where px(z), py(y) and p(x,y) are non-zero for all z,y. If any of them is zero, the corresponding term is
conventionally replaced by 0. It is easy to show that

I(X;Y) = H[X] - H[X | Y] = H[Y] - H[Y | X].

Intuitively, the mutual information I(X;Y) between X and Y measures the amount of information that Y has
about X (dependence between X and V). Clearly, I(X;Y) = I(Y; X), and I(X;Y) > 0. It is also possible to show
that I(X;Y) = 0 if and ounly if X and Y are independent.

2.4 Iterative minimization

Consider a real-valued function f : RP? — R. The task of minimizing f(#) with respect to 8 € R” corresponds to
finding a global minimum 6* such that f(0*) = ming f(0).
A continuous function f: RP — R is convex if, for any 6, and 65 in its domain,

fAO1 + (1= X)02) < Af(61) + (1= A)f(62),

for any 0 < A < 1. Intuitively, the value of the function f on a line segment between 6, and 6, is either on or
below the line segment that connects f(61) to f(62), for any 61 and 0. The function f is strictly convex if the
inequality above is strict. A function f is concave if —f is convex. A strictly convex function has at most one local
minimum, which would also be global minimum.
If a real-valued function f is defined only on a subset A C RP, the definition of convexity only applies if A is a
convex set. The set A is convex if and only if for any 61,605 € A, we have \@; + (1 — X\)02 € A, for any 0 < A < 1.
A twice continuously differentiable function f : R — R is convex if and only if its second derivative is always
non-negative. A twice continuously differentiable function f : R” — R is convex if and only if its Hessian matrix
V2£(0) at every 0 is positive semidefinite. A matrix V2 f(8) is positive semidefinite if and only if vI'V2f(8)v > 0,
for any nonzero vector v. The Hessian matrix V2 f(0) at 8 of a twice continuously differentiable function f is given
by
82

VQf(e)i,j = mf(@)

Convexity is a highly desirable property, since finding a (global) minimum generally becomes much easier.

Gradient descent is a simple procedure to minimize differentiable functions. This procedure starts at an arbitrary
estimate 6, which is iteratively updated by the rule 6;11 = 6;—1;V f(0:), where n; > 0 is the so-called learning rate
at iteration ¢t. Gradient descent is based on the fact that the vector —V f(0;) points to the direction of maximum
local decrease in f. If f is strictly convex and the learning rates are sufficiently small, this procedure is guaranteed
to converge to a global minimum (if such minimum exists).

Using a single learning rate for all iterations may be a very poor strategy. If the learning rate is too small, the
procedure will converge prohibitively slowly. If the learning rate is too large, the procedure might diverge.

In gradient descent with exact line search, the learning rate n; for iteration ¢ minimizes

¢u(n) = f(8: —nV £(0:))

with respect to n. Intuitively, this corresponds to restricting the minimization of f to the direction of the gradient
at iteration t.

Suppose ¢, is differentiable with respect to 7, and let ¢(n) = f(z), such that z; = 6, ; — n0f(6:)/00;. By the
chain rule,

3f 5‘zj B

= V[0, —nVf(6:,)Vf(0,).

Now suppose ¢¢(n*) = min, ¢¢(n), for some global minimum 7*. In that case, ¢;(n*) = 0. Therefore, Vf(6; —
n*Vf(0:)) and Vf(6;) must be orthogonal. In other words, the gradient at consecutive estimates obtained by
gradient descent with exact line search must be orthogonal. Unfortunately, it is generally too expensive to solve
the minimization problem posed by exact line search at each iteration of gradient descent.

A common heuristic employed in minimization by gradient descent is called the momentum (or heavy ball)
method. This method updates the current estimate 8; by the rule 0,1 = 8; — 1V f(0¢) + 114 (0 — 6;:—1). Intuitively,
the so-called momentum coefficient u; > 0 at iteration ¢ controls how much the previous update direction affects the

10



direction given by the gradient at 6;. This method allows larger updates when the update direction is consistent
over many iterations, an is typically combined with comparatively lower learning rates.
Recall that the linear approximation g; to a differentiable function f at point 6, is given by

91(0) = f(0:) + Vf(6:)(6 — 6,),

which corresponds to the equation of the plane tangent to f at 8; when D = 2.
Analogously, the quadratic approximation h; to a twice differentiable function f at point 8, is given by

n(8) = F(8.) +VI(6)(68 — 0,) + 5(6 )"/ (8)(6 ~ 6,)

which corresponds to the equation of a quadratic surface when D = 2.
Newton’s method is an iterative minimization method based on finding the minimum 6;y; of the quadratic
approximation h; to f at the current estimate 6;. Firstly, note that

Vhi(0) = Vo [f(0:) + Vf(0:)(0 —0,) + %(9 —0,)TV2f(00)(6 — 0,)] = Vf(8,) + V[ (0:)(6 — 0,),

since Va[aT Aa] = (A + AT)a = 2Aa for vector a and symmetric matrix A.
Therefore, if 847 is a local minimum of the quadratic approximation h; to f at the current estimate 6, then

V2f(00)0111 = =V [(6,) + V> [(6,)0,
Orir = —[V2F(6:)] 'V (8:) + [V21(8:)] ' V21(8:)6: = 6. — [V*[(6,)] 'V [ (6r),
where we have assumed that V2 f(8;) is invertible. Notice that if f is strictly convex, its Hessian matrix is always

invertible, and the condition above is sufficient for 841 to be a global minimum of h;.
More generally, the update rule used by Newton’s method is typically given by

0: = 0,1 — 1. [V2f(0:-1)] " Vf(8:-1),

where 0 < 1y < 1 is the learning rate at iteration ¢, which is particularly useful when the Hessian is approximated.
In practice, computing the inverse Hessian matrix at each iteration of Newton’s method may be too computa-
tionally expensive. BFGS (Broyden—Fletcher—Goldfarb-Shanno) and L-BFGS (limited-memory BFGS) are highly
successful methods that approximate the inverse Hessian matrix [V2 f (Ot)] ~! at iteration ¢ without employing the
exact Hessian. Both methods only require a function f, its gradient function V f, and an initial estimate 6.
Consider the task of minimizing a differentiable function f : RP — R given by f(6) = S.~, fi(8), where each
fi : RP — R is also differentiable. Naturally, the gradient V f(8) of f at  is given by

N
V(8) = Z V£i(8).

Mini-batch stochastic gradient descent randomly partitions the set {1,..., N} into sets of (almost) equal size called
batches. A batch S is used to compute a surrogate for V f(6) given by

SO V().
€S

which is used in an update analogous to gradient descent. After each batch is considered in turn (one so-called
epoch), another random partition into batches is employed. This technique is more computationally efficient than
gradient descent when many individual gradients are expected to be similar.

3 Discrete generative models
Consider a sequence of binary random variables X1, ..., Xy, each distributed according to p(- | %), for an unknown

parameter 0* € [0,1]. Furthermore, suppose X; 1L X_; | ©, for every 4, and let p(x | ) = Ber(x | 0) = 6%(1 —0)'~=,
for any x € {0,1} and 6 € [0,1]. We say that a dataset D = z1,...,zy is iid given © according to p(- | 6*).

11



The likelihood p(D | 6) of the dataset D = z1,...,zn under f can be written as

N N
p(D|6) =plar,...,an | 6) =[] p(ai | 6) = [T67 (1 —0)' 7 = 6™ (1 - 0)™,

=1 i=1

where N, is the number of occurences of k in D.
In this context, p() is the prior density for §. Suppose © ~ Beta(- | a,b), for constant hyperparameters a and
b, which encode prior beliefs. By definition,

1
B(a,b)

p(0) = Beta(f | a,b) = 6711 — )L

The posterior density p(6 | D) for 6 given D is then given by

@ py=PPLOPO) _ 1 MA—0N (10 L g1 f)NerTd
PO D) T ) Ba ) =B B

The (unconditional) probability p(D) of the dataset D can be obtained through marginalization:

) . B 1 B 1 9N1+a—1(1 _ 9)N0+b—1 B B(N1+a,Ng+b)
p(D) = /0 p(D.0) df = /O p(D | 0)p(0) db = /0 B(a,b) 46 = B(a,b) 7

where the last equality comes from the definition of the Beta function B. Thus,

9N1+a71(1 _ 9)N0+b71
B(Nl + a, Ng + b)

Notice that the prior and posterior densities are given by the same distribution under (possibly) distinct hyper-
parameters. For this reason, the Beta pdf is said to be a conjugate prior for the likelihood function of an iid Bernoulli
dataset. Because the hyperparameters a and b are analogous to N7 and Ny, they are also called pseudo-counts.

For any 6 and D, the counts Ny and Ny contain all the information about D that is needed to compute the
posterior p(f | D) given the prior p(6). In the general case, if p(§ | D) = p(6 | S = s(D)), for every 6 and D, then
s(D) is a sufficient statistic for D.

Suppose the dataset D is partitioned into two datasets D’ and D”. By definition,

p(0 | D) =

= Beta(d | N1 + a, Ng + b).

p(D, D" | 0)p(6) _ p(D’ | D”,0)p(D" | 6)p(6) _ p(D’ | 0)p(0 | D)
p(D', D) (D' | D")p(D") p(D' | D)

p(0 | D', D") =

D'|6 ON1 (1 — 0)No Beta(f | N +a, NI/ +b
= P 1O) g NY 4 a, Ny + ) = S = 0) 0 Beta(0 | NY' + a, Ng +b)
p(D" | D") 3 p(D" | 9)p(6" | D) dor
= Beta(f | N + N{' + a, N) + N +b)

where N}, is the number of occurences of k in D’ (analogously for IN}/). This result states that inference (computing
the posterior density) can be performed incrementally (as more data becomes available). Furthermore, the posterior
density p(6 | D”) can be seen as a new prior density after D" is taken into account (the same is true for D).

It is possible to show that Beta(- | Ny + a, Ng + b) has a mode (global maxima) at § = argmax, p(f | D) =

% when Nj 4+ a, Ng + b > 1. Therefore, 6 is a maximum a posteriori estimate. Similarly, the posterior mean

E[© | D] is given by

1
N1+CL
E[® | D] = Op(0 | D) dd = ——.
© 1= [ 0p(0| D) a0 = 7

whenever N > a,b, where 6 denotes the maximum

The variance var[® | D] can be approximated by 7é(1]\7 9

likelihood estimate. Notice that less data is required to achieve a low variance when 6 is either very close to 0 or 1.
In the case of a Beta(- | 1,1) prior, which is uniform on [0, 1], the maximum a posteriori estimate fyap = 32 is

N
equivalent to the maximum likelihood estimate Oy, g = arg max, p(D | 6). This is derived easily from the equality
R D|O)p(o
Onvap = argmax p(f | D) = arg max p(p|(D))p() = argmax p(D | 0)p(0) = argmaxlogp(D | 0) + log p(9).
0 0 0 0
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Considering the equality above, suppose DV corresponds to the dataset D extended by a single element Z.
Clearly, log p(D™ | 0) < log p(D | 6) for any 6, except possibly for § € {0,1}. Thus, the term log p(6) loses importance
as the amount of data tends to infinity, and the maximum a posteriori estimate converges to the maximum likelihood
estimate.

The task of predicting the assignment to an additional random variable X ~ p(- | #*) given D can be solved by
computing the posterior predictive distribution for each Z € {0,1}, which is given by

1 1 1
p<x|D>:/O p(#.6| D) do:/o p(E | 0.D)p(0 | D) de:/O p(i | 0)p(6 | D) db

For z =1,
N1+CL
N+a+b

Thus, it is very easy to make predictions given the sufficient statistics and the prior hyperparameters. It is crucial
to notice the distinction between p(i | D) and p(Z | Oyap). Clearly, the first alternative never gives probability 1
to a particular . This is highly desirable, since no finite amount of data would warrant such certainty.

Consider the related task of predicting the assignment to a random variable X that represents the number of
successes in a sequence X1,..., Xy of binary random variables, such that X; ~ p(- | #*) and X; L X_;, D | ©,
after seeing the dataset D. The corresponding (beta—bmomlal) posterior predictive distribution is defined on
z€{0,...,M} as

:/lap(ow) 0 = B[O | D] =
0

p(sc|D,M):/0 (.0 D, M) dez/o p(@ | 0, M)p(0 | D) db

1 1
= / Bin(z | M,0)p(6 | D) df = / Bin(z | M, 0) Beta(f | Ny + a, No + b) df
0 0

B (M)B(Nl +a+x,No+b+ M —x)
N B(N1 +a,N0+b)

T

Consider a sequence of discrete random variables X,..., Xy such that X; ~ p(- | ") and X; L X_; | ©, for
every ¢. In particular, let p(z | @) = Cat(z | ) = 0,, for every x € {1,..., K} and valid 6.
The likelihood p(D | 6) of the dataset D = z1,...,2y under 6 is defined as

N
p(D]60) =p(z1,...,xx | 0) =[] p(zi | 0) He,ﬁ = HeNk,
=1

k=1

where Ni is the number of occurrences of k in D. A convenient (conjugate) prior is the Dirichlet joint pdf,
which we already defined as

K
]' Oék—l

B(a) pue] koo

Dirichlet(0 | ) =

for every 6 in the probability simplex Sk and hyperparameter vector a, whose elements are the pseudo-counts.
The posterior is also Dirichlet:

p(D)
= Dirichlet(0 | a + N),

p(6 | D) = p(D | 0)p(0) H eNk H oak 1_ H eNk-i-ak 1
k 1

where N = (Ny, ..., Ng) is the vector of counts (a sufficient statistic). The last equality follows from the fact
that [q_p(6|D)do = 1.
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The posterior predictive for an additional random variable X ~ p(- | 0%) given D is given, for & = j, by

p@ D)= [ plaoD)ao= [ pla|6.D1®|D)do~ [ o;(6|D)ds
Sk Sk Sk

:/ ij(ej,B,j |D> do Z/ Gjp(9j76,j |D) dB,jde
SK SK

1 1
= / 9]/ p(Hj,O_j | D) dO_jde :/ Gjp(ﬁj | D) dgj
0 SK,j’gj 0

Nj + oy

=E[0, | D] = N fay

where SKJ',gj = {9/ S [0, 1]K_1 ‘ Qj =+ Ei 9; = 1}.

A maximum a posteriori estimate 0= arg maxy p(0 | D) can be found using Lagrangian multipliers. Consider
a differentiable function f : RX — R, and the task of finding the local minima of f restricted to the set S = {a €
RX | Vi, g;(a) = 0}, given differentiable real-valued functions gi,...,g.. The Lagrange multiplier theorem states
that, if a is a local minimum of f restricted to S, and the vectors Vg (a), ..., Vg.(a) are linearly independent, then
Vf(a) =, AiVgi(a), for some \; € R. The converse is not generally true.

Consider the task of maximizing

K K K
log Dirichlet(0 | a + N) = Y aylogf + > _ Nylog — Y _log by —log Ba + N)
k=1 k=1 k=1

with respect to 8, subject to g(0) =1 — Zle 0r = 0. This is equivalent to minimizing

K K K
(o) = _Zaklong - ZNk log 85 + Zlog@k
k=1 k=1 k=1
wrt 0, with the same restriction. Notice that Vg(0) = —1 is non-zero (linearly independent), for every 8. Therefore,
if 6 is a local minimum of ¢ subject to g(8) = 0,
VU(6) = \Vg(6),
for some A € R, by the Lagrange multiplier theorem. Because

86(0) _ Nj +Oéj —1
a0, 0,

for every j € {1,..., K}, a local minimum of ¢ subject to g(@) = 0 obeys the system of equations

0. — Nj + a; — 1
J Y ’
for every j € {1,...,K}. The requirement Zj 0; =1 gives A = N + o9 — K. Thus, if a maximum a posteriori

estimate 6 = arg maxgy p(0 | D) is a local maximum of p(- | D) restricted to the probability simplex Sk, it follows
that

é 7Nj+04j71
JfN—i—Ozo—K.

When the prior is Dirichlet(- | 1), the maximum likelihood estimate is given by %, as expected.

Consider the task of creating a classifier given the dataset D = (x1,¥1), ..., (X, yn) distributed according to
p(- | ), for an unknown 6*. Consider also that x € R? and y € {1,...C}, for all (x,y) € D. Furthermore, let
X, V; L X_ ;Y ;| O, forevery i € {1,...,N}. We say that D is iid given ® according to p(- | 6%).

In general, a generative classifier is a probabilistic classifier that uses the fact that

p(x |y, 0)p(y | 6)
p(x]0)

ply|x,0) = oy p(x | y,0)p(y | 0),
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for all x,y and 6.
A naive Bayes classifier is a generative classifier that assumes

D
p(x,y | 0) =ply | O)p(x|y,0) =p(y | 0) [ p(z; | 4.0),
j=1

for all x,y and 0. In other words, it assumes that each feature is independent of the others given the class and
the parameters.
According to this model, the likelihood p(D | 8) of the dataset D under 8 can be written as

N D
p(D | 6) Hp xi,yi | 0) =[] p(i | 0) [[ p(xi; | vi 0
i=1 j=1

For simplicity, the remainder of this section presupposes binary features, i.e., x € {0,1}?, for all (x,y) € D.
Letting 7y, = p(y | €) and p(z; | y,0) = Ber(z; | 0;,) = H?y(l —0;,) 7%, the likelihood p(D | 6) of D given 6 can
be written as

C C D
D | 0 Hﬂ-yb Hgmzy Jﬂh 1 Tij [H ] lH H@;V;y(l _ 9j7y)Ny_Nj'y ,

y=1j=1

where N, is the number of occurrences of class y in D and IV, is the number of occurrences of feature j equal
to 1 when the class is y.
We will assume that the prior density p(@) can be written as

D C D C
) H H p(0;,4) = Dirichlet(m | ) H H Beta(0;, | Bo, 51),

j=ly=1 Jj=1y=1

for every 8, where «, 3 are the prior hyperparameters, and @ = (71, ...,7¢).
Under these assumptions, it is possible to show that

D C
pww):fw o | D) [ [ o650 | D).

j=1ly=1
where

p(m | D) = Dirichlet(s | N1 + a4, ..., N¢ + ac¢)
p(0j,y | D) = Beta(b;, | Bo + (Ny — Njy), B1 + Njy).

Thus, fitting a naive Bayes classifier to binary features simply requires the sufficient statistics N, and V; ,, for
every y and j.

Classification can be formulated as follows. Consider an additional pair X,Y distributed according to p(- | 8*),
for the same unknown 6* that generated D. By definition,

p(y,x| D) 1 / 1
p(y | x,D) = = p(y,x,0 | D) d0 = ———— p(y,x | 0)p(@ | D) d6
Wl ) p(x| D) p(x| D) Val(©) ( D) p(x| D) Val(©®) ( 1 6)p(8 D)
1 D D C
= —— (y6)]]p(;ly,0) HP(WID) p(ﬁ-,/D)]de
ST o 019 1T T
Xy [/ 7Typ7r|Dd7r]lH/9 (1- Jylx’P(Jy|’D)d9Jy]
Val(IT)
D
Ny + ay 1—a;
Yy N+(X0 Hejy(]‘ 0 ) )
where

>

R Nj,y"’ﬂl
PV Ny + B+ Bo
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Thus, p(y | x,D) = cvy, for every y, where v, is a variable that depends on y, and c is a constant with

respect to y. Clearly, >° p(y | x,D) = > cvy = ¢>_ vy, = 1. Because > v, must be non-zero, ¢ = #

y Yy

Thus, p(y | x,D) = %, for every y. This procedure is called renormalization, and often avoids a significant
computational challenge. Due to numerical issues, it is also safer to obtain p(y | x, D) through log p(y | x, D), for
every y. Naturally, log p(y | x, D) = log cvy = logv, + log ¢ = logv, — log Zy, e'°8?  The term log Zy, elog vy can
be computed more safely using the so-called log-sum-exp trick, which we omit.

Consider once again a dataset D = (x1,91),..., (XN, yn), which is iid given ® and distributed according to
p(- | 0%). Suppose the features are binary, and let X,Y be a pair distributed according to p(- | 8). It is possible to
define the mutual information I(X;;Y | D) between X; and Y given the dataset D as

(XY | D)= 323 play.v| D)log [p(xi(xjﬁijpg 5

In the case of a naive Bayes model with binary features, it can be shown that

Ny, +«a p N +a« —0;
I(X;;Y | D) Zaj,y N—i—aj 0.y ]\;!—i—a(? 10g é
where é Z Gj y]yv:o?y Because the mutual information between X; and Y can be interpreted as the

reduction in uncertalnty about Y when X is observed, it can be used to discard features that are individually
uninformative about the class. However, this method does not take into account whether features are informative
when considered in groups. The general task of identifying features that are important for classification is called
feature selection.

4 Gaussian models

As already mentioned, a multivariate Gaussian joint pdf V(- | p, ) is defined on R” as
N 5) = o= 3G S (xp)
(2m)P|%]

where p € RP is the mean vector and X is the D x D (positive definite) covariance matrix.

Because X is positive definite, it can be written as ¥ = UAU?, where each column j of the D x D matrix U
is an eigenvector u; of 3, and A is a diagonal matrix such that A; ; = A; is the eigenvalue that corresponds to u;.
Furthermore, U is chosen so that UTU = UUT = I, which means that (uy,...,up) is an orthonormal basis for
RP. Because 3, U and A must be invertible,

> l=WAUN) ' =UTWUA) ' =UTA WU =UAUT,

where the second and third equalities follow from a property of the inverse of a product of invertible matrices,
and the last equality follows from UU” = I. Since A is invertible and diagonal, A™! = diag(%l, e )\ ), and the

equation above can be rewritten as
D

_ _ 1
2 =UATUT =) uf
i=1""

which leads to

1 D2
(=) =) = ) - — )T wf ZA—’
i=1 i=1 "t

where y; = (x — p)u; is the projection of x — p onto the unit vector u;.

For D = 2, it is important to notice that, given a constant ¢, the set {x € R? | (x — p)TZ *(x — p) = ¢} is an
ellipse centered on . The axis of this ellipse are aligned with u; and us, and scaled according to /A1 and /g
(recall that \; > 0, since X is positive-definite). This intuition generalizes for higher dimensions.

Consider a dataset D = x3,...,xy, which is iid given ® according to a multivariate Gaussian pdf (- | u*, X*),
where each assignment to ® represents a particular parameterization of the multivariate Gaussian distribution.
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The likelihood p(D | p, ¥) of D under the parameters g and ¥ is given by

N
1 1 _
D|Ma Hp X1|H, HWGXP _i(xi_p')TE I(Xi—y,)
. ep[ 1N(X 1w =7 (xi - )
= o M o NPT i i .
(2m) 2 |2| % 24

Thus, the log-likelihood logp(D | u, X) of D under the parameters g and X is given by

logp(D | 1, %) = =5 > (x; — )" 27" (x; — p) — log [(27) 7 3] ¥]

N
1 ND N
=3 E (xi =)= x — ) - —5 log2m — Elog\E\.

Consider the task of finding the (valid) p and ¥ that maximize the log-likelihood ¢ = logp(D | w,X) of the
dataset D. For this purpose, we will find the partial derivatives of £ with respect to u;, for every j. By definition,

N
0
223[- w2 )
By letting y; = x; — p and using the chain rule,
0y;, 1 _
aTLJ Za,;jay”{ } igay”{ yi % 1yz}.

It can be shown that V,[a” Aa] = (A + A™T)a for any (valid) matrix A and vector a. Therefore,

LRI M)

=1 J

aﬂj

Because ¥ must be positive-definite, 3™ must also be positive-definite, and thus symmetric. Therefore,

1 1 D
x| SO JETUIED ) pi e

= k=1 i=1 k=1

1 N

271 + ZT)Yi] =3 Z

j i=1

22’13’1

Thus, the gradient V¢ of £ wrt p is given by

N N N N N
V”EZ;E_lyi:;E_l(x — lei—z;u —Nu—i—;xi].

If fi is a local maximum of ¢, then V,f = 0 at p = f1. Therefore, a local maximum fi of £ can be written as

2—1

N N N 1 N
—Nﬂ+zxi] =0 = —Nﬂ+in:0 = Nﬂ=in = ﬂ:Nin.
i=1 i=1 i=1 =1

The condition above is also sufficient for [ to be a local maximum of £. In simple terms, the maximum likelihood

estimate for the mean of a multivariate Gaussian correspondb to the empirical mean.
We now find the partial derivatives of £ with respect to E , for any k£ and [. From the definition of £,

N

ot 1 0 N 0
— =5 — i lx —w)E T x — p)] - 5 — 5 [log | 2]
azl(c,ll) 2 i=1 azl(c,ll) 2 82,(6 ll)

)
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Firstly, notice that log |X| = log ﬁ = —log|=7!| by a property of the determinant of an invertible matrix

3. Also, Valog|A| = AT for any invertible matrix A. Therefore, because X! is invertible and symmetric,

o 9

N
Ty -1
- = — [ — )27 (i — )] + S B
o5y, = oxg,)

2

[NCRI
™=

The next steps involve properties of the trace of a matrix. By definition, tr(A) = >, A; ; for any matrix A. It
is particularly important to note that tr(ABC) = tr(C AB) = tr(BC A), for any matrices A, B and C, whenever
the multiplications are valid. Also, tr(a) = a for any scalar a represented as a 1 x 1 matrix. Using the equality
(x; — )" (% — p) = tr((x; — p)"E " (x; — ) and reordering the multiplications,

N

ot 1 0 N
—_— = — = E — tr( Xi — )X, — TE‘l) +—§Jk,l.

Because V4 tr(BA) = B” and (AA")” = AA”, for any matrices A and B,

N

=5 [<xi W~ )"

N
&= + =2k
0%, i=1

2
k.l

Therefore, the gradient V14 of £ with respect to X! can be written as

1

N
— . L T
V-1l = —3 E (x; —p)(x; — )" + 5 3.

i=1
If ﬁ]il is a maximum of ¢, then Vy-1¢ = 0 when » = ﬁ]il and p = fi. Therefore, a maximum XA]il of £ has
an inverse X that is given by

N

j— 1 PR y PRp— y T
VE—lg =0 —= 5 ;(Xl [J/)(Xz N) +

. 1 N N ~\T
— zzﬁgxi—u)(xi—m -

N
2

=

2:

N =

$=0 =

N
D (i — ) (xi — )"
i=1

The condition above is also sufficient for 271 to be a maximum of £. In simple terms, the maximum likelihood
estimate for the covariance matrix is the empirical covariance.

Consider the task of creating a classifier given the dataset D = (x1,41),..., (XN, yn), which is iid given ©
according to p(- | 8*). Consider also that x € R and y € {1,...C}, for all (x,y) € D. Gaussian discriminant
analysis assumes that p(x | y,0) = N(x | p,,%,) for every x,y and 6, where p, and 3, are represented in 6. In
words, it assumes that each class is distributed according to a distinct multivariate Gaussian distribution. For a
particular estimate 0 of the parameters (maximum likelihood, for instance), classification uses the fact that

ply | x.0) = 2X 'py(: f’;()y ) o, o |, 0)ply | 0) = Nx | . $)7,.

for all x and y.
In this context, a decision boundary (for a particular €) is the set of x such that

maxp(y | x,0) = p(y' | x,0) = p(y" | x,9),
for some 1’ # y”. In other words, the decision boundary is the set of observations for which the classifier is undecided

between at least two classes. In a binary classification task, the decision boundary given by Gaussian discriminant
analysis is a quadratic surface, which originates the term quadratic discriminant analysis.
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Consider the task of finding the maximum likelihood estimate for Gaussian discriminant analysis. By definition,

C

N
logp(D | 8) = log [ [ p(xi | yi, 0)p(yi | 0) Z > logN(xi |, By) + Y Ny logm,.

i=1 y=11ily;=y y=1

Because the first summation can be maximized (wrt the mean vectors and covariance matrices) independently
for each class, it should not be surprising that the maximum likelihood estimates are given by

2|yz:y
~ 1 . R
Ey = ﬁ (X’L - u’y)(x’b p’y)T7
Yilyi=y

However, if there are insufficient observations in class y, ﬁ]y may be singular (non-invertible, and thus invalid
as a covariance matrix). Even if 3, is not singular, it may overfit the data. We discuss some techniques that avoid

this issue by making additional assumptions about the data.
Linear discriminant analysis additionally assumes that the covariance matrix is the same for all classes. Thus,

for a particular estimate ,

~ S—1 N N &
; L b0 7 ) o g o i)

p(y | X, é) Xy N(X | ﬂy’ i)ﬁy =Ty -
(2m)P|x|

for all x and y. Using the distributivity of matrix multiplication over addition,

. -1 1 7e-1 1 -1
p(y | X,0) oy 7y exp ﬂgE x—f 2 uy—ixTE X
_ log, ARSI Y R A 1 pe-t
=e%®™exp |1, % xfiuyE i, | exp f§x2 x
AT
Xy exXp [fly, X X — uy s uy +log 7y |.
Letting 8, = /:LJE_ and v, = 2p,y s uy + log 7y,
. eByxty
xX,0)= ———————.
Py | ) 25:1 By X7y
The function S defined by S(n) = (Zcem T o T,j) is also called softmax.
¢ i=1¢

Consider the set S composed of all x such that p(y | x,8) = p(y/ | x,8), for a particular choice of y # 3 and 6.
Clearly, ePv*t7v = eBu >t and B,x + vy = B, X + 7y Rearranging the terms, (8, — B8,/)x = 7y — 7. Thus,
the set S is an affine hyperplane (a set of vectors whose inner product by a particular vector is a constant), which

originates the term linear discriminant analysis.
In diagonal linear discriminant analysis, the covariance matrix is additionally assumed to be diagonal. Implicitly,

this corresponds to assuming that each feature is independent of the others given the class and the parameters (as in
Naive Bayes models). In this case, appropriate estimates are given by f1, = Niy ZiI iy Xiand 3 = diag(&%, cey 012 ),
where
22 i@y — fysg)?
J N-C '

It is important to mention that these (unbiased) estimates do not achieve maximum likelihood.
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Let p(x) = N(x | u, ) for some x € R? given pu and X, and suppose that x can be split into two vectors
311 21,2
(22,1 3o.2 )’

where each X, . is a D, x D, matrix. It can be shown that p(x1) = N (x1 | gy, X1,1) and p(x2) = N (x2 | fo, X2 2).
Furthermore, p(x1 | x2) = N (x1 | f1)2, 1j2), Where py), = N1+21’22£5(X27M2) and 3y = Xy 4 7217222%2271.
In summary, both conditioning and marginalization result in multivariate Gaussian distributions.

Suppose p(x) = N(x | p,,E;) and p(y | x) = N(y | Ax +b,X,), for all x € RP= and y € RPv, for fixed
Pys Xg, By, Dy x Dy matrix A and real vector b € RPv. Such a random process is called a linear Gaussian system.
It can be shown that

x; € RPt and x5 € RP2, which we denote by x = (x1,X2). Analogously, let g = (p, pt5) and X =

p(X | Y) :N(X | y’x\ya 2;c|y)7

for all x and y, where Z;lly = +AT2;1A, and ), = Xg|y [AT Yy—-b)+%, /LJJ Also, p(y) = N(y |

Ap, +b, X, + AX, AT, for every y.

As an example, suppose p(z) = N(z | o, A ) for all z € R, where pg is the prior mean and g = 1/00 is the
prior precision. Furthermore, suppose that p(y; | ) =N(y; | z, /\y ) for a given precision )\y forallie {1,...N},
y; € R, and = € R. This random process can be modeled as a linear Gaussian system by letting

ply | 2) =N(y | Az +b,2,) = N(y | 12,7, 'T).
Using the properties of a linear Gaussian system,
pa|y) =Nz | uv, A,

for all x and y, where Ay = Ao + N, and

iy = )\0+N)\l Zyl >\+N>\ o+ N O

In this example, notice how the posterior mean is a convex combination of the prior mean and the empirical
mean, weighted according to their precisions. Notice also that the posterior given N observations with precision A,
is equivalent to a posterior given a single observation with precision NA,. Furthermore, inference can be performed
incrementally, i.e., the posterior given each observation can become the prior for the next observations.

As a generalization of the previous example, let p(x) = N(x | pg, o), for every x € RP | where p,, X are fixed.
Also, let p(y; | x) = N(yi | x,%,), forall i € {1,...,N}, y; € RP, x € RP, and a fixed X,. It can be shown that
p(x|y1,. . yNn) =N(x| py, En), where Tt = 25! +N§];1 and py = EN[E;1 [Zfil vi| + 35 o)

Consider the task of computing the posterior p(p | D, X) for some p given a fixed X and the dataset D =
X1,...,XN, which is iid given @ according to N'(- | u*, X), for an unknown p*. Using an appropriate (conjugate)
Gaussian prior defined by p(p) = N (p | mg, V) for all p, it is possible to show that the desired posterior is given
by p(p | D, E) = N(p | my, V ), where V&l = Val + N landmy =Vy [2_1 [le\il xi] + Valmo]. Notice
that the uncertainty about the parameter p is being modeled in a manner analogous to the previous example.

5 Bayesian statistics

Several models presented so far represent uncertainty about unknown parameters using (prior) probability distribu-
tions. This allows computing (posterior) probability distributions that represent the uncertainty about the unknown
parameters after some data is observed. Models with these characteristics are studied by Bayesian statistics.

More concretely, in Bayesian models, the prior density p(@) of the parameters 6 can be used to compute the
posterior density p(0 | D) of the parameters @ given the dataset D using

201 D) 2 1O)
p(D) 7

where p(D | 0) is the likelihood of dataset D under the parameters 6, and p(D) = fVal(@) p(D | 8)p(0') do’ is
the marginal likelihood of D.

A point estimate  is an element in the domain of a posterior distribution that can be used (as an attempt) to
summarize it. Common point estimates are the posterior mode (maximum a posteriori estimate), posterior mean,
and posterior median. The obvious drawback of summarizing a posterior distribution by a point estimate is that
the information about uncertainty is lost.
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Although maximum a posteriori estimates are often useful for being easy to compute, they have several issues.
In particular, maximum a posteriori estimates are not invariant to reparameterization. Concretely, consider a
continuous random variable X ~ px. If Y = f(X) for an invertible function f : R — R, g = f~!, and g is dif-
ferentiable, then py (y) = px(9(y))|g'(y)|- Now consider the maximum a posteriori estimates & = arg max,, px (z’)
and g = argmax,, py (y’). It is not generally true that & = g(g). Consequently, a maximum a posteriori estimate

0 = argmaxy p(8' | D) is dependent on how the parameters are represented.
A 100(1—a)% credible interval for a random variable © distributed according to a (posterior) probability density
function p(- | D) is an interval (I, u) such that

P(l<@<u\D):/ p(@|D)do=1-a.
!

Intuitively, if « is small and (I,u) is a 100(1 — a)% credible interval for O, there is a high probability that O is
in the interval (I,u) according to the posterior distribution. This is an alternative way to summarize a posterior
distribution, which preserves more information about uncertainty than point estimates.

The 100(1 — @)% central credible interval for a random variable © distributed according to a (posterior) prob-
ability density function p(- | D) is an interval (I, u) such that

(07

l +oo
/_ pww)de:/ p(6]D) do ="

For instance, the 95% central credible interval for a random variable © ~ N (- | p,0?) is approximately (u —
1.960, 1 + 1.960). In the general case, central credible intervals can be found by Monte Carlo approximations of
quantiles. Credible intervals should not be confused with confidence intervals.

Consider two random variables ©; and ©s, which represent the unknown rates of success of two independent
processes. Comparing such rates is a common task in statistics. Suppose the dataset D contains exactly y; successes
in IV; independent trials of process 4, for ¢ = 1 and ¢ = 2. Using a Bayesian approach, we could use Beta(- | a,b) as
a prior distribution for both ©; and ©5. Therefore, the posterior probability that ©; > ©5 would be given by

P(@l > @2 | D) = / p(917¢92 | D) d91d02
R
— [ 91621 D)p(62 | D) ot
R
= / Beta(6; ‘ a+y1, N1 —y1 + b) Beta(62 ‘ a+ Y2, No — ya + b) df1dbs,
R

where the second equality follows from the assumption of independence, and R = {(61,62) € [0,1]? | 61 > 62}
Such an integral can be approximated by Monte Carlo methods.

Usually, there are many ways to model a problem in statistical inference. For instance, different models can
make different independence assumptions between random variables, which can lead to different numbers of free
parameters. In Bayesian statistics, uncertainty about a model m is represented by a prior probability p(m). Thus,
it becomes possible to compute the posterior probability p(m | D) of m given a dataset D by

p(D | m)p(m)
p(m|D) = =———=.
S S
In this context, the marginal likelihood p(D | m) of the dataset D under the model m is given by
p@lm) = [ DO |m)do= [ D] 6.m)p(®]m) db.
Val(®) Val(®)

where Val(©) is the set of admissible parameterizations of the model m. Notice that although a complex model
may have particular parameterizations that have higher likelihood than a simpler model, its marginal likelihood is
not necessarily higher. Intuitively, a complex model usually also has many parameterizations with low likelihood,
which bring the marginal likelihood down. This phenomenon is called conservation of probability mass, and is
highly related to the concepts of overfitting and Occam’s razor.

Consider a prior density function p for a random vector of parameters ® defined by p(6) = %‘Z) for every 0,
where ¢(0) is an unnormalized positive density (i.e., ¢ is a positive real function of €), and Zy > 0. Furthermore,
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suppose the likelihood p(D | 0) of any dataset D under any 6 is defined by p(D | 8) = q(%lm, where ¢(D | 0) is an

unnormalized positive density, and Z; > 0. Finally, suppose p(8 | D) = %, where Z > 0. By definition,

_ p(D|0)p(6)
p(o|D) = B,
a(D|0)q(6) _ “Z" 7
ZN p(D) 7
ZN
p(D):m7

for every @ and D. This result can be used to compute the marginal likelihood of many models that employ
conjugate priors.

For instance, consider the Beta-Bernoulli model, already discussed in a previous section. The prior density
is given by p(f) = ﬁ@a_l(l — 0)*~1, the likelihood by p(D | 6) = 6™ (1 — )Mo, and the posterior density
by p(6 | D) = GNI;:;S:;?OT;A, for all @ € (0,1), dataset D, and valid hyperparameters a and b. Let ¢(0) =
69711 — 9)*=1, Zy = B(a,b), ¢(D | 6) = 0N (1 — )™, and Z; = 1. In that case, Zy = B(N; + a, Ny + b) to

satisfy p(0 | D) = %}VQ@. Using the result mentioned in the previous paragraph, p(D) = w, which

we already knew from a previous section.

When the prior over models is uniform, finding arg max,,, p(m’ | D) corresponds to finding the model with
maximum marginal likelihood arg max,,,, p(D | m’). In cases where computing the marginal likelihood p(D | m)
for each m is intractable, it is possible to maximize alternative heuristic scores. One example is the BIC score for
model m given the dataset D, defined as logp(D | m, ) — %(m) log N, where dof(m) is the number of degrees of
freedom in model m (related to the number of free parameters in m), 6 is the maximum likelihood estimate of the
parameters for model m under the dataset D, and N is the number of observations in D.

The Bayes factor between models my and m; given the dataset D is defined as the ratio g Egm?;, and can
be used to decide between models when the prior over models is uniform. Consider, as an example, a dataset
D =u=x1,...,xN, which is iid given © according to a Bernoulli distribution Ber(- | 8*), for an unknown 6*. A model

myg that states with complete certainty that 8 = % has marginal likelihood p(D | mg) = QLN A model m; such that

p(6 | m1) = Beta(d | a,b) has marginal likelihood p(D | m1) = W, as previously noted. For instance,
letting a = b =1, Ny = 2 and N; = 5, the Bayes factor is in favor of mg, whereas if Ny = 20 and N; = 50, the
Bayes factor is overwhelmingly in favor of my.

Consider a mixture prior defined by p(6) = >, p(k)p(8 | k), for every parameter 6. By definition,
p(D | 0)p(0)
p(D)
_p(D[0) >, p(k)p(0 | F)
a p(D)
= p(k)p(D | O)p(0 | k)
p(D)

By the definition of conditional probability, % = Z Eg‘pk;, whenever p(D),p(D | k) > 0. Thus,

p( | D) =

k

p0]D)=Y" ”“ﬂp”;(g;pw k)
k

= pk | D)p(D]0)p(0 | k)
=2 p(D | k)

bk | D)p(D | 0.K)p(0 | ¥
=2 D F)

=3 (k[ D)p(8 | D, ),
k

by simply assuming that the likelihood of any dataset D is independent of K given O, where

_ oD R
LD = S oD R )
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In simple terms, this result states that the posterior of a mixture of priors is a particular mixture of corresponding
posteriors. If computing the posterior density p(6 | D, k) and the marginal likelihood p(D | k) are easy tasks given
the prior density p(@ | k), for all 8,k and D, then computing the posterior is also easy. By mixing conjugate priors,
it is possible to perform tractable inference using very complex priors.

Instead of choosing hyperparameters 7 that define a prior density for every 0, it is also possible to model the
uncertainty about hyperparameters (models) by a probability density p(n), for every n. This approach is typically
called hierarchical Bayes. The resulting prior density for each 8 becomes p(8) = fVal( ) p(0 | 7)p(n) dn, where H
is the random variable that represents the hyperparameters. Suppose the likelihood of D is independent of H given
©. In that case, the posterior density for 17 and @ given D becomes

p(D[n,0)p(n,0) p(D|6)p(6 | n)p(n)
p(D) p(D) '

p(n,0|D) =

Therefore,

_ p(D | 80)p(@ | nmpn) ., pn)
p(n| D)= /Val(e) (D) do = (D) /Val(e)p(D | 0)p(0 | m) d6,

In this context, the hyperparameters arg max,, p(n’ | D) are called a type-Il maximum a posteriori estimate. The
hyperparameters arg max,, p(D | ') are called a type-II maximum likelihood estimate, and the general approach
for obtaining this estimate is called empirical Bayes. Using the data to estimate hyperparameters is useful when
priors for parameters that are assumed to be similar share the same hyperparameters.

Bayesian decision theory formalizes the task of making decisions under uncertainty. Concretely, let y € Y
represent the state of the environment, and x € X represent the corresponding state observed by the decision-
making agent. Also, let A be the set of actions available for the agent, and £: ) x A — R be a loss function. The
posterior expected loss p(a | x) of taking action a given the observation x is defined by

pla | %) = Epgypo (Y, 0)] = /V o, (ot [0 dy

where p(y | x) is the density associated to state y given the observation x.
The goal in a decision task is to find an optimal decision policy § : X — A such that, for all x € X,

d(x) = argmin p(a | x).
acA

Intuitively, if ¢(y,a) is the penalty for taking action @ in the (typically unknown) state y, the action 0(x)
minimizes the expected penalty given the observation x.

A classification task can be formulated as a decision task by letting X = R¢ be the set of observations and
Y=A=/{1,...,C} be the set of classes. In this case, the optimal decision policy ¢ is a classifier given by

5(x) = argmin pla | %) = argmin 3" £(y, a)ply | x),
a€)y a
)

In a classification task, the typical choice of loss function £ is the 0-1 loss function, given by
0 ify=a,
U(y,a) = :
1 ify#a.
By definition,
pla] %) =Epyll(Y,a)] = > Uy,a)ply|x) = Y ply|x)=P(Y #a|x)=1-P(Y =a|x).
Yy yiy#a

Thus,

d(x) = argminp(a | x) = argmin[l — P(Y = a | x)] = argmax P(Y = a | x) = argmax p(y | x).
a€y a€y a y

In other words, the maximum a posteriori estimate arg max, p(y | x) is the optimal classification for observation
x under a 0-1 loss function.
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As an alternative, consider a classification task where one of the available actions r is to reject an observation.
We let A = Y U {r} represent such extended action set. An appropriate loss function £ is given by
0 ifa#ra=y,

Ar ifa=m,

for As, A > 0. In this case, it is easy to show that

e ifa=r,
p(a\x)— )\S[l—P(Y:a‘X)] ifa,#ﬁ

As a consequence, the corresponding optimal decision policy (classifier) § is given by

5(x) = r ifmaxz.,p(y|x)<1—§—:,
argmax, p(y | x)  otherwise.

Consider a binary classification task where the loss function ¢ is defined by

0 if a =y,
ly,a) =< lpy  ifa#y,a=0,
lrp fa#ya=1,

where ¢py > 0 represents the loss for a false negative, and ¢rpp > 0 represents the loss for a false positive. In

this case, it is easy to show that the optimal decision policy J is given by §(x) = 1 iff pLx) Lep and 0 otherwise.
y 1% 1% y g Yy p(0]x) Lrn

Consider an arbitrary decision policy (classifier) ¢ for a binary classification task such that

L f(x) >
o= {0, if (%) <7,

for some function f that represents the confidence that x belongs to class 1, and a threshold 7 € R. Consider
also a dataset D = (x1,%1),...,(Xxn,yn), where x; € R? and y; € {0,1}, for every i. For any threshold 7, it
is possible to compute the true positive rate (TPR, ratio of positive observations classified as positive) and false
positive rate (FPR, ratio of negative observations classified as positive) of 6 on D. Clearly, at most N + 1 thresholds
will result in different pairs of TPR and FPR. The TPR and FPR never increase as the threshold 7 increases. A
perfect classifier § for D achieves FPR zero and TPR one for some threshold. A line chart depicting FPR x TPR
can be created by connecting each attainable pair of FPR and TPR, in order of corresponding thresholds. Such
chart depicts the so-called receiver operating characteristic (ROC) curve of 6 on D. The area under the ROC curve
(AUC) can be used to summarize the efficacy of 6 on D. The ROC curve or AUC can be used to compare classifiers
independently of how false negatives/positives are weighted.

A regression task can also be formulated as a decision task by letting X = R? be the set of observations
and ) = A = R be the set of targets. A typical choice of loss function is the squared error loss ¢ defined by
{(y,a) = (y — a)?. In this case, by definition,

+00 Foo Hoeo
pla]x) = /_ Uy, a)p(y | x) dy = /_ (y—a)ply | x) dy = /_ (y* — 2ay + a®)p(y | x) dy
+o0 +oo Foo
= /_ vPply | x) dy — 2a/_ yp(y | x) dy + a® /_ ply | x) dy

=E[Y? | x] — 2aE[Y | x] + a*.

Notice that p(a | x) is differentiable with respect to a. Therefore, if a is a local minima of p(- | x), then
%p(a | x) = —2E[Y | x] 4+ 2a = 0.
Rearranging terms, if a is a local minima of p(- | x), then a = E[Y | x]. The second derivative test confirms that
such a is always local minima. Therefore,

“+oo
§(x) = argminpla | x) =Y [ = [ uply| %) do.

— 00
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In other words, the posterior mean estimate is the optimal assignment for observation x under a squared error
loss function.

If the absolute loss function ¢ defined by £(y,a) = |y — a| is used instead of the squared error loss function, the
estimate corresponding to the optimal assignment d(x) is the posterior median given x. We omit the proof, which
can be obtained by applying the Leibniz integral rule to %p(a | x).

Consider a supervised learning task (either regression or classification), and a corresponding decision policy
(classifier) 6 : X — Y. The generalization error L(8,4) of 0 on an environment parameterized by 0 is defined by

L(6,9) = E[¢((Y,6(X))] :/\/1(Y)/\/1(x) €y, 0(x))p(x | y,0)p(y | 8) dxdy,

where p(x,y | 0) is the density associated to the observation-target pair (x,y).

Intuitively, the generalization error L(8, ) averages every penalty £(y, d(x)), weighted by the probability of each
observation-target pair (x,y) occurring in the environment (given 8).

Consider a dataset D = (x1,41),- . (XN, yn), which is iid given ©® and distributed according to p(- | 8*), for an
unknown 6*. The goal in supervised learning is to find a decision policy ¢* that minimizes the posterior expected
loss p(d | D) of 6 given D defined by

p61D) = | o, 100001 D) o

6 Frequentist statistics

Frequentist statistical methods avoid representing uncertainty about parameters using probabilities. Instead, they
focus on the sampling distribution of estimators.

Suppose that each assignment D to a random variable D represents an iid dataset with N elements, distributed
according to p(- | 0), for an unknown 6*.

An estimator § is a function that maps each dataset D to a parameter estimate 0 (e.g., maximum likelihood).
The probability distribution for the random variable 6(D) is called the sampling distribution of the estimator 4.
An estimator § is consistent if its estimates converge in probability to the true unknown parameters when the size
of the dataset tends to infinity.

The bootstrap is a method to approximate the sampling distribution of an estimator . Given an observed
dataset D, parametric bootstrap relies on sampling S datasets D1, ..., Dg of size N from the distribution p(- | 9),
where @ = §(D). Non-parametric bootstrap relies on sampling N elements (with replacement) from the elements in
the observed dataset D to create each dataset D;, for i € {1,...,S}. In both cases, the sampling distribution of the
estimator 0 can be approximated, for instance, by the empirical distribution given by p(8) = %Zg I[6(Ds) = ).
The probability density p(@) should not be confused with the approximate density associated to a particular
parameterization 6. Instead, p(@) is the approximate density associated to making a particular estimate 6 when
considering all possible datasets distributed according to the distribution governed by the (unknown and fixed)
parameter 6*.

In frequentist decision theory, the expected risk R(6, ) of the estimator § on an environment parameterized by
0 is defined by

R(6.6) =Erio|L0,5(D)] = [ L(@.5D)p(D |6) dD,
Val(D)

where L(0,6(D)) is the loss associated to estimating d(D) when the environment is parameterized by 6. Intu-
itively, the expected risk R(8, ) corresponds to the average loss of the estimates over all possible datasets, weighted
by the probability of each dataset given the true (but typically unknown) 6.

It is important to compare the expected risk to the posterior expected loss defined in the previous section.
Concretely, let Y = Val(©®) be the set of states of the environment, X = Val(D) be the set of observations, and
A =Y be the set of actions. The posterior expected loss p(6(D) | D) of estimate (action) §(D) given the dataset D
is given by

p(8(D) | D) = Epe|p)[L(©,4(D))] =/ L(6,56(D))p(6 | D) db.
Val(®)

Intuitively, the posterior expected loss corresponds to the average loss of the estimates over all parameterizations,

weighted by the probability of each parameterization given the observed data.
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The expected risk and the posterior expected loss are connected through the Bayes risk. The Bayes risk of
estimator § for loss function L and prior density p(@) for each state 6 of the environment is given by

Erio)[R(©.0) = [ O.0p(0) do

B /Val((-))
/ / L(8,5(D))p(D, ) dD d6
Val(®) J Val(D)

_ / / L(6,5(D))p(0, D) d6dD
Val(D) Jval(©)

_ / [ / L(6,5(D))p(0 | D) d@]p(’D) dD
val(D) | Jval(@)

[ 6(0) | D)p(D) ap
Val(D)

= Ep)[p(6(D) [ D],

under the assumptions that enable Fubini’s theorem. Therefore, an estimator that minimizes the posterior
expected loss for each dataset individually will also minimize the Bayes risk. An estimator that minimizes the
Bayes risk is called a Bayes estimator.

The maximum risk of an estimator ¢ is defined as maxg R(0, ). The estimator with minimum maximum risk is
called the minimax estimator, and intuitively corresponds to a very defensive estimator. Minimizing the maximum
risk does not require a prior over states of the environment.

Consider two estimators §; and do, and suppose R(0,01) < R(0,02) for all 8. In this case, the estimator d; is
said to strictly dominate the estimator ds. Intuitively, the estimator &; is always a better choice according to the
expected risk. An estimator is admissible when it is not strictly dominated by any other estimator.

The bias of an estimator ¢ is defined as bias(d) = Ep(p|e-)[0(D) — 0", where 8" is the true parameter that
generates the data. An estimator is unbiased if its bias is zero.

As an example, consider a dataset D = z1, ..., zy, which is iid according to a Gaussian distribution N'(- | u, 02).
We have already shown that the MLE for the mean is given by & = % > ; Ti, and the MLE for the variance is
6% = >, (z; — &)2. Therefore, the bias of the maximum likelihood estimator for the mean (seen individually) is
given by

/ L(6,6(D))p(D | 6) dD|p(0) dO
Val(D)

Epp)[X — ] = [ ZX] Epp)[n]

The bias of the maximum likelihood estimator for the variance is given by

Epp) [% Z(Xi —-X)? - 02} = lIEP(p) {Z(X‘ - X)2] —o?

K2

-+ ZEP(D)[ } — 9Epp )[XZX] +Epp) [XQ} — 2

_ (N1,
—o*( S -1,

although we omit important steps for brevity. Intuitively, the ML estimator typically underestimates the variance
because it employs the empirical mean & instead of the true (but unknown) mean p. An unbiased estimator for the
variance is given by 2-6% = o1 > (z; — £)2.
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An unbiased estimator does not necessarily minimize the expected risk. For instance, consider a loss function L
given by L(6*,0) = (0* — 6)2. The corresponding expected risk of estimator § is the mean squared error given by

R(0°.5) = Ep(pjpm)[L(6°.5(D))] = /V o, "~ ODBD07) 0.

Let 6 = Ep(p|o-)[0(D)] denote the expected estimate. It can be easily shown that
R(0",8) = Ep(pjo-)[(6(D) — 0)*] + Ep(pjo- [0(D) — 0°]*.

In words, the expected risk under a squared error loss is given by the variance of the estimator plus the squared
bias of the estimator. Therefore, a biased estimator might be beneficial, as long as its variance is low. This
bias-variance trade-off is highly related to the concept of overfitting.

Consider a supervised learning task (either regression or classification), and a corresponding decision policy
(estimator) §. The risk R(6, ) of the decision policy ¢ on an environment parameterized by @ can be redefined as

R(6,5) = / / L(y,5(x))p(x. | 0) dxdy,
Val(Y) JVal(X)

where L(y,d(x)) is the loss associated to predicting 6(x) when the target is y, and p(x,y | 0) is the density
associated to (x,y) given 6.

Consider a supervised dataset D = (x1,91),- .-, (Xx, yn), which is iid according to p(- | 8) for an unknown 6*.
The empirical risk R, (D, d) is defined as

1 N

Re(D, 5) = N ZL(y’H §(X’L))7

i=1

which is a Monte Carlo approximation to the risk R(6, ). The task of finding §* = argming R.(D,d) for a given
dataset D is called empirical risk minimization, and is crucial in supervised learning.

Regularized risk minimization is the task of finding 6* = argming R.(D, §) + AC(6), where C(0) € R measures
the complexity of the decision policy §, and A € R is a hyperparameter that penalizes complexity. Penalizing
complex decision policies is a way to avoid overfitting.

In structural risk minimization, the penalty hyperparameter for regularized risk minimization is chosen as

A\* = arg min R(arg min [Re(D,0) + AC(0)]),
A 5

where ]:2(5) is a risk estimate for the decision policy §. In words, the penalty hyperparameter is chosen in a way
that leads to choosing a decision policy with low risk estimate. A typical choice of risk estimate is the average k-fold
cross validation empirical risk of 4.

7 Linear regression

Consider a dataset D = (x1,¥1),.--, (XN, yn), which is iid according to p(- | 8) for an unknown 6*. Suppose also
that x; € R”, and y; € R, for all i. Consider the task of regression, which consists on predicting targets from
observations based on generalization from D.

Linear regression is a regression technique that assumes that the density p(y | x, 0) associated to target y given
the observation x and parameter 8 can be written as

p(y | X, 0) = N(y | WX, 02)7

for every x, for some weight vector w and variance o2, which are represented in 6. Intuitively, the uncertainty about
the target is given by a Gaussian distribution with mean f(x) = wx and variance o2. Notice that the predictor
f:RP — R is a linear functional, and f(x) is the optimal prediction given x under a squared error loss function
according to Bayesian decision theory.

Although the assumptions made by linear regression appear very restrictive, an input observation x can be
transformed by a pre-defined feature map ¢ : RP? — RP " before the technique is applied. In that case, we say the
density p(y | x, 0) is given by

p(y | x,0) =N(y | wo(x),0?).
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If we let f(x) = we(x), the corresponding predictor f : R — R is no longer (necessarily) a linear functional
in the original space.
For instance, consider a dataset composed of single dimensional observations (D = 1), and the polynomial
feature map ¢ given by
o(x) = (l,xl,...,xD/),

for some D’ > 1. In this case, the corresponding predictor f : R — R is given, for some w, by
D/
fla) = we(z) = Y wja,
§=0

which is (potentially) a polynomial of degree D’ on x. Therefore, linear regression is able to fit a polynomial of
arbitrary degree to a dataset composed of single dimensional observations. This example generalizes to polynomials
involving multiple variables (D > 1).

In what follows, we assume that the observations were already transformed by a feature map. It is advisable
to at least prefix each original observation x by the constant 1, leading to a transformed observation x’ = (1,x),
so that the first element wg of the weight vector w becomes the intercept the corresponding predictor f given by
f(x) = wo + wi.px.

The (conditional) likelihood p(D | €) of the dataset D under 8 according to a linear regression model is given by

N N
p(D | 0) :P(y ‘ X17"'3XNa0) = Hp(yl ‘ Xi70) = HN(y'L | WXi,O'Z),
i=1

i=1

for a choice of w and o2, and where y = (y1,...,yn). Notice that this likelihood is not based on the joint density
over observations and targets, which is irrelevant for our purposes. Instead, p(D | ) is the density associated
to the particular assignment y when the observations xi,...,Xy are seen as constants (according to D), and
Y, LX_ ;| X;,0.

The log-likelihood £(6) = logp(D | 8) of the dataset D under @ is given by

(i wx)?

N N N
1 1 (vi—wx;)?
1 || | xiw,0%) =1 ||7 o2 —_§1 ———e 27
og | | Ny; | xiw,0?) = log 11 27m2e 2 2 og l 271'(726 3 ]

i=1

N 1 (g —wmp)?
=) log + ) loge™ 22
Z V2mo? Z

N 1
=——log2no? — — Y (y; — wx;)%

Consider the task of finding a maximum likelihood estimate w = arg maxy, p(D | w,0?) given a dataset D and
a constant variance o?. Finding such estimate would be sufficient to define a candidate predictor f. Clearly, the
maximum likelihood estimate also minimizes half the residual sum of squares RSS(+) given by

N

B LS~ wx)? = Ly~ Xw)T(y - Xw),
i=1
where X is the so-called design matriz, where each row ¢ corresponds to observation x;, and y = (y1,...,yn). Using
elementary properties of matrices,
RS _ Ly (xw) ")y — Xow) = S [y (y - Xow) - (Xw)"(y — Xw)]

- %[yTy —yI'Xw — (Xw)ly + (XW)TXW]

_ %[yTy —yTXw - wTXTy + WTXTXW]

- %[yTy —2w X"y + wI'X"Xw].
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Using the facts that V, [aTAa] = (A+ AT)a, and V, [ab] = b, the gradient of %(w) with respect to w is
given by

RSS(w)

Vw 3

1 = %vw [y'y] = Vw [w'XTy] + %vw (W' XTXw]

X'y + X"Xw,

RSS()
2

since XTX is always symmetric. Finally, if W is a local minimum of , then

XTXw =Xy,

by equating the gradient found above with zero. Assume that X7X is invertible, which is the case whenever the
columns in X are linearly independent. In that case, if a local minimum W exists, then it must be given by

w=(XTX)"1xTy.

The equation above is a sufficient condition for w to be a maximum likelihood estimate, although we omit the
proof. There are more efficient methods to obtain this estimate, although the details are out of the scope of this
text.

Given the maximum likelihood estimate W, the vector y = XwW has an interesting geometrical interpretation.
Clearly y belongs to the span S of the columns of X. In fact, ¥ is the vector in S that is closest (in Euclidean
distance) to the desired target y. Notice that this is related to the assumption that the columns in X are linearly
independent, which is necessary to obtain the maximum likelihood estimate w.

The negative log-likelihood of a linear regression model is convex with respect to w. This is a highly desirable
property, since finding a (global) minimum generally becomes much easier.

However, a maximum likelihood estimate W = arg max,, p(D | w, 0?) may have very large coefficients (in absolute
value), making the corresponding predictor f very sensitive to small changes in its inputs.

Instead, consider the task of maximizing the posterior density p(w | D) with respect to w. Firstly, suppose the
prior density p(w) associated to the weight vector w is given by

D
p(w) = [T N(w; [0,7%).
j=1
In words, this represents the prior belief that each coefficient is distributed according to a Gaussian distribution
with mean zero and variance 72.

Naturally, the maximum a posteriori estimate w = arg max,, p(w | D) also maximizes
logp(w | D) = logp(D | w) + log p(w) — log p(D).

Since the last term is a constant with respect to w, the desired estimate can be obtained by maximizing log p(D |
w) + log p(w) with respect to w.
Firstly, note that

g

2
J

D D D

1 D

log p(w) = logHN(wj |0,72) = —Z i ZlOgV27TT2 =32 z:w]2 - 510g27r7'2.
: , =

j=1 j=1 j=1

[\

Therefore,

log p(D | w) + log p(w) = N log 2mo? — 1 zN:(y —wx;)? ! zD:wQ- _D log 2772
2 207 £ i retR '

272 4

By eliminating the constants with respect to w and letting 02 = A72, the maximum a posteriori estimate W
minimizes the cost function J given by

D
J(w) = Z(yl —wx;)? + /\wa.
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The hyperparameter X\ relates the prior beliefs about the variance of the targets given the observations to the
variance of the coefficients around zero, and intuitively penalizes weight vectors with large norms. Penalizing large
coefficients is a specific instance of a general approach called regularization.

Let I denote the D x D identity matrix. If we assume that AI + XTX is invertible, then a local minimum W
of J must be given by

w =\ +XTX)"'XTy,
using a similar argument to the one that led to the maximum likelihood estimate. The equation above is also a
sufficient condition for w to be a maximum a posteriori estimate, although we omit the proof.

Note that if a coefficient wg in a weight vector is used as an intercept term (due to a choice of feature map
¢), then it should not be penalized by regularization, since it does not make the corresponding predictor f more
sensitive to small changes in its inputs.

Consider the task of computing the posterior density p(w | D, 0?) given by

p(D | w,0%)p(w | 0?)
p(D | o?)

p(W | DaUQ) = Kw p(D | W,O’z)p(w ‘ 02)'

Firstly, notice that the likelihood p(D | w,o?) can be written as

N
p(D | w,02) = [[ N | wxi,02) = Ny | Xw, 07D),
i=1
where y = (y1,...,yn), X is the design matrix corresponding to D, and I is the N x N identity matrix.
Furthermore, suppose the prior density for w is given by p(w | 0?) = N(w | wg, Vj), for some hyperparameters
wo and V.
In that case, the posterior density is given by p(w | D,0?) xw N(y | Xw, c?I)N(w | wg, V). By noting that
the random variables W and Y are related by a linear Gaussian system (conditionally on ¢2), the desired posterior
density is given by

p(w|D.o*) = N(w|pX),
where
- 1
2=V X)X =V XX,
- 1
p=SX"[o’1] 'y + Vg'wo] = 53Xy + 2V, w.

Consider again the assumptions Vo = 72I and wg = 0, which were used to obtain a maximum a posteriori
estimate, and let 02 = A\72. The corresponding posterior parameters 3 and g are given by
1 1
T = SI4+ SXTX =
T g

1 1
= I+ XXTx],

-1 -1 -1
o= % [ri? 1+ %XTXH XTy — %[I + %XTX} XTy — [AI + XTX] X7y,
by twice using the fact that (cA)~! = ¢ 1A~!, for any ¢ # 0 and invertible matrix A. Therefore, under the same
assumptions, the posterior mean matches the maximum a posteriori estimate. This follows from the fact that the
multivariate Gaussian mean and mode are the same.

Finally, consider the task of computing the posterior predictive density p(y | x,D,0?) associated to target y
given a new observation x, and the observed dataset D. By marginalizing the parameters,

p(y, w | x,’D,oQ)dw = / p(y | X7W,'D,O'2)p(w | x,D,a2)dw
Val(W)

oyl xD.0% = [

Val(W)

= / p(y | x,w,0%)p(w | D,0?)dw = / Ny | wx, 0 )N(w | p, Z)dw,
Val(W) Val(W)

where p is the posterior mean and ¥ is the posterior covariance matrix, for a particular choice of prior hyper-
parameters wg, Vo and o2. Intuitively, the posterior predictive density of target y given x and D corresponds
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to the average probability of y given x under each parameterization, weighted by the posterior density of each
parameterization given D.

Because the random variables W and Y are related (conditionally on D and ¢2) by a linear Gaussian system,
the marginalization of their joint density function over W results in a posterior predictive density given by

p(y | x,D,0%) = N(y | ux, 0% + x" Ix).

Notice that the posterior predictive mean matches the prediction made by the maximum a posteriori estimate.
However, the posterior predictive provides a measure of uncertainty that takes into consideration the underlying
variance and the covariance of the parameters after the data is observed.

8 Logistic regression

Consider a dataset D = (x1,¥1),--.,(Xn,yn), which is iid according to p(- | @) for some unknown 6*. Also,
suppose x; € RP and y; € {0,1}, for all i. Consider the task of binary classification, which corresponds to
predicting binary targets from observations based on generalization from D.

Logistic regression is a technique that assumes that the probability p(y | x, w) of class y € {0, 1} given observation
x and weight vector w is given by

ply | x,w) = o(wx)!(1 - o(wx))' =,

where o is the sigmoid function given by
1
)= ——
U( ) 1 + e_tﬂ

for all t € R. Intuitively, a logistic regression model assigns more probability to class 1 whenever wx > 0, and
each element w; of w indicates how much feature j contributes (or detracts) to the detection of class 1. Because
the probability of the distinct classes given x is the same if and only if wx = 0, the decision boundary of this
classification technique is the hyperplane S = {x € R? | wx = 0}.

Although the assumptions made by logistic regression appear very restrictive, an input observation x can be
transformed by a pre-defined feature map ¢ : R” — RP" before the technique is applied. In that case, we say the
probability p(y | x,w) is given by

ply | x,w) = o(wo(x))!(1 - o(we(x))' .

Therefore, the decision boundary is no longer (necessarily) a hyperplane on the original space.

In what follows, we assume that the observations were already transformed by a feature map. It is advisable to
at least prefix each original observation x by the constant 1, leading to a transformed observation x’ = (1,x). In this
case, the decision boundary on the original space becomes an affine hyperplane S = {x € R” | wy + wi.px = 0}.

The (conditional) likelihood p(D | w) of the dataset D is given by

N

N
p(D | W) = Hp(yz | xi7W) - HO’(WXZ)y’(]_ — U(wxi))l_y“u"
i=1 i=1

for a choice of w. Notice that this likelihood is not based on the joint density over observations and targets,
which is irrelevant for our purposes. Instead, p(D | w) is the probability associated to the particular assignment

vy = (y1,...,yn) when the observations xi,...,xy are seen as constants (according to D), and ¥; 1L X_; Y, |
X, W.
The log-likelihood ¢(w) = log p(D | w) is given by
N
t(w) = og [ o(wxe)? (1 — o (wxy)) ¥
i=1

I
M=

log [o(wx;)¥"] +log [(1 — o (wx;))" V]

.
Il

yilogo(wx;) + (1 — y;) log(1l — o(wx;)).

I
] =

1

.
Il
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It can be shown that there is no analytical expression for the maximum (log-)likelihood estimate W for a logistic
regression model.
For any k, the partial derivative 9¢(w)/Owy, of ¢ at w with respect to the variable wy, is given by

Zyz logo (wx;)] + (1 - yz)% [log(1 — o(wx;))]

Bwk
_i 1 i[( )]+ (- );i[l_ (wxi)]
B P yza(wxi) Owy, gAWE Y- o(wx;) Owy, TAWEL
al 1 ] 1 ]
= Zyl U(Wxi)o—(WXi)(l - U(WXl))TMk [sz] + (1 - yl)mfwk [1 — a(wxl—)],

N
= Z(yi - U(WXz‘))xi,k-

Thus, the gradient of ¢ with respect to w is given by
Vwl(w) =X (y — o(Xw)),

where o is applied element-wise, X is the design matrix (where each observation corresponds to a row), and
y= (ylv"'vyN)«
For any j and k, the second order partial derivative 02/(w)/0w;0wy, at w is given by

N

[(yi - U(WXi))xi,k] = Z 0 [— o(wWx;)z;, k = sz ko WXz)]

W ;
zzla J

H(w) o O

ow;0wy, P ow;

N N
=— invkxi,jal(wxi) =— in7kxi7jo(wxi)(1 —o(wx;)).
i=1

i=1

Recall that the Hessian matrix V2/(w) of ¢ at w is given by VZ{(w), ) = 0%¢(w)/0w;O0wy. Using the result
above, it can easily be shown that

N
ZO‘ wx;)(1 — o(wx;))xix! = —XTS8X,
=1

where X is the design matrix (where each observation corresponds to a row), and S is given by
S = diag(o(wx1)(1 — o(wxy1)),...,0(wxy)(1 — o(wxn))).

Because V2{(w) is negative definite for any w, the log-likelihood ¢ is concave, and thus has at most one local
maximum, which would necessarily be a global maximum.

Many iterative optimization methods may be employed to maximize such log-likelihood ¢. We present some
minimization methods in Sec. 2.4, which may be applied to minimize the negative log-likelihood —/.

However, the resulting estimate may have extremely large coefficients, particularly when the data is linearly
separable. Alternatively, consider the task of finding a maximum a posteriori estimate. As before, the maximum a
posteriori estimate w = arg max,, p(w | D) also maximizes log p(D | w) + log p(w).

As in the previous section, suppose the prior density p(w) associated to the weight vector w is given by

= HN(w] | 0,77%).

j=1
We have already seen that
D
1
log p(w) =D 1w?— — —log2nT
=



Therefore,
logp(D | w) + logp(w) = g w — —log 2772
gp gp 27_2 2 g

Eliminating the constants with respect to w leads to the task of maximizing the regularized log-likelihood £
given by

A
fr(w) = €w) = S [wl P
where A = 1/72. It is easy to show that
Viy(w) = Vi(w) — Aw,
V20 (w) = V2(w) — A,

where I is the D x D identity matrix.

Note that if each observation was prefixed by the constant 1, the corresponding weight should not be penalized
by A, as already explained in the previous section.

Logistic regression can be generalized to multi-class problems. In that case, the technique assumes that the

probability p(y | x,w) of class y € {1,...,C} given observation x € R” and parameter vector w is given by
exp(wyx)
Py lx,w)==—————,
Zy’ exp(wylx)
where w = (w1, ..., w¢) € REP contains a parameter vector Wy corresponding to each class y.
Consider a dataset D = (x1,y1),---,(Xn,yn), which is iid according to p(- | 8*) for some unknown 6*, such

that x; € R, and y; € {0,1}¢. Suppose also that each observation belongs to a single class, and Yi,e = 1 if and
only if x; belongs to class c¢. This is a one-of-C' encoding, which will simplify our presentation.
The (conditional) likelihood p(D | w) of D under w is given by

p(D|w) = HPYz|Xza :HHnyJJv

where
exp(w,X;)

> exp(wrx;)”
Therefore, the log-likelihood ¢ = log p(D | w) is given by

N C
¢ =1logp(D | w) logH sz’ = Zzyi,j log 2; ;.

i=1j=1 i=1 j=1

Zij =

Once again, the methods presented in Sec. 2.4 may be employed to minimize the negative log-likelihood —¢
given the gradient and Hessian of —¢ with respect to w.
The partial derivative 9¢/0wy,; of ¢ with respect to parameter wy; is given by

X — Yi 821
awk l 8wk 1 Z Z Yij log Zig| = Z 3 6w]:l

Zi
=1 j=1 lell’]

where the second equality follows from the chain rule.
Let a;; = w;x;, and notice that wy,; only affects z; ; through a; . By the chain rule,

_ Z Z Yij 631,] aaz k _ Z Z Yi,jTi,l 0z; O%zi,j
3wkl P da; 1, Ow, ‘ Da;

Zi,j Zi,j

By the definition of z; ;,

> exp(ag,jr)

0z ; 0 exp(a; ;)
8(11"19 - aai’k '
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Firstly, suppose j = k. By the quotient rule,

= Zij = % -

dz; 0 exp(a; ;) [er eXP(ai,j')} exp(ai ;) — exp(ai ;) exp(ai,;)
8ai,j N 8amv B

- 2
ZJ/ exp(am ) |:Zj’ exp(ai,j/)}
Alternatively, suppose j # k. In that case,
Ozij 0 [ exp(a; ;) ] B 7exp(ai7j)exp(ai7k)
daip  Oa ’ i) | 2
@ik ik | 2o exp(ai ;) [ij exp(ai,j/)}

= TRigRLk

Therefore, for any j and k,

Bzi,j

Dair =z ;I[J = k] — zix),

where I is the indicator function.
Therefore, 0¢/0wy,; is given by

7 i, 0 7 a < i
5wkl Zzy;x laj i Zmi,lzyi,j(ﬂ U=k —zig)
b i=1 j=1

i=1j=1 ~%J

N

N
= Z Zyzy Zyz,gzz k| — in,l(yi,k - Zi,k)a
7j=1 =1

where we used the fact that >, y; ; = 1, for any i.
Using this result, the gradient V,, ¢ of £ with respect to the weight vector wy, associated to class k is given by

N
Zyzk sz

=1

Using a similar argument, the second order partial derivative 9*¢/0w,, ,0wy; is given by

0% o N N 8ZZ .
8wm nawkl awmn [szlyzk — Xi,1%; k] = Z

=1

(92 da; N
= — Z L vmo— Z i 1% n 2k (L[k = m] — 2im).

Qj,m 8wm,n i—1

It is straightforward to show that the corresponding (negative definite) Hessian matrix VZ /¢ is a CD x CD
matrix composed of D x D blocks, such that block j, k is given by

T
—E zik(I[k = j] — 2 )%

Maximum a posteriori estimation is analogous to the binary case.

Consider the task of computing the posterior density p(w | D) xw p(D | w)p(w) associated to weight vector
w given D according to a binary logistic regression model. In contrast to linear regression, there is no convenient
conjugate prior.

Instead of computing the exact posterior, we will compute its Laplace approximation. Firstly, recall that the
desired posterior is given by

p(D | wip(w) _ p(D,w)

PWID) ===y = o)
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By the assumptions made by binary logistic regression, we know that p(D,w) > 0, for any D and w. Therefore,
the desired posterior may be rewritten as

e—E(w)
p(D)

where E is the so-called energy function given by F(w) = —logp(D,w) = —log p(D | w) —log p(w). Recall that we
already know the first and second order partial derivatives required to minimize F(w) with respect to w considering
a multivariate Gaussian prior given by p(w) = Hle N(w; | 0,7%).

Let w* denote a maximum a posteriori (minimum energy) estimate such that F(w*) = miny, F(w) = maxy, p(w |
D), and consider the quadratic approximation E to E at point w*, which is given by

p(w|D) =

B(w) = E(w") + (w — w*)VE(w") + %(w W TV2E (W) (w — W),

Because w* is a local minimum of the twice differentiable function E (by construction), we know that VE(w*) =
0. Therefore,

E(w) =E(w") + %(W —~wHIV2E(W*)(w — w*).

The corresponding approximate posterior is given by

p(W | D) oty e EW) » e EW),

The appropriate normalization constant Z, also called Laplace approximation to the marginal likelihood, is given
by

7 / o BOW) gy — o EOW) o (wew) TV B(w) (wow") g
Val(W) Val(W)

=) [ e ) B ) gy = =) (3) P 9 )
Val(W)

by assuming that V2E(w*) is positive definite, and recognizing the last integral as the normalization constant of a
multivariate Gaussian distribution.
Finally, the desired approximate posterior is given by

(w | D)~ Co e A ) TR (VB
w ~ = =N((w|w", w
3 z e B RPNV B (w1

1

).

In other words, the Laplace approximation to the posterior distribution is a multivariate Gaussian distribution
whose mean is the maximum a posteriori estimate and whose covariance matrix is the inverse of the Hessian of the
energy function at that estimate.

The posterior predictive probability p(y | x, D) of class y given observation x and dataset D is given by

oyl xD)= |

p(y,w | x,D)dw = /
Val(W)

p(y | W%, D)p(w | x, D)dw — / ply | w, x)p(w | D)dw,
Val(W)

Val(W)
by using the facts that Y L D | W, X, and W L X | D. In other words, the posterior predictive probability is an
expected value with respect to the posterior distribution.

We may combine the Laplace approximation with a Monte Carlo approximation to obtain an approximate
posterior predictive probability. Concretely, we may approximate p(y | x, D) by

1

%)

S
p(y | XvD) ~ /V W) p(y | va)N(W | W*v [V2E(W*)]_1)dw ~ ZJ(WSX)y(l - U(st))l_ya

where wy,...,wg is an iid dataset distributed according to N'(- | w*, [VzE(w*)]fl), which may be obtained by
standard methods.
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9 Exponential family

A probability density or mass function p(- | ) belongs to the exponential family if it can be written as

h(x) exp(n(0)p(x))

(x| 0) = TR

= h(x)exp (n(0)(x) — A(9)),

for every assignment x € Val(X), for some choice of functions h : Val(X) — Rsg, n : Val(®) — RP  and
¢ : Val(X) — RP. If n(0) = 0 for all 0, the distribution is said to be in canonical form.

Furthermore, the log-partition function A is given by A(0) = log Z(0), and the partition function Z must be
given by either

Z6)= Y h(x)exp(n(0)d(x)),
x€Val(X)

depending on whether p(- | 8) is a density or mass function, respectively.
As an example, consider the Bernoulli pmf Ber(- | §), which is defined on {0,1} as Ber(x | §) = 6%(1 — )1 2.
Assuming 6 € (0,1),

Ber(z | 8) = exp (log (6"(1 — 6)' 7)) = exp(zlogd + (1 — z) log(1 — 0)).

By letting h(xz) = 1, ¢(z) = (z,1 — z), n(d) = (logf,log(1 — 0)), and Z(A) = 1, we see that the Bernoulli pmf
Ber(- | #) is in the exponential family, for any 6 € (0, 1).
Alternatively, by letting h(z) =1, ¢(z) = z, n(0) = log 1%90, and Z(0) = ﬁ, it is easy to inspect that

Ber(z | §) = (1 — 0) exp <x log (1%)) :

for x € {0,1} and 6 € (0,1). In this case, the Bernoulli parameter 6 is a sigmoid function of 7(¢), since

6 @) 1
— (0 — — 0= _
1-6 T 10 9_1+en(0>_1+e—n(9>'

n(0) = log

As another example, consider the Gaussian pdf N (- | u,0?). By letting @ = (u,02), h(x) = 1, ¢(z) = (x,2?),

n(0) = (L&, —ﬁ), and Z(0) = vV2mo?exp (%),

2

exp(Zh — 552) 1 . (z,u x? u? ) 1 _e=w)? Nz | 2)
— XP _ _— — e 202 = T | u,o ).
V2mo2 exp (2“*22) V2mo? o? 20% 207 V2ro?
(o}

Therefore, the Gaussian pdf N'(- | u,0?) is in the exponential family for any p and o2 > 0.
The exponential family also includes the gamma, beta, Dirichlet, categorical, and Poisson distributions.
Consider a univariate probability density function p(- | §) in canonical form given by

p(z | 0) = h(z) 62129()%(%))7

and suppose the partition function Z is differentiable. By the chain rule,

d d

L) = 108 2(0) = d%log [ /V o, M) e (G0) e L d

= 20)d ) h(z)exp (0p(x)) du.

Furthermore, suppose the function f given by f(z,0) = h(z)exp (6¢(x)) is differentiable with respect to 6, and
that both f and 0f/96 are continuous in Val(X) x Val(©). In that case, the Leibniz integral rule states that

d d
B Jyuis h(z)exp (0¢(x)) dz = /Val(X) 75 [h(z) exp (06(2))] du.
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By the chain rule and the definition of p(z | ),
d 1
A0 = [ h(@)ep (09(a)) o(0) do= [ e | 9)0(e) de = By (X))
do Z(0) Jvaicx) Val(X)
Using the assumptions outlined above, the second derivative of A with respect to 6 is given by
d? d
Z A9 = —

Supposing that the function f given by f(x,0) = h(x)exp (0¢(z) — A(9)) ¢(x) is differentiable with respect to 6,
and that both f and 0f/00 are continuous in Val(X) x Val(©), the Leibniz integral rule states that

d? d
A0 = [ ) e G6) — A0) )] do

h(x) exp (0¢(x) — A(0)) d(z) da.

d
B /Val(X) h(z)¢(w) exp (09 (x) — A(F)) {Qﬁ(aﬁ) - d@A(G)] dx

_ /V o, HD@ e (99(@) — A(6)) [6(z) — Epxio[6(X)] de

= [/ ¢(x)?p(z | 0) dw] — Ep(x)0) [¢(X)]/ h(x)(x) exp (0 (z) — A(0)) dx
Val(X) Val(X)

= Ep(x10)[0(X)?] — Ep(x 10y [0(X)]* = var,,x o) [¢(X)].

The analogous result for a well-behaved multivariate probability density function p(- | 8) in canonical form
states that the gradient VA(6) of A at  is given by VA(0) = E,x/6)[¢(X)] , and that the Hessian matrix VZA(6)
of A at @ is given by V2A(0) = covy(x|e)[@(X)]. Because a covariance matrix is always positive semidefinite, the
log-partition function A of such well-behaved multivariate probability density function is convex.

Consider an iid dataset D = x1,...,xx distributed according to p(- | @), which is in the exponential family.
The corresponding likelihood p(D | 0) is given by

N N N N
oD 0) = HP(Xz' 0) = H h(Xi)epo(Z70(>9)¢(Xz‘)) _ Z(;)N [H h(x,)] lH exp(n(a)(ﬁ(xi))]

=

1 N N 1 N N
~ ZO)N [H h(xi)l eXp (Z"(9)¢(Xi)> = Z@)N [H h(Xi)] exp (77(0)2¢(xi)> :
=1 =1 i=1 i=1

Notice that if the function A is constant and the number of observations N is known, the so-called sufficient
statistics ¢(D) = Zf;l ¢(x;) of the dataset D are sufficient to compute the likelihood under any parameter 8. This
is a crucial property of distributions in the exponential family.

Now suppose that p(- | ) can be written in canonical form, and that h(x) = 1, for all x. In that case, the
log-likelihood p(D | 0) is given by

1 N
W exp (0 Z qb(xi))

where ¢(D) = Eivzl ¢(x;) are the sufficient statistics.

As already mentioned, the log-partition function A of a well-behaved probability density (or mass) function
in canonical form is convex. Since 8¢(D) is a linear function of 0, the log-likelihood given by logp(D | ) =
0¢(D) — NA(O) is concave, and therefore has at most one global maximum.

Furthermore, the gradient Vglogp(D | 8) at 8 of such well-behaved probability density (or mass) function in
canonical form is given by

Velogp(D | 0) = Vo [09(D) — NA(0)] = ¢(D) — NEyxe) [#(X)].

Therefore, if the parameter 6 is an (interior) local maximum, which would necessarily be the maximum likelihood
estimate, then

N
logp(D | 0) = log =03 ¢(x;) — Nlog Z(8) = 0(D) — NA(0),
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In other words, if the parameter 0 is an (interior) local maximum, the expected value of the sufficient statistics
given @ must match the empirical mean of the sufficient statistics.

A generalized linear model is a regression/classification model that assumes that the probability density /mass
function associated to the target variable Y given an observation x and a parameter vector w is in the exponential
family. Furthermore, the conditional expected value of Y must be given by E[Y | X = x, W = w| = f(wx), where
f is a so-called activation function, whose inverse f~! is called a link function.

Linear regression is a generalized linear model whose activation function f is the identity, since the probability
density associated to target y € R given observation x € RP and parameter vector w is given by

p(y | x,w) = N(y | wx,o?),

assuming a known variance o2.

Logistic regression is a generalized linear model whose activation function f is sigmoid, since the probability
associated to target y € {0,1} given observation x € RP and parameter vector w is given by

p(y | x, w) = o(wx)!(1 - o(wx))' 7% = Ber(y | o(wx)).

10 Bayesian networks

This section briefly presents Bayesian networks, which are probabilistic graphical models. For more details, see the
corresponding notes.

Consider the task of representing a joint probability mass function p for a random vector X = (X1,...,Xp).
By the chain rule of probability, for any assignment x € Val(X),

D
p(x) = p(z1,...,2p) = p(x1) Hp(a?j | 1, ... 7gcj,l).

Jj=2

Suppose each discrete random variable in X has exactly K valid assignments. In that case, the conditional probabil-
ity mass function for X; given X1,...,X;_; may be represented by a table with (K — 1)K 7=1 elements. Therefore,
the total number of free parameters needed to represent the full joint p is

D

S (K -1DE = (K - 1)

j=1

1- KP
- - —KP_1.
1-K

Because the number of free parameters grows exponentially with the number of variables D, learning requires a
large amount of data, unless independence assumptions are made.

A Bayesian network (G, p) represents independence statements about a joint probability mass/density function
p for a random vector X = (X3,...,Xp) using a directed acyclic graph G = (V, E), such that V = {X;y,..., Xp},
and £ C V2. The joint probability function p is said to factorize over G, and is given by

D
p() = plor,. o op) = [T ol | pax,),

for every x € Val(X), where pay, is the assignment to the parents Pax; of X; in G.

In the case of a Bayesian network over discrete random variables with exactly K valid assignments, the condi-
tional probability mass function for X; given Pay, may be represented by a table with (K — 1)K IPax; | olements.
Therefore, independence assumptions may lead to a drastic decrease in the number of free parameters.

In a Bayesian network, every random variable is conditionally independent of its non-descendants given its
parent variables. This is called the local Markov property. Every variable is also independent of every other given
its Markov blanket: its children, parents and other parents of its children.

Different directed acyclic graphs may represent the same independence statements between random variables in
a Bayesian network. Two directed acyclic graphs are Markov equivalent if they represent the same set of conditional
independence statements. Let an immorality in a directed acyclic graph G = (V, E) be defined as a set of distinct
vertices {U,V, W} such that (U, V) € E, (W,V) € E, (UW) ¢ E and (W,U) ¢ E. Two directed acyclic graphs
are Markov equivalent if and only if they they have the same set of immoralities and the same underlying graph.
The underlying (undirected) graph of a directed graph G is the graph obtained by replacing all edges of G with
undirected edges.
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The following definitions are useful to establish if a random variable X is independent of Y given Z in a Bayesian
network.

Let G = (V, E) be a directed acyclic graph, G’ its underlying graph and P’ a path on G’. A set of three distinct
nodes {U,V,W} in P’ is a v-structure if (U, V) € E and (W, V) € E and these two edges are in P’. In this structure,
V is called a collider. In simple terms, in a v-structure, a collider V has two distinct neighbors U and W in P’ with
edges ending in V' in the corresponding directed acyclic graph.

An undirected path P is said to be active given the set of random variables Z if all non-colliders in P are not
in Z, and all colliders in P are in Z or have a descendant in Z.

In a Bayesian network (G, p), if all undirected paths between random variables X and Y are inactive given the
set of random variables Z, then X I Y|Z. In such case, it is said that X and Y are d-separated by Z, denoted
d-sep(X;Y|Z). The notation extends to sets of variables naturally. Random variables that are not d-separated
are d-connected. It is important to note that d-connected variables may still be independent. However, variables
that are d-separated by Z are always independent given Z.

We let Z(p) denote the set of independence statements of the form X 1 Y|Z that hold according to the joint
probability mass/density function p. If G is a graph in a Bayesian network, then Z(G) denotes the set of statements
of the form X 1 Y|Z such that d-seps(X;Y|Z). A graph is an I-map for a set of independence statements I if
Z(G) C I. Therefore, if B = (G, p) is a Bayesian network, G is an I-map for Z(p). If Z(G) = Z(p), then G is a
perfect map for p.

Causal relationships may be useful for building models intuitively. In this case, a causal variable often has an
edge ending at an effect variable. In causal models, causal reasoning is defined as computing the posterior probability
of effects given causes. The posterior probability of causes given effects is called evidential reasoning. Intercausal
reasoning combines causal and evidential reasoning. Fxplaining away is the term given to the intercausal reasoning
pattern in that a cause explains an effect and, by consequence, lowers the probability of another cause. However,
it must be clear that independencies in Bayesian networks are not (in general) causal. A model in which the edges
are causally reversed may be equally valid to represent the same set of independencies.

We now present some examples of probabilistic models that are conveniently represented as Bayesian networks.

Consider an iid dataset D = z1,...,zy distributed according to p(- | §). The corresponding joint density
p(x1,...,zN,0) is given by

N
p(a1,...,an,0) = p(O)p(zy,...,on | 0) = p(0) [[ p(xi | 0),
i=1
which may be represented by a Bayesian network (G,p) where G = (V,E), V = {0} U{Xy,..., Xy}, and E =
{©,X;) e V?|1<i< N}
A naive Bayes classifier assumes that the joint density p(x,y) of observation x and class y is given by

D
p(x,y) = p(y)p(x | y) = p(y) H p(z; | y),

which may be represented by a Bayesian network (G,p) where G = (V,E), V = {Y} U{Xy,...,Xp}, and E =
{((V,X;)| 1< j < D}.

A Markov chain is a probabilistic model defined over a sequence of random variables X1, ..., X7. Each random
variable X; typically represents the state of a process at time step ¢, and the model encodes the assumption that
the future is independent of the past given the present. The density p(x1,...,zr) is given by

T-1
p(@,. . er) = pl@) [ ple | @),
t=1

which may be represented by a Bayesian network (G,p) where G = (V,E), V = {Xi,...,Xr}, and E =
{(Xt, Xp41) |1 <t <T —1}.

A hidden Markov model is a probabilistic model defined over two sequences of random variables: Zq,..., Zp,
and Xi,...,Xp. Each random variable Z; typically represents the underlying state of a process at time step ¢,
while X; represents the observed state at time step ¢. The density p(z1,...,27,21,...,27) is given by

T
p(z1,- .- 2,21, 2r) = pz)p(@ | 21) HP(Zt | ze—1)p(@e | 2t),
t=2
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which may be represented by a Bayesian network (G, p) where G = (V, E), V ={Xy,..., Xr}U{Z1,...,Zr}, and

Consider a Bayesian network (G, p) for a discrete random vector X, and suppose X is partitioned into a query
vector X, a visible vector X,, and a nuisance vector X,,. The task of computing the probability p(x, | x,) =
Zx" p(Xq,Xn | Xy) for some assignment x4, x, € Val(Xy,X,) is called inference. The continuous random vector
case is analogous. Inference may be performed by either exact or approximate algorithms, which are outside the
scope of this text. For more details, see the corresponding notes.

Consider an iid dataset D = x,...,xx distributed according to p(- | 8%), for an unknown 6*. Furthermore,
suppose p(- | 0") factorizes over a known graph G.

Suppose p(- | ) also factorizes over G. In that case, the likelihood p(D | 8) of D under 8 is given by

N N D
p(D | 6) = Hp(xz- 10) =T IIp(zis I vax, ,.0).

i=1j=1

This definition leads to the usual tasks of maximum likelihood and maximum a posteriori estimation. For more
details on learning in Bayesian networks, see the corresponding notes.

11 Expectation maximization

Expectation maximization is a method that may be employed to estimate parameters associated to so-called hidden
random variables, whose assignments are never directly observed.

There are two main reasons for estimating such parameters. Firstly, the task naturally appears in practical
problems. Secondly, positing the existence of hidden random variables allows defining complex joint probability
density functions for observed random variables using few parameters. For instance, it may be impossible to
represent all independence statements on given set of (observed) variables by a Bayesian network without adding
hidden variables.

Concretely, consider a dataset D = (x1,21), ..., (Xn,Zy), which is iid according to p(- | 8), for some unknown
0*. Furthermore, suppose that each x; is an assignment to a continuous random vector X;, and that each z; is an
assignment to a discrete random vector Z;. By our definition of iid, for every parameter 8 € Val(@®),

N
p(xlvzla -, XN,ZN | 0) = Hp(xi?zi | 0)
i=1

If Zy,...,Zy are hidden random vectors, then the assignments z1,...,zx are unknown, and the (observed)
likelihood p(D | 8) of the partially observed dataset D given the parameter 6 is defined as

p(D|6) =p(x1,...,xn | 0).

Consider the task of finding a maximum likelihood or maximum a posteriori estimate given a partially observed
dataset D. By marginalization,

N N N
p(D|0)=p(xi,....xn [0)=> > [[pxizi|0)=]]p(xi|0)=]]D p(xizi|0)
Z1 =1

zy i=1 i=1 z;

Assume that p(x; | @) > 0, for every ¢ and 8. In that case, the corresponding log-likelihood ¢(8) is given by

N N N
((6) =1logp(D | 0) =log [ [ p(xi | 6) = Zlogp(xi 16) = Zlog [Zp(xi,zi | 9)] :

=1

The log-likelihood £(0) could be maximized with respect to 8 by typical gradient-based methods (Sec. 2.4).
However, many models of practical interest require enforcing parameter constraints that require non-trivial adap-
tations.

Expectation maximization is an iterative maximization procedure that starts at a (possibly arbitrary) parameter
estimate 0(0), and obtains each parameter estimate gt+1) by maximizing a function Q(-, O(t)). The procedure relies
on three simple requirements, which we present next.

Firstly, the procedure requires that Q(8’,8") = £(8’), for every @'
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Secondly, the procedure requires Q(-,8’) to be a lower bound on ¢, for every 8’. In that case, £(8) > Q(0,0'),
for every 8 and 6'.

Thirdly, the procedure requires that Q(H(Hl), B(t)) > Qe H(t)), for every ), where 8+ is the subsequent
estimate obtained by the procedure. Notice that this is obviously true if 6 t+D) is a global maximum of Q(-, 0 )).
Expectation maximization is particularly useful when Q(-, O(t)) is easy to maximize, for every 0.

Combining these three requirements,

00 > Qe 0M) > (8", 0)) = r(6"),

for every B(t), where 801 is the subsequent estimate obtained by the procedure. Consequently, the sequence
00, ..., 00 is non-decreasing. Notice that this fact does not guarantee convergence to either local or global
maxima, although the procedure is guaranteed to converge to critical points for many models of practical interest.

A convenient auxiliary function @ : Val(®)? — R that satisfies these requirements, and therefore allows maxi-
mizing the log-likelihood given a partially observed dataset, is given by

’ ’ p(xi,2i | 0)
00 Zzp ZZ|X“0 m

=1 z;

= Zzp Z; | x;,0 10gp Xis Z; | 0 ZZP zZ; ‘ xi, 0 Ing(Zz ‘ Xzael)
=1 z; =1 z;
N N

= Epzix.0nllogp(xi, Zi | 0)] + > Hlp(Z; | x:,0")],
=1 =1

assuming that p(z; | x;,0’) > 0, for every i, and assignment 8’ to ©. Without further assumptions, notice that

N
= ;bg [;P(Xi,m | ) ‘| Zlog lzp z: | x;,0) ((;(:,z);!aol)) ’

for every 6,0’ € Val(®). Furthermore, notice that

uze (1|170)(1|0)
=3 S vt 0 tog O 5 ) ] O

i=1 z; i=1 z;
A ﬂ"wwzzpmxm ) log p(x: | 6)
i=1 z; i=1 z;
( z; | xi,
== pZZ‘XZ, ‘|‘ long1|0
;; p(z; | x“B Lz;
N
=(0) — ZKL(P(Zi | xi,0")|Ip(Zi | x,8)),
i=1

for every @ and 0'. Recall that the Kullback-Leibler divergence between two pmfs is always non-negative. Therefore,
2(0) > Q(0,6"), for any 8 and 6'. The Kullback-Leibler divergence between two pmfs is also zero if and only if they
are equal. Therefore, Q(6',0') = ('), for every 8 and 6'. The first two requirements are satisfied.

Therefore, if we guarantee that Q(O(t+1), H(t)) > Q(B(t)7 O(t)) during expectation maximization, then it is guar-
anteed that the sequence £(8), ..., (8™ is non-decreasing.

As a final note, recall that the auxiliary function @ is given by

N N N
Q6,6 = ZEp(zi\xi,e’)[logp(Xi, Z;|0)]+ Z H[p(Z;|x;,0")] = ZEp(zl\xi,e')Ung(Xiy Z;|0)+C,
=1

i=1 i=1
where C' is a constant with respect to 8. Thus, for practical purposes, the term C' may be omitted.

A Gaussian mixture model assumes that the probability density p(x | ) associated to observation x given the
parameter vector @ is given by

p(x|0) = sz|0 (x]2,0)= ZWZN(X\;LZ,EZ)7
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where Val(Z) = {1,..., K}, and the parameter vector 8 contains the parameters m,, p,, and 3., for every z. A
parameter vector @ is valid if and only if >~ _, 7.» = 1, and, for every z, 7, > 0, and X is a valid covariance matrix.
In other words, a Gaussian mixture model assumes that the probability density function over observations is a
weighted average (mixture) of K Gaussian density functions.

Clustering is a typical application for Gaussian mixture models. Clustering is the task of partitioning a set
of observations into so-called clusters (sets of observations), such that similar observations belong to the same
cluster. In the case of clustering based on Gaussian mixture models, each z € Val(Z) corresponds to a cluster, and
p(z | x,0) o<, T, N(x | p,,X,) represents the probability of observation x belonging to cluster z according to the
parameter vector 6.

In a Gaussian mixture model, E[X | 8] = 3" m.pu,, since

B 6] = [ ey |0) do, :/ z, [/ [} N (x| e )
Val(X;) Val(X;) Val(X

g T N((x|p,,X,)| dx= E 7 / N (x| p,X,) dx| = E Tafls -

/Val [ = > - [ Val(X) ! > !

Counsider a dataset D = (x1, 21), ..., (Xn, 2n), which is iid according to p(- | 8), for an unknown 6. Further-
more, suppose the assignments 21, ..., 2y are unknown.

In that case, the (observed) log-likelihood ¢(0) = logp(D | ) of the partially observed dataset D given the
parameter € under a Gaussian mixture model is given by

N N
= logp(x; | 6) =) log [ZWZN(XZ- ., X
=1 =1 z

It is possible to attempt to maximize ¢(0) with respect to 8 using expectation maximization. An appropriate
auxiliary function @ is given by

dX_j‘| d.Tj

N N K
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where p(z; | x;,0") oc,, p(x; | 2,0 )p(2; | @), which is easy to compute for every @' and i. These computations
constitute the so-called expectation step of the algorithm. We next discuss the so-called maximization step of the
algorithm, which consists on maximizing Q(6,8’) with respect to 6.

Firstly, consider the task of maximizing Q(6,0’) with respect to m, which is contained in 6. Because the
remaining terms of Q(@,0") are constant with respect to 7, this task is equivalent to maximizing

K N
E § Zz | x;, 0 IOg Tz
2i=1i=1

with respect to 7, subject to the constraint ) , 7., = 1. As will become clear, the constraint 7, > 0, for every
z, will be satisfied naturally assuming proper initialization. By the Lagrange multiplier theorem, if 7 is a local
maximum subject to our constraint, then

N
ZZ (2 | xi,0")log ., +)\<1—Zﬂz>]=(),

z
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for some A € R. Therefore, for every z € Val(Z),

K N N
88 E E p(z; |xi,0')10g7rzi+)\<1 E 7@)] :—1 [E p(Zile-,O/)] —A=0.
T, ; T,
z;i=11=1 2!

=1

i

If 7 is a local maximum subject to our constraint, then

N
AT, = Zp(Zi =z|x,0"),
i=1

for every z. The fact that ) , 7., = 1 also implies that

N K
)\ZZ)\ﬂ'Z/ :ZZp(Zi:z’\xi,Ol):N.

=1 z'=1

Finally, if 7 is a local maximum subject to our constraint, then

1 N
T = ﬁZp(Zi =z|x;,0"),

i=1

for every z. Notice that 7, > 0, as long as the analogous statement is true for the previous parameter vector 6,
satisfying the missing constraint. In summary, the updated probability m, of cluster z is the average probability of
an observation belonging to class z according to the previous parameter vector 6'.

We now consider the task of maximizing Q(@,80’) with respect to . and X, individually for each z. Because
the remaining terms of (0, 0’) are constant with respect to these parameters, this task is equivalent to maximizing

N
> p(Zi =z | xi,0)logN(xi | ., ),

i=1

with respect to pt, and 3, subject to the constraint that ¥, is a valid covariance matrix. This task is very similar
to the task of maximizing the log-likelihood of a dataset that is iid according to a multivariate Gaussian distribution,
which we discussed in Sec. 4.

It is possible to show that if u, and X, are local maxima of Q(8,8") subject to our constraint, then

N
1
B, = Nr. ;p(zi =z |x;,60)x;,
1 N
e = Nr, ;P(Zi =z ]x,0)xx] | — ppl.

Intuitively, the updated mean g, associated to cluster z is the average observation weighted by how strongly class
z is associated to each observation.

This completes the description of the steps involved in attempting to maximize the (observed) log-likelihood
under a Gaussian mixture model. However, this procedure may lead to severe overfitting, which may be avoided
by using expectation maximization to attempt to obtain a maximum a posteriori estimate.

It is important to notice that the (observed) log-likelihood under a Gaussian mixture model does not generally
have a single global optimum. For instance, swapping (7, p,, 3,) with (7., .., 3,) leads to the same (observed)
log-likelihood, for any z # 2.

K-means is a widely employed iterative clustering algorithm that resembles expectation maximization applied
to Gaussian mixture models. Consider a sequence ugt), ceey u([? composed of K so-called cluster centers at iteration
t. For a maximum number of iterations T, for every z, the K-means algorithm obtains the z-th cluster center at
iteration ¢t + 1 given by



where z; = argmin, ||x; — u,(zt)|| is the closest cluster center at iteration ¢ to observation x;, and N, = > I(z; = z)
is the number of observations whose closest cluster center at iteration ¢ is z. In other words, at each iteration,
each cluster center is moved to the average of the observations assigned to it. The success of K-means is highly
dependent on how the cluster centers are initialized.

The number of clusters K is a hyperparameter for Gaussian mixture models and for K-means.

In practice, for Gaussian mixture models, K is typically chosen from a finite set of alternatives by comparing
their (observed) log-likelihood on a test set. Comparisons based on the training set are inconclusive, since larger K
will generally achieve a higher value, which is another example of overfitting.

In practice, for K-means, K is typically chosen from a finite set of alternatives by comparing their average
reconstruction error J on the training set. The average reconstruction error J is given by

N

1 2
J:N2‘|Xl_uzl

)

where . is the closest cluster center to observation x;. The average reconstruction error will also typically decrease
when K increases. Heuristically, K is typically selected when the rate of decrease in J becomes small.

A Bernoulli mixture model assumes that the probability p(x | 6) associated to observation x € {0,1}7 given
the parameter vector 0 is given by

D
p(x]0)= sz|0 (x| 2, ZWZHBer(:Z:jWZJ ZWZHQ (1—6, ;) ",
z Jj=1

where Val(Z) = {1,..., K}, and the parameter vector € contains 7, and 6, ;, for every z and j. A parameter vector
0 is valid if and only if ), 7., =1, 7, > 0, and 0 < 0, ; < 1, for every z and j. In other words, a Bernoulli mixture
model assumes that the joint probability mass function over observations is a weighted average (mixture) of K
joint probability mass functions, each of which assumes that each feature is independent of the others. Analogously
to a Gaussian mixture model, expectation maximization may be employed to attempt to maximize the (observed)
log-likelihood under a Bernoulli mixture model.

Consider a regression model that assumes that the probability density p(y | x,0) associated to target y € R
given observation x € RP and parameter vector 8 is given by

(y]x,0)= Zpy,z|x0 Zp (y|x,2,0)pz]|x,0)= Z/\/ | w.x,02)S(VTx).,

where S : RE — (0,1)X is the softmax function, Val(Z) = {1,...,K}, and the parameter vector 8 contains
the D x K matrix V, and the parameters w, € R” and o2 > 0, for every z. In other words, the probability
density function over targets given an observation x is a weighted average (mixture) of K Gaussian probability
density functions, whose weights depend on x. This model is a particular instance of a mixture of experts, and
is particularly useful when the probability density function over targets given observations is multimodal. In such
cases, the posterior mean, which is the optimal prediction under a squared error loss function, is not generally a
good prediction, and should be substituted by the posterior mode. Once again, expectation maximization may be
employed to attempt to maximize the (conditional, observed) log-likelihood of such model.

The models described so far expected a dataset containing unknown assignments to a sequence of hidden random
vectors (or variables) Zy,...,Zy.

In contrast, consider a dataset D = xi,...,Xy, where x; € R?, which is iid according to p(- | %), for an
unknown 6*. Furthermore, suppose that each observation x; can be partitioned into an assignment x;, to an
observed random vector X ,, and an unknown assignment x;; to a hidden random vector X; ;. In other words,
there is not (necessarily) a correspondence between hidden random vectors across elements of the dataset.

In such case, it is important to consider the so-called observation model, which models the mechanism that hides
assignments. Concretely, consider the dataset D mentioned above, and let o; € {0,1}P represent which features
are observed in observation x;, for every 4, such that o; ; = 1 if and only if X; ; is an observed random variable.

The corresponding probability density p(x;,.,0; | 8) associated to the assignment x; ,, given € when only x; , is
observed (which is encoded in 0;) is given by

p(Xi,v,Oi | ‘9) =/ p(Xi,mXi,h,Oi | ‘9) dxi,h = / p(Oi | Xi,v,Xi,h,a)p(Xi,mXi,h \ 9) dXi,h-
Val(X; 1) Val(Xi,n)
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The so-called missing at random assumption states that O; 1L X;;,0 | X, ,, for every 7. In other words, which
variables are observed is independent of the assignment to the hidden variables (and parameter vector) given the
assignment to the observed variables. Under such assumption,

p(Xiw,0; | 0) = / P(0i | Xi0)p(Xiw, Xin | 0) dxin = p(0; | Xiw)p(Xiw | 6).
Val(X;,n)

Therefore, the probability density associated to the sequence of observed random vectors and their corresponding
assignments in D given 6 under a missing at random assumption is given by

N
p(xl,'molw-'?XN,vaON | 0 Hp Xz vy Of | 0 [Hp 0; ‘ XZ’U ‘| [H (Xi,v | 9)] .
i=1

Clearly, maximizing such probability density with respect to 6 is equivalent to maximizing the (observed) log-
likelihood, which we define as

N N
£00) = IOng(Xi)v |0) = Zlogp(xw | 9),
i=1 j
assuming that p(x; . | @) > 0, for every ¢ and 0.

In summary, maximizing the (observed) log-likelihood is only appropriate when the observation model hides a
random vector (or variable) disregarding its assignment. Expectation maximization may be employed to attempt
to maximize the corresponding (observed) log-likelihood under many joint probability density/mass functions of
practical interest, such as the multivariate Gaussian distribution.

Similarly, expectation maximization may also be employed to attempt to maximize the (observed) log-likelihood
of partially observed data in the context of Bayesian networks. For details, see the corresponding notes.

12 Continuous hidden variables

Dimensionality reduction techniques address the task of representing a dataset D = x1,...,Xy, where x; € RP, by
a dataset Z = z,,...,zy, where z; € R%, d < D, and each z; corresponds to x;. Different techniques attempt to
preserve different aspects of a dataset D in the corresponding dataset Z.

We now present principal component analysis, a widely used technique for dimensionality reduction. This
technique is highly related to a probabilistic model with continuous hidden variables, which is discussed later in
this section.

Consider a dataset D = x;,...,Xy. Firstly, note that the mean projection onto the vector u; € R? of the
vectors in D can be written as

where X is the empirical mean. Consider the task of finding a unit vector u; such that the variance

N
1 § 2
111 = N . mX; — 111X

of the projections onto u; of the vectors in D is maximum. It can be easily shown that v(u;) can also be written as
1N
1 = N Z U1X1 (ulxi)(up’() + (uli)z] = ulTEul,

where ¥ = 3 Zij\;l(xi —%)(x; — x)7T is the empirical covariance matrix of the dataset D.

The maximization task outlined above corresponds to finding the maxima of v restricted to the D-dimensional
unit sphere S = {u; € R” | g(u;) = 0}, where g(u;) = 1 — uju;. The Lagrange multiplier theorem states that if
u; is a local maximum of v restricted to S, and Vg(u;) # 0, then

Vv(ul) + )\1Vg(u1) =0,

45



for some A; € R. Thus,
0=V [0 Zw] + MV, [1 —ww] = (4 =)y — 20wy = 28u; — 2\ uy,

where (X + X7) = 2% because X is symmetric. Therefore, if u; is a local maximum of v restricted to S, then
Yu; = Ajuy for some A;. In other words, u; is an eigenvector of 3 with eigenvalue A\;. Because the variance
v(uy) corresponding to such an eigenvector u; is the corresponding eigenvalue \; = uf'3u,, the eigenvector with
maximum associated eigenvalue is the desired global maximum restricted to S. We omit the proof that such
eigenvector is necessarily a constrained local maximum.

Consider an orthonormal list L;_; = (uy,...u;—1) containing the largest eigenvectors (with respect to their
corresponding eigenvalues), sorted in non-increasing order, of the empirical covariance matrix X, for some 1 < ¢ < D.
Furthermore, consider the task of maximizing v(u;) with respect to u;, subject to the constraints that 0 = 1 —u;u;
and 0 = w;u; = ... = wu;_1. In other words, we are interested in a unit vector u; that is orthogonal to every
vector in the list L;_1, and that also has maximum possible variance v(u;). By the Lagrange multiplier theorem,
if u; is a local maximum of v subject to these constraints, then

i—1 i—1

0= Vui [uiTEui] + Aivui [1 — uiui] + Z Ajvlli [uiuj] = 2211,‘ - 2/\iui + Z Ajllj7

j=1 j=1
for some Ay, ..., \; € R. Consider any vector ug in L;_;. By left-multiplying the equation above by u{,
i—1
0= 211{211,’ — 2)\111?111‘ + Z )\juguj.
j=1

Since ug and the desired u; must be orthogonal, and since L; 1 is an orthogonal list of vectors,
0= 211{2111' + Ag.
Because ul Zu; = (u} Tu;)? = (Zu;)Tu, = u?ETuk = u! Zuy, and because Xuy = axuy, for some ay, € R,
)\k: = —QU?Euk = —2akuiTuk. =0.

Therefore, A\, = 0 for any 1 < k <14 — 1. Recall that if u; is a local maximum subject to our constraints, then

i—1
=23u; —2\u; + Z /\jllj =23u; — 2\u;.
j=1

Therefore, 3u; = A\;u; for some \; € R. In other words, u; is an eigenvector of 3 with associated eigenvalue
Ai = v(u;). Because the vector u; must be orthogonal to any vector already in L;—1 = (uy,...u;_1), the constrained
global maximum is one of the remaining eigenvectors with maximum corresponding eigenvalue. Once again, we
omit the proof that such eigenvector is necessarily a constrained local maximum. Because the list L; = (uy, ..., u;)
is composed of orthonormal eigenvectors of the empirical covariance matrix ¥ with the highest corresponding
eigenvalues and sorted in non-increasing order, we have completed the inductive step. We also note that X is

positive definite whenever (xi,...,xy) spans R”.
Using such a list of eigenvectors Ly, any observation x; € RP can be represented by an observation z; =
(1%, . .., ugx;) in RY.

In practice, it is essential to transform an original dataset D’ into a dataset D with empirical mean x = 0
before applying principal component analysis, since the increase in variance along a direction due to translations
is usually irrelevant. In that case, principal component analysis also finds the linear map with minimum average
reconstruction error [2]. In many applications, the dataset D should also have the same empirical variance across
each feature (i.e., the dataset D’ should also be standardized) to minimize the effect of the choice of units.

Consider a dataset D = x7,...,xy with empirical mean X = 0, and the corresponding N x D design matrix
X, where each observation corresponds to a row. A singular value decomposition of X is a factorization given by
X = LSRT, where L is an N x N orthogonal matrix (LLT = LTL =1), S is a diagonal N x D matrix composed
of non-negative elements, and R is a D x D orthogonal matrix. Such factorization always exists.

Since we assumed that D is centered, the corresponding empirical covariance matrix 3 can be written as

1

N
_i _T_iT _ L T T_l Ty T T_i TanT
E—N;xlxi—NX X—N(LSR) LSR —NRSLLSR —NRS SR".
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Finally, because R is an orthogonal matrix, ¥R = %RSTS. Therefore, since S”S is a D x D diagonal matrix,
2

this implies that ¥r; = %rj, where r; is the j-th column of R. In other words, the j-th column r; of R is an
2
eigenvector of 3 with eigenvalue SJ—NJ Because (r1,...,rp) is also an orthonormal basis for R, this result allows
using a singular value decomposition of X to perform dimensionality reduction using principal component analysis.
We now present probabilistic principal component analysis. Consider a dataset D = (x1,21),..., (XN, 2nN),
which is iid according to p(- | 8*), for some unknown *. Furthermore, suppose that each x; € R” is an assignment
to a continuous random vector X;, and that each z; € R? is an assignment to a continuous random vector Z;.
If Zy,...,Zy are hidden random vectors, then the assignments zq,...,zy are unknown, and the (observed)
likelihood p(D | @) of the partially observed dataset D given the parameter 6 is defined as

N
p(D|0) =p(x1,....,xy | 0) = _Hp(xi | 9).

Probabilistic principal component analysis assumes that the probability density p(z | ) associated to a hidden
assignment z € R given a parameter vector 6 is given by p(z | ) = N(z | 0,1). Furthermore, it assumes that the
conditional probability density p(x | z, @) associated to an observation x € R” given the hidden assignment z € R?
and the parameter vector 6 is given by

p(x | 2,60) = N(x | Wz + . 0°1),

such that @ contains the D x d matrix W, the vector u € RP, and o2 > 0.
Since this probabilistic model is a linear Gaussian system (Sec. 4), the probability density p(x | 8) associated
to an observation x € R” given the parameter vector @ is given by

p(x | 6) = / p(x | 2,00p(z]0) dz= | N(x| Wzt p, 0 DN(z | 0,T) dz = N(x | i, WWT + 0°I).
Val(Z) Val(Z)
Notice that such joint probability density function over observations only requires Dd 4+ D + 1 parameters,
whereas a multivariate Gaussian distribution over observations would require D(D + 1)/2 4+ D parameters.

Consider two parameter vectors @ and @', which are equal except possibly for their respective weight matrices
W and W', and suppose that W/ = WR, for an arbitrary d x d orthogonal matrix R. Clearly,

(x| 0)=N(x| p, WW"T +6%1) = N(x | p, WRRTWT + 62T) = N(x | o, WWT + 2T) = p(x | 6).

Therefore, there is an infinite number of weight matrices that lead to each possible joint probability density
function over observations according to this model.

It can also be shown that the probability density p(z | x,8) associated to the hidden assignment z € R? given
the observation x € R” and the parameter vector 6 is given by

p(z] x,0) = N(z | M~ W7 (x — ), oM "),

where M = WTW + 0?1 is a d x d matrix.
Consider the task of maximizing the (observed) log-likelihood ¢(8) with respect to 8, which is given by

N N
((0) =logp(D | 8) = > logp(x; | 8) = > logN(x; | p, WW' + 5°1).
=1 i=1

Furthermore, consider a list (ug,...,uy) composed of orthonormal eigenvectors of the empirical covariance
matrix 3 with the highest corresponding eigenvalues and sorted in non-increasing order. Let U denote a D x d
matrix whose j-th column is u; € RP, and let A denote a d x d diagonal matrix such that Aj; = Aj is the eigenvalue
associated to eigenvector u;. It can be shown that the (observed) log-likelihood is maximized when

1 X
“:i:N;X“
1 D
I
g 75
D_dj:d+1



Consider the expected value E[Z | x, 8] of the hidden random vector Z given the observation x and the parameter
vector @, which is given by

E[Z |x,0] = M~"W"(x — p) = (W'W + 0’I) "W (x — ).
Using the maximum likelihood estimate @ described above and the fact that UTU =1,
WIW + 021 = (A — 1) UTU(A — 0?1)? + 02T = A — 0?1+ 0’1 = A.
Therefore, using the same maximum likelihood estimate 8,
E[Z | x,0] = A~Y(A — o2T)2UT (x — %).
Furthermore, notice that when o2 — 0, the corresponding expected value
E[Z | x,0] > A2 U7 (x — %)

is very similar to d-dimensional representation of an observation x € R” obtained by principal component analysis
1
(after the dataset D is centered), except for the multiplication by the diagonal matrix A~ 2.

13 Sparse linear models

The success of supervised learning techniques is highly dependent on the appropriate choice of features. Using
few features may lead to poor generalization, while using many features may be too expensive, or even introduce
confounding information into the training data. The task of identifying features that are important for supervised
learning is called feature selection.

In classification, the mutual information I(X;;Y’) may be used to measure how much information a discrete
feature variable X; ~ px, has about the class variable Y ~ py. This requires approximating the (typically unknown)
probability mass functions px;,py and px,y by their corresponding empirical distributions given an iid dataset
D. However, these approximations may be unreliable, particularly when the number of observations in D is small.
Furthermore, notice that this approach does not take into account whether a feature is important when considered
together with other features.

Because there are 2P —1 distinct non-empty subsets of a set of D features, evaluating the efficacy of every feature
subset using cross-validation is generally infeasible. Instead, feature selection is typically performed by heuristic
methods. This section describes feature selection heuristics based on logistic regression. Analogous heuristics exist
based on other generalized linear models.

Counsider a dataset D = (x1,91),-- -, (Xn,yn), which is iid according to p(- | 8*) for some unknown 6*. Also,
suppose x; € RP and y; € {0,1}, for all 4.

Recall that logistic regression is a binary classification technique that assumes that the probability p(y | x, w)
of class y € {0,1} given observation x and weight vector w is given by

ply | x,w) = o(wx)!(1 - o(wx))' =,

where o is the sigmoid function.
We have already shown that the corresponding log-likelihood logp(D | w) associated to the dataset D given w
is given by

N

logp(D | w) = Zyi logo(wx;) + (1 — y;) log(1 — o(wx;)).

However, the corresponding maximum (log-)likelihood estimate arg max,, p(D | w) may have extremely large
elements, particularly when the data is linearly separable. This leads to a classifier that is very sensitive to small
changes in the input observations, which may be overfitted to the training data. This issue can be circumvented
by finding a maximum a posteriori estimate arg max,, p(w | D). Naturally, such estimate also maximizes logp(D |
w) + log p(w).

For this purpose, we have already considered a prior density p(w) associated to a weight vector w given by

D
p(W) = HN('LU] | 077_2)7

Jj=1
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where 72 > 0 is a hyperparameter. The corresponding maximum a posteriori estimate also maximizes (with respect
to w) the so-called [?-regularized log-likelihood given by

A
log (D | w) = 5wl

where A = 1/72.
Alternatively, consider a prior density p(w) associated to a weight vector w given by

D

D A A D D
w) = H Lap(wj | 0’ H 5 e~ Mwil — <2> H e~ Mwil
j=1

j=1 j=1

Clearly,

W2 D \ D
log p(w) = log <2> He”\le‘ :Dlogg—)\2|wj|.

Jj=1 Jj=1

Therefore, by eliminating irrelevant constants, the corresponding maximum a posteriori estimate also maximizes
(with respect to w) the so-called [!-regularized log-likelihood given by

logp(D | w) = Allwl]1,

where ||w|[1 = 3= Jwj| is the so-called I'-norm of vector w

In comparison to the [?-regularized log-likelihood, the I'-regularized log-likelihood favors a sparse solution w*
(where many elements are zero), although we omit the rigorous argument. Notice that the [!-regularized log-
likelihood is not differentiable with respect to w, requiring optimization methods that we also omit.

Feature selection using logistic regression is based on the the idea that if w* is a weight vector that maximizes
the I'-regularized log-likelihood, and wj = 0, then feature j is (probably) not relevant for classification. Notice that
this heuristic takes into consideration that a feature may be discriminative when combined with others even if it is
not discriminative by itself.

However, notice that w; = 0 does not necessarily imply that a feature is not relevant for classification. For
instance, a feature k that is always identical to feature j could exist, and wj, could be nonzero. Clearly, this example
generalizes to groups of features. Although this behavior is appropriate for selecting subsets of features, it is not
appropriate for scoring features individually.

Randomized logistic regression deals with this issue by introducing randomness into the learning process. We
discuss one possible implementation of the original approach, which is based on stability selection.

Consider a sequence of datasets Dy, ..., Dg, each obtained by randomly choosing subsets composed of N’ < N
elements from an original iid dataset D = (x1,¥1),...,(Xn,Yyn). Suppose a logistic regression classifier is fitted
independently for each of these datasets, resulting in a sequence of weight vectors wi,..., w§.

The score s; of feature j is defined as the fraction of classifiers where feature j was associated to a significant
coefficient, and is given by

H'Mm

I(jwi ;[ =€),

where I is the indicator function, and € > 0 is a small constant. Intuitively, the variability introduced by subsampling
is likely to affect which features are used by each classifier, avoiding the issue involving related features.

So far, we have omitted the main idea in stability selection applied to logistic regression, which is penalizing each
feature differently when considering each dataset. This idea can be implemented by maximizing, for each dataset
D;, the ['-regularized log-likelihood with respect to w considering randomized penalties, which is given by

D
.
togp(D | w) — A S 12l

=1 “
where A is the usual penalty hyperparameter, but each w; is chosen uniformly at random from the set {r, 1}, where

0 <7 < 1 is a hyperparameter of the feature selection method. Intuitively, this introduces even more variability in
the set of features that is likely to be used by each classifier.
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14 Kernel methods

We have already mentioned that it is often useful to apply a feature map ¢ : RP — RP’ to the observations in a
dataset. In classification, for instance, an appropriate feature map can make a dataset linearly separable.
A Mercer kernel is a function x : X x X — R given by

K(x,X') = ¢(x)p(x) = p(x)$(x),

for some feature map ¢ : X — V, and all observations x,x’ € X. In contrast to our usual definition, the observations
in X may be of any sort, and V may be an arbitrary inner product space (over the field of real numbers). For our
purposes, the scalar k(x,x’) should roughly correspond to a measure of similarity between x and x’.

Consider a dataset D = x1,...,Xy, where x; € X. The Gram matrix K of & for D is given by K; ; = x(x;, x;).
It is possible to show that a function x : X x X — R is a Mercer kernel if and only if its Gram matrix is positive
semidefinite for every possible dataset [2].

The following are examples of Mercer kernels.

The linear kernel x : RP? x RP? — R given by s(x,x’) = xx'.

The polynomial kernel x : RP x RP — R given by k(x,x') = (xx’ + )M, where » > 0 and M € N are
hyperparameters.

The radial basis function kernel x : RP x RP — R given by

2
m(x7x'):exp<—||x adl >7

202

where 0% > 0 is a hyperparameter. The corresponding feature map ¢ maps R” into an infinite dimensional inner
product space V. As will become clear, kernels allow applying some traditional techniques as if observations were
transformed by such intractable feature maps.

The string kernel x : A* x A* — R given by

bz,2) = 3 webs(@)o0(),

seA*

where A* is the set of all possible strings over the alphabet A, ¢s(x) > 0 is the number of times that string s € A*
appears inside string x € A*, and ws > 0, for all s. As will become clear, kernels allow applying some traditional
techniques to such observations.

Kernel machines are simple supervised learning models based on kernels. A kernel machine is a generalized
linear model that receives observations transformed by a feature map ¢ : X — RX given by

¢(X) = (H(Xa ”’1)7 RS "{(lel'K))’

for some function x : X x X — R (not necessarily a Mercer kernel), and pre-defined prototypes pq,..., ty,
where p; € X. In logistic regression, for instance, an appropriate choice of prototypes can make a dataset linearly
separable. In linear regression, an appropriate choice of prototypes allows fitting arbitrary functions.

Consider a dataset D = (x1,41),-..,(Xn,Yn), where x; € X and y; € R. A kernel machine whose prototypes
are given by x; = p,, for every ¢, and that employs a sparsity promoting prior over weight vectors is called a sparse
vector machine. After obtaining a maximum a posteriori weight vector w = arg max,, p(w | D), any observation x;
such that w; = 0 is no longer needed to compute E[Y | X =x, W = w| = f(w¢(x)) for a new observation x € X.

The kernel trick is one of the most important applications of kernels. As will become clear, the kernel trick
consists on adapting a learning technique so that it is only affected by observations through inner products, which can
be substituted by corresponding kernel evaluations. More concretely, the kernel trick allows a learning technique
to receive the Gram matrix K of a Mercer kernel k for a dataset D = x3,...,xy, where x; € X, instead of
such observations (together with the corresponding targets, in the case of supervised learning). If applicable, the
kernel trick also allows predicting the target corresponding to a new observation x € X based only on the vector
(k(x,x1),...,Kk(x,xy)) and on the scalar x(x, x).

Kernelized nearest neighbors is a simple classification technique based on the kernel trick. It is analogous to
(K-)nearest neighbors, except for the fact that distances are computed using kernels.

Concretely, recall that the squared Euclidean distance ||x — x’||? between vectors x,x’ € R” is given by

Ix —x||* = (x — x')(x — %) = xx + x'x" — 2xx/.
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Analogously, the squared distance between vectors ¢p(x) and ¢(x’) in an arbitrary inner product space V can be
defined as

lo(x) = ¢(x')[I* = p(x)p(x) + d(x)P(x') — 20(x)p(x') = K(x,%) + K(x',x') — 2% (x,x),

where k : X x X — R is the Mercer kernel corresponding to the feature map ¢ : X — V, and x,x’ € X are the
original observations.

It is crucial to notice that computing distances between vectors in V using a kernel x does not require evaluating
the corresponding feature map ¢. This allows dealing with a potentially infinite dimensional inner product space
V, and considering arbitrary sets of observations (as long as an appropriate kernel can be devised).

Kernelized K-medoids is a kernelized iterative clustering technique similar to K-means. Consider the dataset
D = x31,...,Xy, where x; € X. The technique initially chooses K so-called centroids randomly from the dataset
D (without replacement). Each observation in D is then assigned to its closest centroid (according to a kernelized
distance), which partitions the dataset D into K clusters (groups of observations). Each centroid is then changed
to the observation whose average kernelized distance to the other observations in the same cluster is minimum.
This allows assigning each observation in D to its closest centroid once again, and the process may continue until
convergence (or for a maximum number of iterations).

The kernel trick can also be applied to (I2-regularized) linear regression, as we now show. We start by reformu-
lating the original optimization problem, which leads to the kernel-based method by analogy.

Consider a dataset D = (x1,%1), .- ., (Xn,yn), where x; € RP and y; € R. In [?>regularized linear regression, a
maximum a posteriori estimate may be obtained by minimizing the cost J given by

N
J(w) = (g = wxi)? + Allwl| = (v = Xw)T(y = Xw) + Aww,
i=1
where X is the N x D design matrix, y = (y1,...,yn) is the target vector, and A > 0 is a hyperparameter.
We have already shown that if AT + X7 X is invertible, then the desired minimum w is given by

w = (M + XTX)"1xXTy.
Let a = (A\I + XX7T)~1y. It can be shown that w can also be written as

N
w=XTAI+XX")ly=XTa = Zaixi.
=1

Finally, the prediction for a new observation x € R using the estimate w € R” is given by
N
EY | X=x,W=w|]=wx= Zaixix.
i=1

We are now ready to introduce kernelized linear regression by analogy with linear regression. We omit a rigorous
derivation of kernelized linear regression.

Let K be the Gram matrix of a Mercer kernel x : X x X — R for the dataset D = (x1,91),--., (Xn,yn), where
x; € X and y; € R. Furthermore, let ¢ : X — V denote the feature map corresponding to k.

If ¥ € RP, then XX” would be equivalent to the Gram matrix of a linear kernel for D. By analogy, substituting
XX by the Gram matrix K, it is possible to compute a = (A + K)~ly. Although it is generally impossible to
compute w € V, we can compute the prediction we(x) for a new observation x € X' using

N N
wo(x) = Zai¢(xi)¢(x) = Z%“(me)-

In summary, it is possible to fit the model using only the Gram matrix K and the targets, and perform prediction
for a new observation x using only x(x1,X),..., k(XN X).

The kernel trick can also be applied to principal component analysis, as we now show. Once again, we start by
reformulating the original method, which leads to the kernel-based method by analogy.

Consider a dataset D = xy,..., Xy, where x; € RP. The empirical covariance matrix X of D is given by
1 o 1
S= > i - %) - %7 = LXTCX,

=1
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where X is the N x D design matrix corresponding to D, and C is the NV x N centering matrix given by
1
C=1-—_-117,
N

where I is the N x N identity matrix, and 1 € R is a vector whose elements are all equal to one. It is worth
mentioning that CX is the centered design matrix (whose columns sum to zero) corresponding to the design matrix
X, and that C is symmetric and idempotent.

Recall that principal component analysis finds a list containing orthonormal eigenvectors of the empirical covari-
ance matrix X sorted in non-increasing order of corresponding eigenvalues. The kernel trick requires an alternative
way to find such eigenvectors, which we now discuss.

Consider the N x N matrix M = CX(CX)? = CXXTCT = CXXTC. Because M is real symmetric, it can
be written as M = UAU”, where each column j of the N x N matrix U is an eigenvector u; of M, and A is a
diagonal matrix such that A;; = A; is the eigenvalue that corresponds to u;. Furthermore, U is chosen so that
UTU = UU" = I, which means that (uy,...,uy) is an orthonormal basis for RV,

By the definition of eigenvector, (CXXTC) U = UA. By left-multiplying these expressions by X7 C,

X'c (cxXxX'Cc)U =X"cX (X'CU) = Nx (XTCU) = (X"CU) A,

where we have used the fact that CC = C, and the definition of the empirical covariance matrix 3.
Therefore, each column j of XTCU corresponds to an eigenvector of the matrix N3 with eigenvalue A;. This
implies that each column j of XTCU corresponds to an eigenvector of the empirical covariance matrix 3 with

eigenvalue A—A} Although we omit the details, a D x K matrix V containing orthonormal eigenvectors of the
empirical covariance matrix X can be obtained from these columns, where K is the rank of the centered design
matrix CX.

We are now ready to introduce kernel principal component analysis by analogy with principal component anal-
ysis. We omit a rigorous derivation of kernel principal component analysis.

Let K be the Gram matrix of an arbitrary Mercer kernel k : X x X — R for the dataset D = x4, ...,Xxy, where
x; € X. Once again, we use the fact that if X C R”, then XX” would be equivalent to the Gram matrix of a
linear kernel for D. By analogy, substituting XX* by the Gram matrix K, it is possible to compute the matrix U
containing eigenvectors of M = CKC. Although it is generally impossible to compute the corresponding matrix V
containing orthonormal eigenvectors of the empirical covariance matrix 3, it is possible to compute the alternative
representation z of a new observation x using only k(x1,X),...,k(Xn,X), although we omit the details.

Support vector machines are supervised learning models that also benefit from the kernel trick. In what follows,
we present both classification and regression based on these models.

Consider the dataset D = (x1,¥1),---, (XN, yn), where x; € RP and y; € {~1,1}. A hard margin support
vector machine is a classification technique that assumes that there is a hyperplane that separates the observations
in such dataset by class. Furthermore, the technique finds the separating hyperplane such that its distance to the
nearest observation is maximum, a choice motivated by statistical learning theory.

Any (affine) hyperplane S in RP can be written as S = {x € RP | wx + b = 0}, for some nonzero weight vector
w € RP| and intercept b € R. Consider any x,x’ € S. Clearly, wx + b = wx’ + b, which implies w(x — x’) = 0.
Intuitively, w is orthogonal to any vector pointing between vectors in S.

Consider any vector x € R”, and let x| denote its closest vector in S. Recall that x can be written as

w
X=X] +7r7——F

[Iwl|’

where 7 € R is the so-called signed distance between x and S. By introducing w and b into the equation above,

2
Wx—|—b:wa—|—b+r||WH ,
[[wl]
wx + b
7:7“7
[[wl]

since wx | + b = 0. Notice that the signed distance between S and the origin is given by ﬁ.

Consider the dataset D = (x1,91),- .., (Xn,yn), and the task of finding the parameters w and b of a separating
hyperplane S such that wx; +b > 0 if y; = 1 and wx; + b < 0 if y; = —1, for all ¢, assuming that such hyperplane
exists. This task is equivalent to finding parameters that satisfy the constraint y;(wx; + b) > 0, for all 1.
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The margin m(w,b) of a hyperplane S = {x € RP | wx + b = 0} that satisfies the constraints is defined as

i Wil Tiwll
Because we assumed that the hyperplane S satisfies the constraints, the margin corresponds to the (unsigned)
distance between the hyperplane S and the closest observation in D.
Notice that if the hyperplane S defined by w and b satisfies the constraints, then the hyperplane S’ defined by
rw and kb also satisfies the constraints, for any x > 0. Both S and S’ also have the same margin, since

mln yi(Wx; + b).

m(kw, kb) = min 2 = min y; (wx; +b) = mln yi(Wx; + b) = m(w, b).

H |

Consider the task of finding the parameters w* and b* of a separating hyperplane with maximum margin. In
other words, maximizing m(w, b) with respect to w and b subject to y;(wx;+b) > 0, for all 5. The margin m(w*,b*)
of such a hyperplane is given by

1 1
[lw]| [[wl]

Consider the task of maximizing m(w, b) with respect to w and b subject to min; y;(wx; +b) = 1. This constraint
is clearly stronger than the constraint that y;(wx; + b) > 0, for all i. Suppose that a hyperplane S defined by w
and b satisfies the weaker constraints, and let x = 1/ min; y;(wx; + b), where the denominator is certainly positive.
Consider the hyperplane S’ defined by kw and kb. As shown previously, m(w,b) = m(kw, kb). Since
yi(wx; + b)

min ky; (Wx; + b) = min — =1,
i uil ) i min; y;(wx; + b)

m(w*, b*) = min y;(W*x; +b%) = mMax max iy mm yi(wx; +b).
7

any hyperplane S that satisfies the weaker constraints has a corresponding hyperplane S’ with the same margin that
satisfies the stronger constraint. Thus, we can maximize m(w,b) with respect to w and b subject to the stronger
constraint without loss of generality.

The constraint min; y;(wx; +b) = 1 implies that the maximum margin hyperplane defined by w* and b* is given
by

m(w*,b*) = Max max mln yi(Wx; +b) = max ——;

Instead, we consider the equivalent, and more convenient, task of minimizing 2 Ad! |2 with respect to w and b subject
to the same constraint.

We will change constraints one last time. Consider minimizing 1||w||> with respect to w and b subject to
yi(wx; + b) > 1, for all i. These constraints are apparently weaker than the previous. However, suppose that w
and b minimize f||w||2 and y;(wx; +b) > 1, for all i. Let x = 1/ min,; y;(wx; +b). A hyperplane defined by xw
and kb satisfies the new constraints, since yl(/ﬁWXl + kb) = ky;(wx; +b) > 1, for all i. However, 3||kw||? < 1||w]||?,
since 0 < k < 1, which is a contradiction because we assumed w and b corresponded to a minimum.. Therefore, a
minimum that satisfies the new constraints also satisfies the previous constraint.

In summary, the parameters of the separating hyperplane with maximum margin are given by minimizing %||w| |2
with respect to w and b subject to y;(wx; +b) > 1, for all <. Given the optimum w and b, a new observation x can
be classified as 1 if wx + b > 0, and as —1 otherwise.

The optimization task stated above is a quadratic programming problem, a class of widely studied optimization
problems. However, the kernel trick requires restating this optimization task using the Lagrangian dual, which we
cover next.

Let the generalized Lagrangian L be given by

[Iwll’

N
1
L(w,b,a) = §HW||2 - Zai [ys(wx; +b) — 1].

i=1
The Karush-Kuhn-Tucker conditions state that if w and b correspond to a local minimum subject to the constraints,
then VL(w,b,a) = 0 for some vector a whose elements are all nonnegative. The relevant gradients are given by

VWL(Wv ba a) =W — Z a;YiXq,

0
%L w,b,a) Zalyz

53



Therefore, if w and b correspond to a local minimum subject to the constraints, then

N
W = E aiYiXi,
i=1

N
0= Z aiYi,
=1

for some a whose elements are all nonnegative. The Lagrangian dual L is obtained by substituting the expressions
above into the generalized Lagrangian L, and is given by

B N 1 N N
L(a) = Z a; — 5 Z Z AiQ5YiY;XiX5.
i=1

i=1j=1

It can be shown that if a maximizes L subject to a; > 0, for all i, and >;aiy; = 0, then the corresponding
W = ) .a;y;X; is the desired local minimum subject to constraints, and thus represent the maximum margin
separating hyperplane.

The support vectors are the observations in D that are closest to the maximum margin separating hyperplane.
It can be shown that only the coefficients a; associated to these vectors are nonzero. Therefore, given the expression
for w in terms of a, only the support vectors directly affect classification. Intuitively, the other observations in
D can move freely as long as they do not affect the margin, resulting in the same maximum margin separating
hyperplane. The intercept b can be obtained by noting that y;(wx; + b) = 1, for any support vector x;.

Although maximizing the Lagrangian dual L subject to the constraints is also a quadratic programming problem,
the observations in D only affect L through inner products.

Consider a Mercer kernel Kk : X x X — R, and let ¢ : X — V denote the corresponding feature map. By
using the fact that ¢(x;)¢(x;) = k(x;,X;), it is possible to find the maximum margin separating hyperplane for
observations transformed by ¢ without evaluating ¢. In that case, the maximum margin separating hyperplane
in the transformed space would not necessarily be a hyperplane in the original space. The same trick also allows
classifying new observations, since we(x) +b=b+ >, a;y:p(x;)p(x) = b+ >, a;y;k(x;, %), for any x € X.

There are two very simple strategies to adapt support vector machines for classification problems with C' > 2
classes. One of them is to train C one-vs-rest classifiers, and to classify a new observation by the class for which the
observation is further away from the corresponding maximum margin separating hyperplane (on the correct side).
Another heuristic is to train C(C — 1)/2 one-vs-one classifiers, and to classify a new observation according to the
class that receives more votes. Both strategies offer few guarantees in the general case.

A soft margin support vector machine is a technique that finds a separating hyperplane that may ignore some
observations (subject to a penalty), as long as doing so increases the margin. Intuitively, this alternative formulation
is more robust to outliers.

Recall that the parameters of the separating hyperplane with maximum margin are given by minimizing %||W||2
with respect to w and b subject to y;(wx; +b) > 1, for all i.

In a soft margin support vector machine, the parameters w and b of the desired hyperplane are obtained by
introducing a vector & = (£1,...,&y) containing so-called slack variables and minimizing

) N
§||W||2 +CZ§i
=1

with respect to w,b and &, subject to y;(wx; +b) > 1 —&;, and & > 0, for all i. Intuitively, the hyperparameter
C' > 0 penalizes using the slack variables to relax the constraints. Soft margin support vector machines are also
compatible with the kernel trick, although we omit the details.

Support vector machine regression predicts the target y € R associated to an observation x € R” using y =
wx + b, where w € R” and b € R are the model parameters.

Consider a dataset D = (x1,¥1),...,(Xn,¥yn), where x; € R” and y; € R. Support vector machine regression
minimizes the cost function J given by

N
1
J(w,b) = §||WH2 +C E L(y;, wx; + b),
i—1
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where C'is a hyperparameter, and L : R x R — R is the e-insensitive loss function given by

~ 0 if |y - Ql <k¢,
L(y,9) = X . .
ly—gl—e ifly—g| = ¢
for some hyperparameter ¢ > 0.
Equivalently, it is possible to introduce the vectors £€7,€~ € RY containing so-called slack variables, and
minimize the cost function J given by

N
Tlw,b.€5,67) = SIwl?+ O (6 +67)
=1

subject to the constraints y; < wx; + b+ ¢+ f;r, Y > WxX; +b—€e—§&, §f >0, and ¢, > 0, for all 7. Intuitively,
the prediction for x; must be in [y; —e— &, ,y; + ¢+ §i+], for all 4.

The aforementioned optimization task is a quadratic programming problem. It is possible to show that the
desired minimum w is given by w = ) . a;x;, where o € Rgo is typically sparse. Therefore, the prediction y
associated to an observation x € RP is given by wx +b = b + > @;x;x. Support vector machine regression is also
compatible with the kernel trick, although we omit the details.

The term kernel has an additional meaning. A smoothing kernel is a zero-mean joint probability density function
k:RP — R>p. A typical example is the Gaussian smoothing kernel & : RP — R given by

1 D x?
el (52

where h > 0 is a hyperparameter called bandwidth.
Consider an iid dataset D = X1, ..., Xy, where x; € RP. Kernel density estimation supposes that D is distributed
according to a joint probability density function p given by

1 &
NZ X —X;),

where £ is a smoothing kernel. If k is a Gaussian smoothing kernel, the model is analogous to a Gaussian mixture
model composed of N multivariate Gaussian density functions whose means are given by the observations in D.

Kernel regression is a regression technique based on modeling the joint probability density function over obser-
vations and targets using kernel density estimation, and predicting the target associated to an observation x € RP
using E[Y | X = x].

15 Gaussian processes

A Gaussian process is a (possibly infinite) set of random variables whose finite subsets are jointly distributed
according to (mutually consistent) multivariate Gaussian distributions. Although there are several machine learning
models based on Gaussian processes, this section focuses solely on Gaussian process regression.

Consider the dataset D = (x1,¥1), .-, (Xn,yn), where x; € RP and y; € R. In linear regression, recall that
the (conditional) likelihood p(D | w) = p(y | X, w) associated to a weight vector w € RP is given by

N
ply | Xow) = [[ N (i | wxi, 0?) = Ny | Xw, 0°T),

=1

where X is the N x D design matrix, y = (y1,...,yn) is the target vector, and o2 is a pre-defined variance.
Furthermore, recall that the typical prior density p(w) associated to a weight vector w € R is given by

D
p(w) = HN(wj |0,7%) = N(w | 0,7°T).

j=1
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Suppose that p(w) = p(w | X), for any w and X. Using a property of linear Gaussian systems (Sec. 4), the
marginal likelihood p(y | X) associated to a target vector y given a design matrix X is given by

Dy | X) = / p(y, w | X) dw = / p(y | X, wip(w | X) dw = / p(y | X, w)p(w) dw
Val(W) Val(W) Val(W)

- / Ny | Xw,o® DN (w | 0,7°T) dw = Ny | 0,72XX” + 0°T) = Ny | 0, M).
Val(W)

In other words, our choice of multivariate Gaussian prior over weight vectors (given a design matrix) is equivalent
to a multivariate Gaussian prior over target vectors (given a design matrix). Notice that it is easy to sample target
vectors from the latter prior. The matrix M = 72XX7T + ¢TI roughly encodes the covariance between a pair of
targets according to the similarity between the corresponding pair of observations.

Consider a design matrix X’ obtained by prepending x” as a first row to another design matrix X. For
convenience, we denote the marginal likelihood p(y’ | X') associated to the target vector y’ by p(y’ | X') = p(y,y |
x,X), where y is the target corresponding to x, and y is the target vector corresponding to X. Such marginal
likelihood is given by p(y,y | x,X) = M (y,y | 0,%), where X is an (N + 1) x (N + 1) block matrix given by

s m”
%= <m M )’
where s = 72xx + 02, m = 72Xx, and M = 72XX7 + ¢21.

Using a conditioning property of a multivariate Gaussian distribution (Sec. 4), the posterior predictive density
p(y | x,X,y) associated to target y given observation x € RP and the training data is given by

ply | %X, y) =N(y | m"™™M 'y, s —m"M 'm).

Notice that the marginal likelihood and the posterior predictive are only affected by observations through inner
products. Therefore, Gaussian process regression is susceptible to the kernel trick.

Let K be the Gram matrix of a Mercer kernel k : X x X — R for the dataset D = (x1,%1),.--, (XN, UN),
where x; € X and y; € R. Firstly, let M = 72K + 0%I. For a new observation x, let s = 72k(x,x) + 02, and
m; = 72k(x;, %), for every i. These steps complete the kernel trick for Gaussian process regression.

Notice that substituting XX by K always leads to a valid covariance matrix M, since K is positive semidefinite
by a property of Mercer kernels, and therefore M = 72K + 021 is positive definite (for 72,02 > 0).

As usual, the hyperparameters 72 and ¢ may be chosen by cross-validation. Alternatively, it is also possible to
look for hyperparameters that maximize the marginal log-likelihood log p(y | X) given by

1 - N 1
log p(y | X) =log N(y | 0,M) = —gyTM ly — 5 log2m — S log [M].

Recall that p(y | X) may be obtained by marginalizing p(y | X, w)p(w) with respect to w. Intuitively, a poor
choice of hyperparameters might have many choices of parameter vector w that lead to a low likelihood p(y | X, w),
even if some parameter vectors achieve high likelihood.

If log p(y | X) is differentiable with respect to the hyperparameters (including possible kernel hyperparameters),
the optimization task stated above may be addressed by gradient-based methods (Sec. 2.4).

16 Decision trees

In the context of supervised learning, a decision tree assigns observations to targets according to a sequence of
logical tests that involve their features. We focus on building classification trees that perform inequality tests using
the so-called CART (classification and regression trees) approach.

A classification tree is a full rooted binary tree T = (V| E). By definition, T either has a single vertex (root), or
can be built by connecting (by two edges) a single vertex (root) to the roots of two other binary trees.

Consider the task of classifying observations in R”. Each vertex u in the classification tree T is associated to a
set R, C RP. Suppose v and w are children of u. The vertex v is associated to the set R, = {x € R,, | z; < 7},
and w is associated to the set R, = {x € R, | x; > 7}, for some feature j and constant threshold 7. The root r
is associated to the set R, = RP. Therefore, the leaves of T partition R? into hyperrectangular regions. If each
leaf of T is also associated to a class, an observation x can be classified by finding the leaf u such that x € R,,, by
following the appropriate branches starting from the root.
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Consider the dataset D = (x1,%1), ..., (Xn,¥yn), and the task of building a classification tree that is expected
to generalize well to new observations. A typical strategy is to find a pure classification tree T', whose leaves are all
pure. A leaf u is pure if R, contains only observations from D that belong to the same class.

Suppose a dataset has as many distinct classes as there are observations. In that case, define the cost of a pure
classification tree 1" for the dataset D as the cumulative number of tests required to classify each observation in D
using T'. Determining whether there is a classification tree with cost less or equal to k given D and pre-defined pairs
of features and thresholds is an NP-complete problem, among other related problems. The computational burden
of finding optimal trees is typically avoided by employing greedy heuristic methods.

We now describe a common heuristic to choose the feature j* and threshold 7* for the root of a classification
tree given the dataset D.

For each feature j and threshold 7, define the cost C(j,7) of partitioning a dataset D into non-empty datasets
D,={(x,y) €D |zj<t}and D, =D —-D, ={(x,y) €D | z; > T} as

C(4,7) = c(Dy) + ¢(Dy),

where c is a pre-defined cost function, which we discuss later. We choose by exhaustive search a feature j* and
threshold 7* such that
c@*,m™) = m_ianinC(j,T).
J

Notice that the cost C' of at most D(N — 1) pairs of features and thresholds needs to be computed to find j*
and 7*, even if the features are real-valued (since at most N — 1 distinct thresholds would affect the partitioning of
D into non-empty D, and D,,, for each feature).

A typical choice of cost function c is the entropy of the empirical distribution of classes in D, given by

(D) =— Z my log my,
y

where m, is the fraction of observations in D that belongs to class y, and 0log0 is substituted by 0. Intuitively,
such entropy is minimized whenever all observations in D belong to the same class.

After choosing j* and 7* for the root vertex, its children v and w can be seen as roots of two distinct classification
trees. By restricting each children v to its corresponding dataset D, C R,, the procedure described above can be
applied recursively. The procedure should not create children for a root when the dataset is already pure, since
that would not affect future classifications. This completes a recursive algorithm for building a classification tree.

It is also possible to stop creating children whenever a pre-defined tree depth is achieved, or whenever the
remaining dataset contains few observations. In such cases, a new observation x is classified according to the class
majority in the leaf uw such that x € R,,. The objective of these stop criteria is to make the classifier more robust
to small changes in the training data. Another way to prevent overfitting is to prune the resulting classification
tree, by eliminating branches according to their effect on training set accuracy. In all of these cases, the associated
hyperparameters may be chosen by cross-validation.

Classification trees have some highly desirable properties. For instance, they are insensitive to monotonic
transformation of features, since they are based on thresholds. More importantly, classification trees are more
interpretable than many other classifiers, whose outputs cannot be easily understood in terms of the original
features.

Consider sampling N elements (with replacement) from the elements in the dataset D = (x1,41),- .., (XN, YN)
to create each dataset in a sequence Dy, ..., Dg, and training a distinct classification tree for each dataset in this
sequence. Suppose also that any observation x € R? is classified according to the class that receives more votes
from the S independent classifiers. This strategy is called bagging, and the meta-classifier is a type of ensemble.
Intuitively, aggregating votes from classification trees trained using distinct datasets is typically more robust than
depending on a classification tree that learned rules that may be overly specific for a particular dataset.

A random forest classifier is an ensemble of classification trees based on bagging. Each classification tree in the
ensemble also considers only a random subset of d < D features in each step of finding a (locally) optimum pair of
feature j* and threshold 7*.

Similarly to a random forest classifier, an extremely randomized tree classifier is an ensemble classifier that
introduces randomness into the learning process in an attempt to reduce overfitting. However, extremely randomized
trees typically do not perform bagging. Instead, the technique fits .S distinct classification trees to the entire dataset.
In each step that requires choosing a feature j* and a threshold 7* to split the remaining dataset D, only a random
subset F C {1,...,D} containing d < D features is considered. Furthermore, for each feature j € F, a single
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threshold 7 is chosen uniformly at random in the range of j (in the remaining dataset D). From these candidates,
the feature j* and threshold 7* with the lowest cost C(j*,7*) are chosen, as usual.
Both random forests and extremely randomized trees have shown remarkable empirical efficacy results.

17 Feedforward neural networks

This section presents two models of feedforward neural networks: multilayer perceptrons and convolutional neural
networks. For information on related models (including recurrent neural networks), see the corresponding notes.

Multilayer perceptrons compose the most widely known class of artificial neural networks. This section focuses
solely on classification, although these models can also perform regression.

Consider an iid dataset D = (x1,y1),--., (Xn,yn), where x; € RP and y; € {0,1}°. In this context, given a
pair (x,y) € D, we assume y; = 1 if and only if observation x belongs to class j. As usual, we also assume that
each observation belongs to a single class.

Let L represent the number of layers in the network, and N represent the number of neurons in layer [, with
N = C. These hyperparameters determine the so-called network architecture. We will refer to a neuron in layer
[ by a corresponding number between 1 and N, The neurons in the first layer are also called input units, the
neurons in the output (last) layer called output units, and the other neurons called hidden units. Networks with
more than 3 layers are called deep networks.

Let wj(l,)c € R represent the weight reaching neuron j in layer ! from neuron k in layer (I — 1). The order of

the indices is counterintuitive, but makes the presentation simpler. Furthermore, let b;l) € R represent the bias for
neuron j in layer [.

Consider a layer [, for 1 < [ < L, and neuron j, for 1 < j < N®. The weighted input to neuron j in layer [ is
defined as

O

where the activation a; of neuron j in layer 1 <! < L is defined as

for some differentiable activation function 0. We consider the sigmoid activation function defined by o(2) =

We will also consider a so-called softmax output layer, where the activation a;-L)

_1
1+e—="
of neuron j is given by

()
(L) _ e’
aj —c .o

! Zk 1 €7k

It will be useful to define some vectors and matrices that represent quantities associated to each neuron in a

given layer. The weighted input for layer I > 1 is defined as z(V) = (zgl), ceey ](\l,)(l)

layer [ is defined as a¥) = (aj (l) ag\l[)m) Furthermore, we define the bias vectors as b() = (b(ll), e bg\l])(l)), and

the NO x NU=1) weight matrices W(l) such that W(l) gl,)c
Using these definitions, the output of each layer 1 < 1< L can be written as

), and the activation vector for

a®) — o(Whal=1 4 p0),

where the activation function is applied element-wise.

The output of a multilayer perceptron when a¥) = x is defined as the activation vector al%) of the output layer.
Notice how a®) is implicitly dependent on x.

This completes the definition of the model. We now focus on learning parameters for classification given a
dataset.

Suppose the dataset D is iid according to p(- | 8*), for an unknown parameter vector 8*. Furthermore, suppose
the probability of any class y given any observation x is given by the corresponding output neuron of a particular
multilayer perceptron with a fixed architecture when a¥) = x. More concretely, suppose

ply | x,07) = af

Yy 9
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such that the unknown 6* defines the parameters (weights and biases) of a multilayer perceptron (among the prior
probability densities of observations, which are irrelevant for our purposes). It is important to notice that a softmax
output layer would yield a valid probability mass function for any choice of observation, weights and biases.

The (conditional) likelihood p(D | @) of the parameter vector 8 given the dataset D may be written as

p(D|0) = prl‘x’h

by ignoring for a moment that we encoded the target classes using vectors. Once again, this likelihood is not based
on the joint density over observations and classes, which is irrelevant for our purposes.

A natural goal is to find the weights and biases that minimize the (average) negative log-likelihood J, which is
given by

J=—N10gp(D\9 ¥ 2 Zyklogak :

(x7y)€D k=1

where a(L) is the output activation when the network parameterized according to 6 receives x as input. Notice that

a single y is nonzero inside the second summation. Furthermore, notice that —y; In al(C ) 5 50 when yr = 1 and

(L) — 0, which characterizes a predlctlon error (a,(c ) > 0 due to the softmax output layer).

If we let E = —%, yilog ak L) be a cost variable implicitly associated to a pair (x,y) € D, then J =
-1 Z (x,y) £~ The fact that the cost J can be written as an average of costs E for each element of the dataset will
be crucial to the proposed optimization procedure. The procedure requires the computation of partial derivatives
of the cost with respect to weights and biases, which are usually computed by a technique called backpropagation.
Let the error? of neuron j in layer [ for a given (x,y) € D be defined as

oE

az§l) .

(O
6,7 =

Furthermore, the error for the neurons in layer [ is denoted by 50 = (5@, ce 51(\1,)“)).
Backpropagation is a method for computing the partial derivatives of the cost function of a multilayer perceptron
with respect to its parameters. Given our choice of activation functions, the method is based solely on the following

six equalities:

8B =all) —y, (1)
5([) _ ((W(l+1))T6(l+1)) o UI(Z(”), (2)
o 3)
l 7 7
b
23 (1-1) £(0)
PO @)
wj’k
aJ
= _ 5)
) Z (z (
ob; N (eyren b;
aJ 1 oE
= Z —7 (6)

( (1
8wj,k N (x,y)€D 8wj,k

where © denotes element-wise multiplication. Notice how every quantity on the right side can be computed
easily from our definitions, by starting with the errors in the output layer for every pair (x,y) € D. This originates
the term backpropagation.

As an illustration, we will demonstrate Eq. 2, which states that

N(l+1)
l l I+1) ¢(I+1
0 =) s

J
k=1

2This arguably misleading term is widely employed.
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forl<li< Land1<j < N . Since layer | < L only affects the output through the next layer, and Z(ZH) is a

differentiable function of zl ey ](\l])(l>, and F is a differentiable function of z§l+l)7 R zj(\l,?',i)w,
N D) N D)
5O _ 9F _ 3 OE 0z, . Z 50D 3Zk
j N 1+1)
325 ) —1 62,& - J

By definition,
NO

Zl(cHl) l+1)+z l+1)

therefore,
2 9 1 a+1) () (1) s (1)
azj.” = 5.0 {wk,j a; } =wy; 0 (27):
This gives
N+ N+
I+1) l 1 l l I+1 I+1
= 2 Ao =o' 3w,

k=1
as we wanted to show. For proofs of the remaining equalities, see the corresponding notes.

Intuitively, for each observation, backpropagation considers the effect of a small increase of Aw on a parameter
w in the network. This change affects every subsequent neuron on a path to the output, and ultimately changes
the cost J by a small AJ.

Gradient descent (Sec. 2.4) can be used as a heuristic to find the parameters that minimize the cost J. More
concretely, if we let VgJ(0) denote the gradient (direction of maximum local increase) of J given the parameter
vector @ (which represents weights and biases), the technique starts at a parameter vector 8y chosen arbitrarily,
and visits the sequence of parameter vectors given by

0t+1 = Ot — 7’]V9J(0t),

where the learning rate n > 0 is a small constant. Gradient descent is not guaranteed to converge. Even if it
converges, the point at convergence may be a saddle point or a poor local minima. The choice of 1 considerably
affects the success of gradient descent.

In a given iteration t of gradient descent, instead of computlng (l) and 82(]” as averages derived from a

computation involving all (x,y) € D, it is also possible to consider only a subset D’ C D of randomly chosen
observations. The dataset D may also be partitioned randomly into subsets called batches, which are considered
in sequence. In this case, another random partition is considered once every subset is used. This procedure, called
mini-batches stochastic gradient descent, is widely used due to its efficiency. Intuitively, the procedure makes faster
decisions based on sampling. Regardless of these choices, a sequence of iterations that considers all observations in
the dataset is called an epoch.

The basic choices involved in learning the parameters for a multilayer perceptron using mini-batches include at
least the number of hidden layers, the number of neurons in each hidden layer, size of the mini-batches, the number
of epochs, and the learning rate 7.

The momentum technique is a common heuristic for training deep artificial neural networks. In momentum-
based stochastic gradient descent, each parameter w in the network (weight or bias) has a corresponding velocity
v. The velocity is defined by vy = 0 and

=
Vg1 = v — 1| 52— |
owy

where v; and w; correspond, respectively, to v and w at iteration t of stochastic gradient descent. At each iteration,
the parameter w is updated by the rule wyy1 = wy + v441. Intuitively, the momentum technique remembers the
velocity of each parameter, allowing larger updates when the direction of decrease in cost is consistent over many
iterations. The parameter 0 < p < 1 controls the effect of the previous velocity on the next velocity, and 1 — p is
commonly interpreted as a coefficient of friction. If u = 0, the technique is equivalent to gradient descent.
Dropout is another common heuristic for training deep artificial neural networks. At every iteration of stochastic
gradient descent, half the hidden neurons are removed at random. In most implementations, this can be accom-
plished by forcing the outputs of the corresponding neurons to be zero. The modified network is applied as usual to
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the observations in a mini-batch, and backpropagation follows, as if the network were not changed. The resulting
partial derivatives are used to update the parameters of the neurons that were not removed. After training is fin-
ished, the weights incoming from hidden neurons are halved. This heuristic is believed to make the network robust
to the absence of particular features, which might be particular to the training data. Dropout is considered related
to regularization for trying to reduce overfitting.

There are many more heuristics for implementing multilayer perceptrons that will not be described in detail in
this text. Although we focused most of the discussion on sigmoid neurons, rectified linear neurons have achieved
superior results in important benchmarks.

In summary, training a multilayer perceptron involves a large number of hyperparameters, such as number of
layers, number of neurons per layer, learning rate, momentum coefficient, mini-batch size, and number of epochs.
The success of multilayer perceptrons is highly dependent on these hyperparameters.

Convolutional neural networks were first developed for image classification, which will be the focus of our
presentation, although they have also been successfully applied to other tasks.

A two-dimensional image may be represented by a function f : Z? — R°. An element a € Z? is called a pixel,
and f(a) is the value of pixel a. If f(a) = (fi(a),..., fe(a)), then f; is called channel i.

A window W C Z? is a finite set W = [s1,51] X [s2, S2] that corresponds to a rectangle in the image domain.
The size of this window W is denoted by w X h, where w = S7 —s1 +1 and h = Sy — s9 + 1. Because the domain Z
of images of interest is usually a window, it is possible to flatten an image f into a vector x € R¢%l. In this vector,
there is a scalar value f;(a) corresponding to the value of each channel i of each pixel a € Z.

Consider an iid dataset D = (x1,y1),---,(Xn,yn~), such that x; € RP and y; € {0,1}°, where each vector
x; corresponds to a distinct image Z2 — R°. Also, suppose that all images are defined on the same window Z,
such that D = ¢|Z]|. The task of image classification consists on assigning a class label for a given image based on
generalization from D.

A convolutional neural network is particularly well suited for image classification, because it explores the spatial
relationships between pixels (organization in Z?2). Similarly to multilayer perceptrons, a convolutional neural net-
work is also a parameterized function, and the parameters are usually learned by stochastic gradient descent on a
cost function defined on the training set. In contrast to multilayer perceptrons, there are three main types of layers
in a convolutional neural network: convolutional layers, pooling layers and fully connected layers.

A convolutional layer receives an input image f and outputs an image o. A convolutional layer is composed
solely of artificial neurons. Each artificial neuron & in a convolutional layer [ receives as input the values in a window
W = [s1,51] X [s2,52] C Z of size w x h, where Z is the domain of f. The weighted output z,(ll) of that neuron is

given by
c S So

20 = 4 Z Z Z wi(Ll,)i,j,kag,ljj;)'

i=1j=s1 k=s2

El;,i) = fi(4, k) is the value of pixel (j, k) in channel ¢ of the input image f. Also, bg) is

the bias of neuron h and w}(f)l ik 18 the weight that neuron h in layer [ associates to f;(j, k). The activation function
for a convolutional layer is typically rectified linear, so ag) = max(0, z,(f)). The definition of z,(f) is similar to the
definition of the weighted input for a neuron in a multilayer perceptron. The only difference is that a neuron in a
convolutional layer is not necessarily connected to the activations of all neurons in the previous layer, but only to
the activations in a particular w x h window W. Each neuron in a convolutional layer has cwh weights and a single
bias.

A neuron in a convolutional layer is replicated (through parameter sharing) for all windows of size w x h in the
domain Z whose centers are offset by pre-defined steps. These steps are the horizontal and vertical strides. The
activations corresponding to a neuron replicated in this way correspond to the values in a single channel of the
output image o (appropriately arranged in Z?). Thus, an output image o : Z? — R™ is obtained by replicating n
neurons over the whole domain of the input image. The total number of free parameters in a convolutional layer is
only n(cwh + 1). If the parameters in a convolutional layer were not shared by replicated neurons, the number of
parameters would be mn(cwh + 1), where m is the number of windows of size w x h that fit into f (for the given
strides).

The weighted outputs (minus the bias) of replicated neurons correspond to an output channel that is analogous
to the discrete (multichannel) convolution of the input f with a particular image g. The values of g correspond to
the (shared) weights of the replicated neurons (appropriately arranged in Z?). This assumes that the horizontal and
vertical strides are 1 and that the domain of the resulting image is always restricted to the window domain of f. In
other words, each channel o, in the output o of a convolutional layer corresponds to a (multichannel) convolution

In the equation above, a
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with an image g,, which is also called a filter. This is the origin of the name convolutional network. Therefore,
to define a convolutional layer, it is enough to specify the size of the filters (window size), the number of filters
(number of channels in the output image), horizontal and vertical strides (which are usually 1).

Each channel in the output of a convolutional layer can also be seen as the response of the input image to a
particular (learned) filter. Based on this interpretation, each channel in the output image is also called an activation
map.

Backpropagation can be adapted to compute the partial derivative of the cost with respect to every parameter
in a convolutional layer. The fact that a single weight affects the output of several neurons must be taken into
account. We omit the details of backpropagation for convolutional neural networks in this text.

A pooling layer receives an input image f : Z? — R° and outputs an image o : Z2 — R°. A pooling layer reduces
the size of the window domain Z of f by an operation that acts independently on each channel. A typical pooling
technique is called max-pooling. In max-pooling, the maximum value of channel f; in a particular window of size
w X h corresponds to an output value in channel 0;. To define a max-pooling layer, it is enough to specify the size of
these windows and the strides (which usually match the window dimensions). The objective of reducing the spatial
domain of the image is to achieve similar results to using comparatively larger convolutional filters in the next
layers. This supposedly allows the detection of higher-level features in the input image with a reduced number of
parameters. It is also believed that max-pooling improves the invariance of the classification to translations of the
original image. In practice, a sequence of alternating convolutional and max-pooling layers has obtained excellent
results in many image classification tasks. Backpropagation can also be performed through max-pooling layers.

In summary, a max-pooling layer receives an input image f : Z? — R¢ and outputs an image o : Z? — R¢ defined
by

0;(j, k) = L fi(a),

where i € {1,...,c}, (j, k) € Z*, Z is the window domain of f, and W, C Z is the input window corresponding
to output pixel (j, k).

A fully connected layer receives an input image f : Z?> — R® or an input vector x and outputs a vector o. A
fully connected layer is precisely analogous to a layer in a multilayer perceptron, and can only be succeeded by
other fully connected layers. The final layer in a convolutional neural network is always a fully connected layer
with C' neurons, which is responsible for representing the classification. Backpropagation in fully connected layers
is analogous to backpropagation in multilayer perceptrons.

Deep convolutional neural networks are usually trained in large labeled datasets, requiring (non-trivial) efficient
implementations. After training a convolutional neural network for a particular dataset, it is possible to re-use the
parameters of the network (up to its last fully connected layer) as a starting point for another classification task.
This technique decouples representation learning from a specific image classification problem, and has been very
successful in practice.

In summary, convolutional neural networks are highly specialized models that were originally conceived for
image classification. The choice of hyperparameters (including types of layers, number of layers, filters per layer,
filter sizes, strides, and the usual training procedure hyperparameters) is crucial for efficacy.

18 Variational inference

The task of obtaining a posterior density for a parameter € given a dataset D has been tackled several times in
this text. Unfortunately, there is often no convenient conjugate prior for a given likelihood function. In such
cases, evaluating the posterior distribution or computing corresponding expectations may be intractable. Section
8 presents a technique that addresses this issue by approximating the desired posterior distribution. This section
presents variational inference methods that also find (analytical) approximations to posterior distributions.

The Kullback-Leibler divergence KL(p||q) between two pdfs p and ¢ is given by

= T HM T
KL(pllq) = /V o PR e

It can be shown that KL(p||g) = 0 if and only if p and ¢ are equal almost everywhere.

The approach taken by the variational inference methods presented in this section corresponds to finding the
function ¢ that minimizes the Kullback-Leibler divergence KL(g||p(- | D)), where p(- | D) is the posterior density
function over ® given a dataset D. The function ¢ is also required to belong to a tractable family of probability
density functions.
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Note that KL(q||p(- | D)) strongly discourages ¢ from overestimating the posterior, especially where ¢ achieves
high densities. In comparison, KL(p(- | D)||q) strongly discourages ¢ from underestimating the posterior, especially
where the posterior achieves high densities.

If a multimodal posterior p(- | D) is to be approximated by a unimodal distribution ¢ by minimizing a Kullback-
Leibler divergence, it is often advisable to minimize KL(g||p(- | D)) with respect to ¢, even though the resulting
distribution may underestimate uncertainty. This is because minimizing KL(p(- | D)||q) with respect to ¢ may
result in a distribution whose mode is on a region of low posterior density.

Consider the task of minimizing the Kullback-Leibler divergence KL(q||p(- | D)) with respect to ¢ for a fixed
p(- | D). Firstly, note that KL(¢||p(- | D)) can be written

KLl 1) = [ a0 8% a0= [ 4(0)na(6) -0 D) do
~ [ aOma®) a0~ [ q)p(o] D) a0
Val(®) Val(®)
_ N B ,P(D.9)
_/Val(@) 4(6)Ing(6) db Val(®) a()!1 p(D) a0

:/ q(0)Inq(0) d6 7/ q(0)Inp(D,0) do + lnp(D)/ q(0) do
Val(®) Val(®) Val(®)

— lnp(D) + /V 0, O 106(0) ~10p(D.0)] 46 = p(D) ~ L(o),

where

_ np(D,O)
L(Q)‘/val(@q“m a0

Since L(q) = Inp(D) — KL(q||p(- | P)) and KL(¢||p(: | D)) > 0 for any pdf ¢, note that L(q) < Inp(D). In other
words, L(q) is a lower bound on the log-marginal likelihood Inp(D) for any pdf g.

Because Inp(D) is constant with respect to g, the task of minimizing the Kullback-Leibler divergence KL(g||p(- |
D)) with respect to ¢ is equivalent to maximizing L(gq) with respect to g.

Note that L(g) can also be written as

_ PP 10)p®O) N L PO
La)= /Val(®) Ol q(0) 10 Val(®) () {1 p(D]6)+1 q(0) 10
= n np—(e) = n —
= oy @@ 0 a0+ [ 010 R 10~ B, hnp(D | ©) KL (i)

Therefore, minimizing the Kullback-Leibler divergence between ¢ and p(- | D) with respect to ¢ is equivalent to
maximizing the expected log-likelihood under ¢ minus the Kullback-Leibler divergence between ¢ and the prior p.

Naturally, L(¢*) = max, L(¢) = Inp(D) if and only if ¢* is equal to p(- | D) almost everywhere. However,
in order to guarantee that ¢* is tractable, we will instead consider the task of maximizing L(gq) with respect to
distributions ¢ that can be written as

D
q(0) = qu‘(@),

for some pdfs qi,...,¢p. In words, we consider the task of finding an approximate posterior where each parameter
is independent of the others (given the dataset D).

In order to find a solution ¢* to this optimization problem, we begin by isolating terms in L(q) corresponding
to g; for an arbitrary j, which will allow us to write the pdf ¢} using the pdfs q¢7,....¢;_1,4¢;41,--.,¢p. From the
definition of L(g*),

Lo)= [ a®npp.6)do- [ q(®)1nq() do.
Val(©®) Val(©)
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We let T} denote the first term in the previous expression for L(q), which is given by

le/ ¢(8) Inp(D, 0) dB:/ / q;(0;) |JJ@(6:)| np(D,6) deo_, do,
Val(©®) Val(©;) JVal(6_;) itj

:/ q;(0;) / [10:)| np(D,6) do_, | do, :/ q;(0;)Eq [Inp(D, 0;,©;)] do,,
Val(©;) Val(6_;) i£j Val(©;)
where the expectation relies on the fact that, for any pdf ¢ and corresponding pdfs ¢1,...,qp,
q(6_;) :/ 0;) [[ai(0:) = [ s (0
Val(®;) i#] i#]

We let T denote the second term in the previous expression for L(g), which is given by

T2 = _/ Q(G) lnq(e) do = _/ Q( IDQJ + Zln% z 9
Val(®) Val(®) i#]
= f/ q(0)Ing;(6;) do 7/ q(6)> (6
Val(®) Val(®) i£j

We let T3 ; denote the first term in the previous expression for 75, which is given by

Tg’l = —/ / q(@) lnqj(ﬁj) dgij dGJ = —/ / J HQz i IHQJ ) de,j deg
Val(®;) JVval(@_;) Val(®;) JVval(@_;)

i#]
= _/ qj(ej)lnqj(e / qu % de,j dag = _/ qj(ﬁj)lnqj(ﬁj) dej
Val(©;) Val(®_;) oy Val(©;)

we let T3 » denote the second term in the previous expression for 75, which is given by

T, :—/ / q(08 Ingq;(6;) dO; de_, / / ; q; (0; Ing;(0;) db; de_,
22 Val(®_;) JVal(©;) ( )Z ( ) ’ Val(®_; Val(©;) J) H ( Z

i#£j i#£] i#]
= / qu [ Zln%(az) [/ qj(ej) dg]] dG_j = 7\/ qu i ZIH Qz d0_7
Val(®_;) itj ] Val(©;) Val(®_;) itj ]

Combining these results, L(g) may be written as

o= [ o OB (D0, 0,)] s, - [ wymae) o - | L) S mai6:) do_,.
Val Va

1(8;) Val(®—) | iz; ]

Note that the last term is a constant with respect to ¢;. Therefore, the task of maximizing L(g) with respect to
g; for fixed qi1,...,9j-1,¢j+1,---,qp is equivalent to maximizing L;, which is given by

L; :/ q;(6;)Eq [Inp(D,0;,0;)] dy, —/ q;(0;5) Inq;(6;) db;.
Val(©;) Val(©;)

For any j, let f; be a function given by
eﬂiq [lnp(D,Gj:O,G)j )]

C; ’

fi(0) =
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where

C = / (Eallnp(D.0;,0,)] g,
Val(@j)

is a constant with respect to #. Clearly, f; is a valid probability density function, since f;(8) > 0 for any 6 and

fVal(@) fi(0) do =1.
Finally, note that the Kullback-Leibler divergence KL(g;||f;) is given by

Ny
KL(g;117) =/ qj(0;) In 4(6;) do; = /\/al(@)qj(%)lnqj(ﬁj) do; —/ qj(0;)In f;(0;) db;

Val(©;) fi(65) Val(©;)

=/ qj(05) Inq;(0;) db; —/ qj(0;) [Eq [Inp(D,0;,0;)] —InCj] do;
Val(©;) Val(©;)

= / qj(05)Inq;(0;) db; */ qj(0;)Eq [Inp(D,0;,0;)] df; +InC; =InCj — L;.
Val(©;) Val(©;)

Because In C; is a constant with respect to ¢;, minimizing KL(g;||f;) with respect to g; is equivalent to maxi-
mizing L; with respect to ¢;. Naturally, KL(g;||f;) is minimized by q; if and only if ¢ = f;.

Consider a process that starts with appropriately initialized ¢, ..., ¢p, and that updates each g; to the corre-
sponding f; given by the other ¢1,...,¢j-1,¢j+1,.-.,¢p. It can be shown that this process will eventually converge
to the unique optimal ¢7,...,¢;_1,¢}11,---,qp-
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