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Abstract

These lecture notes introduce supervised machine learning, from its mathemat-
ical foundations to the algorithms that are used in practice and to the theory that
explains why they work. Part I gathers the mathematical background needed
throughout the course: norms, derivatives, convex sets and convex functions, and
convex optimization, with the optimality conditions, the gradient descent algo-
rithms and the Lagrangian duality that underlie most learning methods.

Part II sets up the supervised learning problem. It describes the data and
the main learning tasks, introduces the framework of statistical learning theory —
empirical risk minimization and generalization bounds — and details the learning
procedure: how to train a model, how to tune its hyper-parameters and how to
evaluate it with performance measures adapted to regression and classification. It
then presents the main supervised algorithms: surrogate losses, k-nearest neigh-
bours, support vector machines, linear and logistic regression, multinomial logistic
regression, kernel regression, decision trees and neural networks. For each of them,
we describe the model, the optimization problem it solves and the way it is used in
practice.

Part III goes one step further. It comes back to statistical learning theory
through the decomposition of the error into bias, variance, approximation and es-
timation terms, and uses it to explain why combining models works: bagging and
random forests, boosting, stacking and gradient boosting. Metric learning and
practical advice on learning with real data complete this part.

Part IV presents PAC-Bayesian theory, a framework whose object of study is
a distribution over models, that is, precisely what an ensemble method learns. It
derives generalization bounds that certify the risk of majority votes, explains the
role of the diversity of the voters, and shows how minimizing these bounds leads
to self-bounding algorithms, which output a model together with a guarantee on its
risk.

Each notion is illustrated with examples and figures, and each section ends
with short questions to check one’s understanding. The exercises of the course
are gathered in a separate booklet whose sections follow those of these notes. For
neural networks, we warmly recommend the video lectures of Hugo Larochelle, an
excellent complement to the corresponding section.


mailto:guillaume.metzler@univ-lyon2.fr
https://www.youtube.com/playlist?list=PL6Xpj9I5qXYFD_rc1tttugXLfE2TcKyiO

Contents

How to read these notes

I Mathematical background

1 Probability Essentials and Concentration Inequalities
1.1 Probability spaces, random variables and distributions . . . . . .. . ..
1.2 Expectation, variance and conditional expectation . . . . ... ... ..
1.3 Limit theorems: law of large numbers and central limit theorem . . . . .

1.4 Concentration inequalities . . . . . . . . . .. ... L.

2 Linear Algebra and Convexity
2.1 Norms . . . . . . o
2.2 Derivatives . . . . . . L e
2.3 Convex setS . . . . . . ..

2.4 Convex functions . . . . . . . . . . e e e

3 Unconstrained and Smooth Convex Optimization
3.1 Motivation . . . ... L
3.2 Optimality Conditions . . . . . . .. .. ... .
3.3 Minimization Problems . . . .. .. .. ... .. .. 000

3.4  Gradient Descent Algorithms . . . . .. ... ... ... ... ... ..

4 Constrained and Smooth Convex Optimization
4.1 Motivation: Constraints in Machine Learning . . . . .. ... ... ...
4.2 Problem Formulation . . . . . ... ... ... . L o0
4.3 Equality Constraints and Lagrange Multipliers . . . . ... ... .. ..
4.4 Lagrangian Duality . . . . . . . ... ... oo
4.5 The Karush-Kuhn-Tucker Conditions . . . . .. .. ... .. .. ....
4.6 Worked Examples . . . . . . ... L
4.7 Projected Gradient Descent . . . . . . . . .. ... ..

II Supervised Machine Learning

5 Introduction
5.1 Generalities . . . . . . . . e e

5.2 Data and Machine Learning problems . . . . .. ... ... ... ....

12
18
21

33
33
37
40
42

52
52
53
57
59

73
73
74
75
7
79
81
82

87

2 - Statistical Supervised Machine Learning



6 Statistical Learning Theory

6.1
6.2

Empirical Risk Minimization . . . ... ... ... ... ... ......

Generalization Bounds . . . . . . . .

7 Learning Procedure

7.1
7.2

How to train and tune a Model . . . . . . . . . .. .. ... .. .....

Performance Measures . . . . . . . . . . . e e

8 Supervised Algorithms

8.1
8.2
8.3
8.4
8.5
8.6
8.7

Surrogate losses . . . . . . . L.
k-Nearest Neighbors . . . . . . . . .. . . ... . ... .. .......
Support Vector Machine . . . . . . ... ... .. ... ... ... ...,
Linear Regression and Logistic Regression . . . . . . .. ... ... ...
Multinomial Logistic Regression . . . . . .. .. ... ... ... .....
Kernel Regression. . . . . . . .. .. . L L

Decision Trees (classification and regression) . . . . . . . ... ... ...

9 Neural Networks

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

From the perceptron to the multilayer perceptron . . . . . . .. ... ..
Activation functions . . . . . ...
Expressive power: the universal approximation theorem . ... ... ..
Loss functions . . . . . . . .. L Lo
Training: forward pass and backpropagation . . . . . ... ... ... ..
Optimization . . . . . . . ..
Regularization . . . . . . .. L oo
Convolutional neural networks . . . . . .. ... ... L.

Recurrent neural networks . . . . . . . . .. . Lo o

9.10 Other architectures . . . . . . . . . . . . . e e

9.11 Practical advice . . . . . . . . .. e

98
99
104

113
113
119

130
130
131
137
149
156
159
161

IIT Advanced Supervised Machine Learning and Implementation 198

10 Advanced Supervised Algorithms
10.1 Back to Statistical Learning Theory . . . .. .. .. .. .. ... ....
10.2 Ensemble Methods . . . . . . . .. .. Lo oo
10.3 Gradient Boosting . . . . . . ... Lo oo
10.4 Metric Learning . . . . . . . . . ... Lo o

199

3 - Statistical Supervised Machine Learning



11 Applications and Learning in Practice 244

11.1 Framing the Problem and Choosing a Metric . . . . .. ... ... ... 244
11.2 Collecting and Exploring the Data . . . . . . ... ... ... ... ... 245
11.3 Preprocessing and Feature Engineering . . . . . . . ... ... ... ... 245
11.4 Splitting the Data and Avoiding Leakage . . . . . . . .. ... ... ... 247
11.5 Choosing, Tuning and Comparing Models . . . . . . .. ... ... ... 248
11.6 Learning from Imbalanced Data . . . . . . . . ... ... ... ... ... 250
11.7 Interpreting a Model . . . . . . . ... oL oo 253
11.8 Reproducibility and Reporting . . . . . . .. ... ... ... .. 254
11.9 A Checklist . . . . . . . o o 255

IV  PAC-Bayesian Learning: a Theoretical Framework for Ensem-

ble Methods 258
12 Why PAC-Bayes for ensemble methods? 261
12.1 A puzzling experiment . . . . . . . . . ... 261
12.2 A vote is a distribution over voters . . . . . .. ... L. 262
12.3 What is a guarantee? . . . . . . . . . ... 264
12.4 The PAC-Bayesianidea . . . . . . . . . ... ... ... .. ....... 265
13 From an error on a sample to a guarantee 267
13.1 One classifier fixed in advance . . . . . . ... .. .. ... ... 267
13.2 Markov’s inequality . . . . . . . .. L oL o 267
13.3 Hoeffding’s inequality and the test-set bound . . . . ... ... ... .. 268
13.4 A sharper bound with the binary kl . . . . ... ... ... ... .... 269
13.5 What goes wrong when we choose . . . . ... ... ... ........ 272
13.6 Occam’s bound: spreading the confidence with a prior . . . .. ... .. 273
14 The PAC-Bayesian bound 276
14.1 Measuring the distance to the prior: the KL divergence . . .. .. ... 276
14.2 The change of measure . . . . . .. .. .. . . o L. 277
14.3 A first PAC-Bayesian bound . . . . . . . . . ... 278
14.4 The bounds used in practice . . . . . . . . . .. ... ... ... 279
14.5 Reading the bound . . . . . . . .. .. . . o oo 281
14.6 Choosing the prior and the posterior . . . . . .. .. .. .. ... .... 282

4 - Statistical Supervised Machine Learning



15 From the Gibbs classifier to the majority vote 285

15.1 One random variable that describes the vote . . . . . . . ... ... ... 285
15.2 The first-order bound . . . . . . ... L Lo Lo 286
15.3 Condorcet’s jury theorem . . . . . . . . ... ... L. 287
15.4 Pairs of voters: joint error and disagreement . . . . . . . ... ... ... 287
15.5 The tandem bound . . . . . . . .. . ... L Lo L 289
15.6 Margins and boosting . . . . . .. ... o L oL 290
16 Learning with the bounds 293
16.1 From empirical risk minimization to bound minimization. . . . . . . . . 293
16.2 Random forests and the out-of-bag examples . . . . .. ... ... ... 294
16.3 Learning the weights of a forest . . . . . . .. .. .. .. ... ... ... 294
16.4 Beyond ensembles . . . .. .. L L oo oo 296
17 Deriving a self-bounding algorithm, step by step 298
17.1 Therecipe . . . . . . . . o o e 298
17.2 Steps 1 and 2: the bound and what is fixed . . ... ... ... ... .. 299
17.3 Step 3: the objective . . . . . . . . . . . ... ... 299
17.4 Step 4: solving the minimization . . . . ... ... ... ... .. .... 300
17.5 Step 5: certify, and choose A. . . . . . ..o Lo 302
17.6 What to remember from the derivation. . . . . . .. .. ... ... ... 303
A Answers to the “Check your understanding” questions 305
Bibliography 318

5 - Statistical Supervised Machine Learning



How to read these notes

The notes are organized in four parts, which can be read in order. Part I is a toolbox:
readers familiar with convex optimization can skip it and come back to it when a
result is needed. Part II is the core of the course (Master 1), Part III is devoted to
ensemble methods and to the practice of machine learning, and Part IV develops the
PAC-Bayesian theory of ensemble methods (Master 2 MALIA), in six short sections
that start from the fundamentals.

Definitions are given in blue boxes, and theorems, propositions and corollaries in
red boxes, always with their proofs or proof sketches; lemmas are in green boxes. Long
computations are written one step per line, and a grey arrow explains how
each line is obtained from the previous one. Examples are numbered by section.

Each section ends with a summary To remember and with short questions Check
your understanding, grouped by subsection, whose answers are in Section A. The figures
of Part IV are generated by Python scripts gathered in the folder code/ of the project,
or by TikZ files of the folder figures/tikz/; the end of each caption indicates its
source.

Prerequisites. Basic linear algebra (vectors, matrices, inner products), differential
calculus in several variables, and probability (expectation, variance, independence, the
law of large numbers).
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Part 1

Mathematical background

Machine learning algorithms are, for the most part, solutions of optimization prob-
lems: a model is learned by minimizing a criterion that measures how badly it fits the
data, often with a penalty on its complexity. This first part recalls the mathematical
tools needed to write, understand and solve such problems. Since models are learned
from random data, Section 1 first recalls the probability needed to describe this ran-
domness: expectations, conditional expectations, limit theorems and the concentration
inequalities that turn an error measured on a sample into a guarantee on unseen data.
Section 2 gathers the notions of linear algebra and convexity (norms, derivatives, convex
sets and convex functions); Section 3 studies unconstrained smooth convex optimiza-
tion, its optimality conditions and the gradient descent algorithms that underlie most
learning methods; Section 4 deals with constrained problems, Lagrangian duality and
the Karush—Kuhn—Tucker conditions, which are the key to support vector machines.
These reminders are essential to understand the calculations and properties of the algo-
rithms presented later, and the way solvers work. For further details on convexity and
convex optimization, we refer to Boyd and Vandenberghe (2004).
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1 Probability Essentials and Concentration Inequalities

Machine learning is about learning from data, and data are random: the examples that
we observe could have been different, and the examples on which our model will be used
are not known yet. Probability theory is the language that allows us to describe this
randomness, to define precisely what a “good” model is, and, above all, to quantify how
much we can trust what we measure on a finite sample. This first section gathers the
notions of probability used throughout the notes. It starts from scratch, with intuition
and examples (a very readable complement is the book of Wasserman (2004)), so that it
can be read by students who have not practised probability for a while, but it remains
rigorous, since the results stated here are used in the proofs of the following sections.

About this section

Guiding question. A classifier makes 12% of errors on 1000 exzamples: what does this
tell us about the errors it will make on new examples, and how confident can we be?

In this section you will learn to:

e describe a random experiment with a probability space, random variables and their
distributions (probability mass functions, densities, cumulative distribution func-
tions), and use the i.i.d. assumption that underlies supervised learning;

e compute expectations, variances and conditional expectations, and recognize that
the risk of a predictor is an expectation and the empirical risk an average;

o state the law of large numbers and the central limit theorem, and explain why they
are not sufficient to certify a learning algorithm;

e prove and use the union bound and the inequalities of Markov, Chebyshev, Cher-
noff and Hoeffding, use those of Bernstein and McDiarmid, and turn them into
statements “with probability at least 1 — 6 ” and into sample sizes.

In a nutshell The true performance of a model is an expectation over the un-
known distribution of the data; what we can compute is an average over a finite
sample. The law of large numbers says that the average converges to the expecta-
tion; concentration inequalities say how far apart they can be for a given sample
size m, with a given confidence. Typically, the deviation is of order y/In(1/0)/m:
to halve the uncertainty, one needs four times more data, whereas a much higher
confidence costs very little.

Throughout the section, we use the following running question: a classifier h has
been fixed (for instance, it was trained on other data), and we evaluate it on m new
examples on which it makes p errors in proportion. What can we say about its true
error rate p? We will meet this question again and again, with sharper and sharper
answers.

1.1 Probability spaces, random variables and distributions

Random experiments

A random experiment is an experiment whose outcome cannot be predicted with cer-
tainty: rolling a die, drawing a customer at random in a database, observing tomorrow’s
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temperature, or drawing a training sample. Its mathematical description is a probability
space.

Definition 1.1: Probability space

A probability space is a triple (Q, F,P) where
o 2 is the set of all possible outcomes w of the experiment (the sample space);

e F is a collection of subsets of €2, called events, which contains €2 and is stable
under complement and countable unions (a o-algebra);

o P: F — [0,1] is a probability measure: P(2) = 1 and, for every sequence
(Ag)r>1 of pairwise disjoint events,

P(JA4r) =D P(4) (o-additivity).
k>1 k>1
G J

The o-algebra is a technical ingredient that we will not discuss further: in this
course, every set that we write down is an event. The axioms immediately give the
rules that you already know: P(0)) = 0, P(A°) =1 —P(A), P(A) <P(B) if A C B, and
P(AUB) =P(A) +P(B) —P(AN B).

Ezample 1.1. For a fair die, Q@ = {1,...,6}, every subset is an event and P(A) = | A|/6.
The event “the result is even” is A = {2,4,6} and P(A) = 1/2. For two independent
tosses of a coin with probability p of heads, @ = {HH,HT,TH,TT} and P({HT}) =

p(1—p).

The conditional probability of A given an event B with P(B) > 0is P(A | B) =
P(ANB)/P(B): it is the proportion of the outcomes of B that also belong to A. If (By)x
is a partition of Q) into events of positive probability, we get the law of total probability
and Bayes’ formula:

P(A | Bj) P(B;)

Random variables and their distributions

In practice, we are not interested in the outcome w itself, but in numbers computed from
it: the size of a customer, the label of an image, the number of errors of a classifier.

Definition 1.2: Random variable, distribution, cumulative distribution

function

A (real) random variable is a function X : @ — R such that {X < t} = {w €
Q : X(w) < t} is an event for every ¢ € R. The distribution (or law) of X
is the probability Px on R defined by Px(B) = P(X € B), and its cumulative
distribution function (cdf) is

Fx(t)=P(X <t), teR
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A cdf is non-decreasing, right-continuous, tends to 0 at —oo and to 1 at +o0, and
it characterizes the distribution: two random variables with the same cdf have the same
distribution, which we write X ~Y (or X ~ Px). Two kinds of distributions will cover
all our needs.

o X is discrete if it takes its values in a finite or countable set {x1,xo,...}. Its
distribution is described by its probability mass function (pmf) px(xr) = P(X =
xr), with >, px(zg) =1, and P(X € B) = Y kapeB px (k).

o X is continuous (or has a density) if there exists a nonnegative function fx with
Jg fx(x)dz = 1 such that P(X € [a,b]) = f; fx(xz)dz for all @ < b. Then
Fx(t) = ffoo fx(z)dz and fx = F% wherever fx is continuous.

Pitfall A density is not a probability: fx(z) can be larger than 1 (see the density
of N/(1,0.25) in Fig. 1), and for a continuous variable P(X = z) = 0 for every =.
Only areas under the density are probabilities.

The following distributions will appear everywhere in this course.

e Bernoulli B(p), p € [0,1]: X € {0,1} with P(X = 1) = p. It models any yes/no
outcome; in particular, the indicator 1j,(x).,} that a classifier / errs on a random
example (x,y) is a Bernoulli variable whose parameter is the error rate of h.

o Binomial Bin(m, p): the number of successes in m independent Bernoulli trials of
parameter p, with P(X = k) = (?)pk(l —p)™* for k € {0,...,m}. The number
of errors of a fixed classifier on m independent test examples is binomial.

o Uniform U([a,d]), a < b: density f(z) = ;= on [a,b] and 0 elsewhere. All the
sub-intervals of [a, b] of the same length have the same probability.

o Gaussian (or normal) N'(u,02), u € R, o > 0: density f(z) = a\}ﬂ exp (— (m_“)Q).

If X ~N(u,0?), then (X — u)/o ~ N(0,1), whose cdf is denoted by .

202

(a) pmf of a binomial (b) densities (c) cdfs
0.3 1 e Bin(10,0.3) 089 — ao,1) 1.00 -
s — M1,0.25) =
= 024 % 0.6 u(-1,2) ;Q 0.75 4
Il -
> % 0.4 1 % 0.50 -
T 01 8 / =
01 ‘ ] © 0.2 J \\ & 0.25
0.0 I T T I —~ s 0.0 - — L 0.00 - T
0 2 4 6 8 10 -4 -2 0 2 4 -4
k x t

Figure 1: (a) The pmf of the binomial distribution Bin(10,0.3), e.g. the number of errors on 10
test examples of a classifier with error rate 0.3. (b) Densities of two Gaussian distributions and
of a uniform distribution; the shaded area is P(—1 < X < 0.5) for X ~ N(0,1), and a density
can exceed 1. (c¢) The cdf of A(0,1) is continuous, while the cdf of the Bernoulli distribution
B(0.3) is a step function, which jumps by P(X = z) at each value z (filled dots: value of the cdf
at the jump). [code: make_figures_prob.py: fig_prob_distributions]
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Random vectors, joint distributions and independence

A random vector X = (X7,...,Xy) is a vector of random variables defined on the same
probability space; its distribution on R¢ is called the joint distribution of X1, ..., Xq.
In supervised learning, the pair (x,y) made of a description x € R? and of a label y is
a random vector, whose joint distribution is the (unknown) distribution D of the data.

The distribution of a single component is called a marginal distribution; it is ob-
tained by summing (or integrating) the joint pmf (or density) over the other components.
For instance, for two discrete variables,

P(X =2)= ZIP’(X =uz,Y =y), and, with densities, fx(z) = /foy(a:,y) dy.
y

The marginals do not determine the joint distribution: knowing the distribution of the
heights and the distribution of the weights of a population does not tell us how heights
and weights are related. Independence is the special case where there is no relation at
all.

Definition 1.3: Independence

Random variables X7, ..., X, are (mutually) independent if, for all sets By, ..., By,

P(X1 € By,...,X, € By) = [[P(X; € By).
=1

Equivalently, the joint pmf (or the joint density) is the product of the marginal
ones. They are independent and identically distributed (4.i.d.) if, moreover, they

all have the same distribution.
& J

If Xy,...,X, are independent, then so are g;(X1),...,gn(X,) for any functions
Ji,---,0n, and so are functions of disjoint groups of variables, such as X; + X» and
X3X4.

Pitfall Independence of all pairs does not imply mutual independence. Let
X1, X2 be independent and uniform on {—1,+1}, and X3 = X; X5. Each pair is
independent, but X3 is a function of (X7, X3): knowing X; and X5, we know X3.

The i.i.d. assumption in machine learning

Throughout the notes, we assume that the examples of the learning sample S =
{(xi, i)}, are drawn independently from the same distribution D over X x ), and
that the future examples on which the model will be used are drawn from D as well.
We write S ~ D™, where D™ denotes the product distribution: the sample S is itself
a random object, and every quantity computed from it (the empirical risk, the learned
model, its accuracy on a test set) is a random variable.

This assumption is what makes learning possible at all. “Identically distributed”
means that the past is representative of the future: the examples we learn from look like
the examples on which we will predict. “Independent” means that each new example
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brings new information: the empirical risk then becomes an average of independent
variables, and all the tools of this section apply to it.

Remark The i.i.d. assumption is a model, and it can fail in practice: time series
(today’s stock price depends on yesterday’s), groups of correlated examples (sev-
eral images of the same patient, several sales of the same customer), duplicates
between training and test data, or a distribution that changes over time (distri-
bution shift). In these cases, the guarantees of this course do not apply as such,
and the evaluation protocol must be adapted, for instance by splitting the data
by patient or by date (see Section 6 and the following sections).

1.2 Expectation, variance and conditional expectation

Expectation

The expectation of a random variable is its mean value, where each possible value is
weighted by its probability. It is the “centre of mass” of its distribution.

Definition 1.4: Expectation

Let X be a random variable.

o If X is discrete with values x1,x2,... and >, |zx| P(X = zx) < +o0, its
expectation is E[X] = Zwk P(X = xp).
k
o If X has a density fx and [ |z|fx(z)dx < +oo, its expectation is E[X] =
/:fo(m) dzx.
R

More generally, for a function g : R — R (and in the same way for a random vector
X and g : R — R),
Elg()] = Yoo BX =a)  or  Elg(X)] = [ g() fx(x)da,
k

whenever the sum or the integral converges absolutely. The expectation of a ran-

dom vector is the vector of the expectations of its components.
G J

The last formula (sometimes called the transfer theorem) is very convenient: to
compute E[X?] or E[e*¥], we do not need the distribution of X? or of e**, only that of
X. When the expectation is taken with respect to a variable whose distribution must
be made explicit, we write it below the symbol, as in E ,)~p[l(h(x),y)] or Es~pm[].
Ezample 1.2. o If X ~B(p), thenE[X]=0x(1—p)+1xp=p.

o If X ~U([a,b]), then E[X] = ;L [P o dr = ot

o If X ~ N(u,0?), then E[X] = p (the density is symmetric around ), and
E[e?M] = eMHNT?/2 g every A € R (complete the square in the exponent).

o For the indicator 14 of an event A (equal to 1 on A and 0 elsewhere), E[14] =
P(A).
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Proposition 1.1: Properties of the expectation

Let X,Y be random variables with finite expectations, and a,b € R.

(i) Linearity: E[aX + bY]| = aE[X] 4+ bE[Y], whether or not X and Y are
independent.

(ii) Monotonicity: if X > 0 almost surely, then E[X] > 0; hence X <Y implies
E[X] < E[Y]. Moreover, |E[X]| <E|X].

(iii) Indicators: for every event A, E[14] = P(A).

(iv) Independence: if X and Y are independent, then E[XY] = E[X] E[Y]; more
generally, E[g(X)k(Y)] = E[g(X)] E[k(Y)] for all functions g,k such that
these expectations are finite. In particular, for independent X1,..., X,, and
A€ER, E [} 2 %] = [[,E [*X:].

(v) Tail formula: if X > 0, then

E[X] = /Om P(X > ) dt,

and, if X takes values in N, E[X] = 3", P(X > k).

(& J

Proof. (i)—(iii) follow from the linearity and the monotonicity of sums and integrals.
For (iv) in the discrete case,

EXY]=) ayP(X =2,Y =y)=> ayP(X =2)P(Y =y)
T,y T,y

= (;w P(X =) (Y P(;/Zy)),

and the case of densities is identical, with integrals; the product formula for A2 Xi =
[1; eMX follows by induction on n. For (v), write X = fOX dt = [;F° L xydt and
exchange the expectation and the integral (this is allowed for nonnegative integrands,
by Tonelli’s theorem):

E[X]=E [/0 Tri<xy dt] = /0 E []l{t<X}] dt = /0 P(X > t)dt.

For an integer-valued variable, P(X > t) =P(X > k) for t € [k — 1, k), which gives the
sum. 0

Remark Linearity holds without any independence assumption, and this is what
makes it so useful: the expected number of errors of a classifier on m examples is m
times its error rate, even if the examples were not independent. On the contrary,
the product rule (iv) requires independence: if X ~ B(1/2), then E[X - X] =
1/2 #1/4 = E[X]%

Variance and covariance

The expectation tells us where a variable is on average; the variance tells us how much
it fluctuates around this average.
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Definition 1.5: Variance, covariance

Let X,Y be random variables with E[X?] < 400 and E[Y?] < +00. The variance
of X and the covariance of X and Y are

Var(X) = E [(X — E[X])?] = E[X?] - E[X]%,
Cov(X,Y) = E [(X — E[X))(Y — E[Y])] = E[XY] — E[X]E[Y].

The standard deviation of X is ox = y/Var(X), which has the same unit as X.

- J
Proposition 1.2: Properties of the variance
Let X, X1,...,X,, be random variables with finite second moments and a,b € R.
(i) Var(aX + b) = a® Var(X), and Var(X) = 0 if and only if X is almost surely
constant.
m
(i) Var (Z X;) =" Var(X;) + 2 Cov(X;, X;).
=1 =1 1<j
(iii) If Xy,...,X,, are independent (or only pairwise uncorrelated), the variance
of the sum is the sum of the variances. In particular, if they are i.i.d. with
variance o2, the empirical mean X, = % ™, X, satisfies
E[X..] = E[X1] and Var(X,,) = —.
m
(iv) Bounded variables: if a < X < b almost surely, then Var(X) < (b_4a)2.
\ J

Proof. (i) and (ii) follow from the definition by expanding the squares and using the

linearity of the expectation (iii) Independence implies Cov(X;, X;) = 0 by Proposi-

tion 1.1 (iv); then Var(X,,) = # > Var(X;) = 2. (iv) For every ¢ € R, E[(X —¢)?] =

Var(X) + (E[X] — 6)2 > Var(X); with ¢ = %2, [X — ¢| < %52, hence Var(X) <
B[(X -] < #5¢5

O

The formula Var(X,,) = 02/m is the first quantitative statement about averages
in this course: the standard deviation of an average of m independent measurements
decreases as o/+4/m. This 1/y/m rate will appear in every generalization bound.

Ezample 1.3. If X ~ B(p), then X2 = X, so that Var(X) = p—p* = p(1—p) < %, with
equality for p = % If X ~ Bin(m,p), it is a sum of m independent Bernoulli variables,

hence E[X]| = mp and Var(X) = mp(1 — p). For X ~ U([a,b]), Var(X) = (bIS)Q, and
for X ~ N (p,02), Var(X) = o2

Pitfall Independent variables are uncorrelated, but the converse is false. If X is
uniform on {—1,0,1} and Y = X2, then Cov(X,Y) = E[X?] — E[X]|E[X?] = 0,
although Y is a function of X. The covariance only measures linear dependence.
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Jensen’s inequality

Expectation and nonlinear functions do not commute: in general E[g(X)] # g(E[X]).
For convex functions, the two quantities are nevertheless always ordered. Recall (Def-
inition 2.7 in Section 2) that f is convex if every chord of its graph lies above the
graph.

Proposition 1.3: Jensen’s inequality

Let X be a random variable with values in an interval I, with E |X| < +oo, and
let f: I — R be a convex function such that E|f(X)| < +o0o. Then

f(E[X]) <E[f(X)].

If f is concave, the inequality is reversed: E[f(X)] < f(E[X]).
N J

Proof. We give the proof for a differentiable convex function (the general case uses a
supporting line instead of the tangent). Let p = E[X] € I. A differentiable convex
function lies above its tangents (Proposition 2.6): f(x) > f(u) + f'(p)(xz — p) for every
x € I. Applying this with x = X and taking the expectation, by monotonicity and
linearity,

E[f(X)] > f(u) + f'(1) (E[X] — p) = ().

For a concave f, apply the result to the convex function —f. O

- convex function f
---- chord

T E[X] )
X =z, with probability 0.6
X =z, with probability 0.4

Figure 2: Jensen’s inequality for a variable taking two values. E[f(X)] is a weighted average of
f(z1) and f(z2), i.e. a point of the chord (red), while f(E[X]) is the point of the graph (teal)
at the same abscissa. For a convex f, the chord lies above the graph. [ code:
make_figures_prob.py: fig_prob_jensen]

Jensen’s inequality is used constantly in learning theory. With f(z) = 2, it
gives E[X]? < E[X?], i.e. Var(X) > 0. With the concave functions /- and In, it gives
E[VZ] < VE[Z] and E[In Z] < InE[Z] for Z > 0; with the convex function exp, it
gives ePX] < E[eX]. The last two inequalities are the heart of the change of measure

inequality of PAC-Bayesian theory (see Section 1.4).
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Pitfall E[1/X] # 1/E[X] in general. For X uniform on {1,3}, E[1/X] =
whereas 1/E[X] = 3: by Jensen’s inequality applied to the convex functio
z+— 1/z on (0,400), E[1/X] > 1/ E[X] for every positive X.

2
3
n

Conditional expectation

In supervised learning, we want to predict a label Y from a description X. The nat-
ural object is then the average value of Y when X is known: this is the conditional
expectation.

Definition 1.6: Conditional expectation

Let X be a discrete random variable and Y a random variable with E |Y| < +o0.
For every z such that P(X = z) > 0, the conditional expectation of Y given X =z
is

E[Y 1ix_s]

E[Y | X =z] = P(X = )

(: Zy PY=y|X=2z) ifYis discrete).
y

Setting g(z) = E[Y | X = z], the conditional expectation of Y given X is the
random variable E[Y | X] = g(X). When (X,Y) has a joint density fxy, we
define in the same way g(v) = [y fy|x(y | ©)dy with the conditional density
frix(y|z) = fxy(z,y)/fx(x).

A J

In words, E[Y | X = z] is the mean of Y over the sub-population of the outcomes
for which X = z, and E[Y | X] is a function of X: it is the best guess of Y that we
can make once we know X (we make this precise below). Conditional expectations are
manipulated with the following rules.

Proposition 1.4: Properties of the conditional expectation

Let X,Y,Z be random variables with E|Y[,E|Z| < 4o0.
(i) Linearity: E[aY +bZ | X] = aE[Y | X] +bE[Z | X].
(ii) Tower property (law of total expectation): E[E[Y | X]] = E[Y], ie. E[Y] =
Y LE[Y | X = z] P(X = z) in the discrete case.
(iii) Taking out what is known: E[k(X)Y | X] = k(X) E[Y | X] for every func-
tion k such that E |k(X)Y| < 4o0.

(iv) Independence: if X and Y are independent, then E[Y | X] = E[Y].

. J

Proof. In the discrete case. (i) is the linearity of the expectation applied to Y1 y_;
and Z1 x_g. (ii) Since the events {X = x} form a partition of €2, > I x_,3 = 1 and

E[EY | X]] =) EY | X=2]P(X=2)=)> E[Vix_y]

=E[YY x| =E[Y].
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(iii) On {X =z}, B(X)Y = k(2)Y, so E[k(X)Y | X = 2| = k(x)E[Y | X = z]. (iv) By
independence, E[Y 1;x_,;] = E[Y] P(X = ). O

The tower property is a “divide and conquer” rule: to compute an expectation,
first average within each group defined by X, then average the group means, weighted by
the size of the groups. Applied to Y = 1 4, it gives back the law of total probability (1.1).

Risks are expectations

We can now write the central objects of supervised learning in the language of prob-
ability; they are studied in detail in Section 6, where they are denoted by R¢(h) and
R%(h) (we drop the loss £ from the notation in this section). Let £(h(x),y) be the loss
incurred by a predictor h on an example (x,y).

e The true risk of h is the expected loss on a new example drawn from D:

For the 0-1 loss £(h(x),y) = L{p(x)y}, Proposition 1.1 (iii) shows that R(h) =
P x,y)~p (h(x) # y) is the probability of error of h.

o The empirical risk of h on the sample S = {(x;,y;)}/*; is the average loss on the

sample:
m

> U(h(xi), i)

i=1

Rs(h) = %

If h is fized, i.e. chosen independently of S, the variables Z; = ¢(h(x;), y;) are i.i.d.
with mean R(h), and Theorems 1.1 and 1.2 give

— ~ Var(Zy) _ (b- a)?
JE [Rs(h)] =R(h)  and Var (Rs(h)) = . 1 -

IN

if ¢€la,b].

(1.2)
The empirical risk is an unbiased estimator of the true risk, and its fluctuations decrease
as 1/y/m. For the 0-1 loss, mRg(h) ~ Bin(m,R(h)) is the number of errors on the
sample.

Pitfall Equation (1.2) holds for a predictor fixed before seeing S. The predictor
hs returned by a learning algorithm depends on S, the losses ¢(hg(x;),y;) are
no longer independent of hg, and in general E[Rg(hg)] < E[R(hg)]: the training
error is optimistic. This is why we evaluate a model on a test set that was not
used to learn it, and why generalization bounds must hold uniformly over all the
predictors that the algorithm could have chosen (Section 1.4).

Conditional expectations also describe the best possible predictors, called Bayes
predictors, which minimize the true risk over all functions; their risk is the Bayes risk
R* of Section 6.
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Proposition 1.5: Bayes predictors

Let (X,Y) ~ D.

(i) Regression with the squared loss. Assume E[Y?] < 400 and let f*(x) = E[Y |
X = 7] be the regression function. For every function g with E[g(X)?] < +oo0,

E[(Y - g(X))*] =E[(Y - £(X))*] + E[(f*(X) - 9(X))?].

Hence f* minimizes the quadratic risk, and the excess risk of g is its mean
squared distance to f*.

(ii) Classification with the 0-1 loss. Let ng(z) = P(Y = k | X = x) for each class
k. The classifier h*(z) € arg maxy ni(x) minimizes P(h(X) # Y') over all
classifiers h, and its risk is R* = 1 — E [ maxy n,(X)]. For two classes with
n(z) =P(Y =+1| X = z), h*(z) = +1 if and only if n(z) > 3 (ties broken
arbitrarily), and R* = E [min(n(X), 1 — n(X))].

. J

Proof. (i) Write Y — g(X) = (Y — f*(X)) + (f*(X) — g(X)) and expand the square.
The cross term vanishes by the tower property and by taking out what is known:

E[(Y = F(X))(F*(X) = g(X)] = E [(f*(X) - g(X)) (E[Y | X] - f*(X))] =0.

(ii) Conditionally on X = z, the classifier h errs unless Y = h(z), so P(h(X) #Y | X =
r) = 1 = e (z) > 1 — maxy ng(z), with equality for h = h*. Taking the expectation
over X (tower property) gives P(h(X) #Y) > 1 —E[max; np(X)] =P(h*(X) #Y). O

In words, the best possible regressor predicts the mean of Y given X, and the best
possible classifier predicts the most probable class given X. Neither can be computed in
practice, since D is unknown: learning algorithms try to approximate them from data.
The Bayes risk is not zero as soon as the label is not a deterministic function of x (two
patients with the same description may have different diagnoses): it is the irreducible
error of the problem.

1.3 Limit theorems: law of large numbers and central limit theorem

We now let the size of the sample grow. Let X7, Xs, ... be i.i.d. random variables with
mean g and variance o2, and let S, = Y7, X; and Xm = S /m. We know that
E[X,,] = p and that Var(X,,) = 02/m — 0: the empirical mean becomes less and less
random. The two classical limit theorems make this precise.

Theorem 1.6: Strong Law of Large Numbers; Kolmogorov, 1933

Let (X,)nen+ be a sequence of independent and identically distributed random
variables, and let S, = >"1" | X;. Assume that they have a finite moment of order
1, i.e. E[|X1|] < 4-00.

Then the empirical mean S, /n converges almost surely to E[X]:

IP’( lim 2n :E[Xl]) =1.

n—+oo N
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The law of large numbers justifies the use of empirical averages (such as the
empirical risk) to estimate expectations (such as the true risk), as well as the frequentist
interpretation of probabilities: the frequency of an event in independent repetitions
converges to its probability. It is illustrated in Fig. 3. A weaker version, the weak law
of large numbers, states that P(|X,, — u| > ¢) — 0 for every ¢ > 0 (convergence in
probability); we will prove it in two lines with Chebyshev’s inequality (Corollary 1.11).

Hoeffding band, §=0.05 —— E[X;]=p=0.3

1.0 4
0.8 1
0.6 1

g
=
0.4 A

0.2 1

0'0 T T T T L T T T L T T T L |
100 10! 102 103
number of observations m (log scale)

Figure 3: The law of large numbers: five trajectories m — X, of the empirical mean of i.i.d.
Bernoulli variables B(0.3) (think of the test error of a classifier with error rate 0.3, computed
on more and more examples). All trajectories converge to 0.3, but for small m they wander
far away from it. The grey band, given by Hoeffding’s inequality (Corollary 1.15), contains X,,
with probability at least 95% for each m. [code: make_figures_prob.py: fig_prob_lln]

The law of large numbers tells us that X,n — i — 0, but not at which speed. Since
the standard deviation of X,, is o/y/m, it is natural to zoom in by a factor /m: the
central limit theorem describes the distribution of the rescaled fluctuations.

Theorem 1.7: Central Limit Theorem

Let (Xp)nen= be ii.d. random variables with mean 4 and finite variance o2 > 0.
Then /m (X, — p)/o converges in distribution to AV (0,1): for every t € R,

v t —u2/2
o P (Wmﬂ) - t> _ey= [ T
m——+o0 o 00 V2T

Whatever the distribution of the X;’s (provided that it has a finite variance),
the average of many of them is approximately Gaussian, with mean p and standard
deviation o/y/m (Fig. 4). This explains the ubiquity of the Gaussian distribution, and
it gives the classical asymptotic confidence interval: since P(|Z] < 1.96) ~ 0.95 for
Z ~ N(0,1), for large m,

= (o
Pl X, —ul <1.96— ) = 0.95. 1.3
(1% =1 < 1.9 ) (13)
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m =300

exponential £(1)

Bernoulli B(0.05)

-3 0 3 -3 0 3 -3 0 3
m(Xm_M)/U W(X”,—H)/U m(Xm_”’)/o-

Figure 4: The central limit theorem: histograms of the standardized mean /m(X,, — i) /o over
50000 samples, for exponential variables (top) and for Bernoulli variables B(0.05) (bottom),
compared with the density of AN(0,1) (red). For a skewed distribution the convergence is slow:
for m = 1 and m = 5, the Bernoulli mean only takes a few values (for m = 1, the bar of the
value X = 1 lies outside the window), and even for m = 30 the histogram is clearly asymmetric.
[code: make_figures_prob.py: fig_prob_clt]

Why limit theorems are not enough for learning

The limit theorems are statements about m — +o00; a learning algorithm works with a
fixed, finite sample. This makes them insufficient for our purpose, for several reasons.

e They are asymptotic. The law of large numbers says nothing about X100, and the
central limit theorem says that the Gaussian approximation is good for m large
enough, without telling us how large. The answer depends on the distribution: in
Fig. 4, m = 30 is enough for exponential variables but not for Bernoulli variables
with a small parameter. Yet, a classifier with a small error rate is precisely what
we hope to learn: for p = 0.01 and m = 100, the “95%” interval (1.3) computed
with the estimated variance contains p only 63% of the time.

e They are inaccurate for small probabilities. Even when the Gaussian approxi-
mation is good in the bulk of the distribution, its relative error in the tails can
be large. Yet, we need very small probabilities as soon as we want guarantees
for many predictors at once: with the union bound, certifying 1000 classifiers at
confidence 95% requires each individual statement to fail with probability at most
5x1075.

e They involve unknown quantities, such as o, which must itself be estimated.
What we need are non-asymptotic statements: explicit upper bounds on P(\Xm— pl > e),

valid for every m and every distribution in a given class (e.g. bounded variables). These
are the concentration inequalities.
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Historical note The first law of large numbers was proved by Jacob Bernoulli
for coin tosses, in his Ars Conjectandi published in 1713; de Moivre (1733) and
Laplace (1810s) then showed that the binomial distribution is approximately
Gaussian, the first form of the central limit theorem. Probability theory became
a branch of mathematics in its own right with the axioms of Kolmogorov in
1933 Kolmogorov (1933), which are the ones of Definition 1.1; Kolmogorov also
proved the strong law of large numbers in its general form.

1.4 Concentration inequalities

A concentration inequality bounds the probability that a random variable (typically an
average) deviates from its expectation by more than a given amount. We present them
from the crudest to the sharpest; remarkably, all of them derive from the first one,
Markov’s inequality, applied to well-chosen functions of the variable. We start with an
even simpler tool, which is used to combine several bounds.

The union bound

Proposition 1.8: Union bound (Boole’s inequality)

For every finite or countable family of events (A)x,

P (L’;AQ < ;P(Ak)'

Proof. For every outcome, the number of events Ay that occur is at least 1 if at least
one of them occurs, so IlUk 4, < 2 La,. Taking expectations (monotonicity, linearity,

and monotone convergence for a countable sum) gives the result. O

The union bound is crude, since it counts several times the outcomes where several
events occur, but it requires no assumption at all on the dependence between the events.
It is used as follows: if each of K statements fails with probability at most 6/K, then,
with probability at least 1 — §, all of them hold simultaneously. This is the simplest
way to obtain guarantees that are valid for all the predictors of a finite class at once
(Section 1.4).

Markov’s and Chebyshev’s inequalities

Proposition 1.9: Markov’s Inequality

Let X be a nonnegative random variable. Then, for all ¢t > 0,

P(X >t) < E[t].

Equivalently, for every § € (0, 1], with probability at least 1 — 0, X < E[X]/.
\ J
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Proof. Since X > 0, we have X > t1;x>4: when X > ¢, the right-hand side equals
t < X, and otherwise it is 0 < X. Taking the expectation (Proposition 1.1 (ii) and (iii))
gives E[X]| >t P(X >t). The second form follows with ¢t = E[X]/0. O

Markov’s inequality only uses the mean, and it cannot be improved without further
information: for the variable X equal to ¢ with probability E[X]/t and to 0 otherwise,
it is an equality. In words, a nonnegative variable cannot often be much larger than
its mean: at most 10% of a population can earn more than ten times the average
income. It is weak (it decreases only as 1/t), but it becomes powerful when applied to
g(X) for a well-chosen nonnegative increasing function g, since P(X > t) < P(g(X) >
g(t)) <E[g(X)]/g(t). With g(z) = 2%, we get Chebyshev’s inequality; with g(z) = e**,
Chernoft’s method.

Proposition 1.10: Chebyshev’s (Bienaymé—Chebyshev) Inequality

Let X be a random variable with a finite variance Var(X). Then, for all € > 0,

< Var(X)'

P(X —EX] 2 ) <

Proof. Apply Markov’s inequality to the nonnegative random variable (X —E[X])? with
t=¢2

E[(X ~E[X])?] _ Var(X)

P(IX ~ E[X]| > ¢) =P ((X - E[X])* > &%) <

€ €
O
Corollary 1.11: Weak law of large numbers
Let X1,..., X,, be pairwise uncorrelated (e.g. independent) random variables with
the same mean p and the same variance o?. Then, for every £ > 0,
— > < — .
P(1Xm =l 2e) < og 0
\ J

Proof. Apply Chebyshev’s inequality to X,,, whose variance is 02 /m (Proposition 1.2).
O

Ezample 1.4 (Running question, first answer). A classifier is evaluated on m test exam-
ples; the losses are i.i.d. B(p), with variance p(1—p) < %. Setting ﬁ = 4, Chebyshev’s
inequality shows that, with probability at least 1—46, [p—p| < ﬁ. To get a precision

e = 0.05 with confidence 95% (6 = 0.05), it suffices to have m > ﬁ = 2000 test
examples; for a confidence of 99.9%, we need m > 100 000.

The dependence in 1/§ of Chebyshev’s sample size is a problem: high confidence
becomes very expensive. The reason is that Chebyshev’s inequality only uses the vari-
ance, and must therefore hold for distributions with heavy tails. For bounded variables,
much more is true.
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Chernoff’s method

The idea of Chernoff’s method is to apply Markov’s inequality to the exponential e*¥,
and then to choose the best value of the free parameter A\. The function \ — E[eX] is
the moment generating function (MGF) of X.

Proposition 1.12: Chernoff’s bound

For every random variable X and every t € R,

P(X >t) < inf e E [e*X].

>0

Proof. For A = 0, the right-hand side equals 1. For A > 0, the function z ~ e*®
is increasing and positive, so Markov’s inequality gives P(X > t) = P (e*X > M) <
e M E [e’M]. The bound holds for every A > 0, hence for the infimum. O

Chernoff’s method is particularly well suited to sums of independent variables,
because the MGF of a sum of independent variables is the product of their MGFs
(Proposition 1.1 (iv)): bounding the MGF of each term is enough.

Ezample 1.5 (Gaussian tails). If X ~ N(0,02), then E[e*X] = eX*7%/2 50 P(X > t) <
infy>o e AHNG/2 — ~12/(20%) for t > 0 (the infimum is reached at A = ¢/02). The tail
decreases like e */(27%) ' much faster than the o2 /t? of Chebyshev.

Ezample 1.6 (Bernoulli variables and the binary kl). Let Xi,..., X,, be i.i.d. B(p) and
q € (p,1). Since E[e**i] =1 — p + pe?, Chernoff’s bound applied to S,, = 3, X; and
t = mq gives

P(X,n, > q) < inf e ™(1 — p+ pe?)™ = exp ( —msup [A¢ — In(1 —p +p6)\)]).
A>0 A>0

The supremum is reached where the derivative vanishes, i.e. at e* = Q(tg g, and a direct

computation shows that its value is the binary Kullback—Leibler divergence

]__
kl(q|[p) = qln]% +(1-¢)n 1 1

Hence P(X,, > ¢) < e=™XlP) for ¢ > p, and symmetrically P(X,, < q) < e~ Kdllp)
for ¢ < p. This is the sharpest bound that can be obtained by this method, and it is the
form used in PAC-Bayesian theory (the kl test-set bound, Theorem 13.5 in Section 13).

Hoeffding’s inequality

For a general bounded variable, we do not know its MGF, but we can bound it.
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Lemma 1.13: Hoeffding’s Lemma

Let X be a random variable such that a < X < b almost surely. Then, for all
s € R,

Proof. Replacing X by X — E[X] (and a,b by a — E[X], b — E[X]), we can assume that
E[X] = 0, so that a < 0 < b; we can also assume a < b, the case a = b being trivial.
Let s € R.

Step 1: convexity. Every = € [a bz
X

,b] is the convex combination z = == a + == b,
so the convexity of x +— e gives %% < é’:—zesa + %esz’. Applying it to X and taking

the expectation, with E[X] =0,

b a —a
sX] <« sa sb _ _ sa sb — .
E[e ]_b—ae . (1 —6)e’* + 0e™, where 6 b_GE[O,l]

Step 2: change of variable. Let u = s(b—a). Since sa = —0Ou, the right-hand side equals
e (1 — 0 + et) = ¥, with

o(u) = —u+1n (1 — 6 + ).
Step 3: Taylor expansion. We have ¢(0) =0, ¢'(u) = —0 + %, so ¢'(0) =0, and

fe
1— 0+ Oev

fe"(1—0
¢ (u) = (1_;+963)2 =p(l—p) <, where p = € [0,1].

=

By Taylor’s theorem, there exists £ between 0 and u such that ¢(u) = ¢(0) + ue'(0) +

£ < § = 25, :

The lemma says that a bounded centred variable has an MGF dominated by
that of a Gaussian variable with variance (b — a)?/4: bounded variables have (at least)
Gaussian tails. Combined with Chernoff’s method, it gives the most used concentration
inequality of learning theory.

Proposition 1.14: Hoeffding’s Inequality

Let Xq,...,X,, be independent random variables such that, for all i, a; < X; < b;
almost surely, where a; < b; are real numbers, and let S,, = >i* | X;. Then, for all
e >0,

P(S, —E[S,]>e) <exp |- 25
A R

and the same bound holds for P (S,, — E[S,] < —¢). Consequently,

P (]S, — E[Sy]| =€) < 2 __ =
S W YRR ALY A

In particular, if all the X;’s take their values in [a, b], then for the empirical mean
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X, = Sy /n,

n 2
P (‘Xn - E[Xn” > 5) < 2exp <_(l)2—€a)2> .

Proof. Let s > 0 and ¢ = > ;(b; — a;)?>. By Chernoff’s bound (Proposition 1.12)
applied to S, — E[S,],

P(Sn - E[Sn] > 6) < e *E [es(snf]E[Sn])} — e %R [H es(XiE[X,'])‘|
=1
1.1

— %€ ﬁ E [es(XifE[Xi])}
1=1

52C2
< exp (-SS + 8) .

The exponent is a quadratic function of s, minimal for s = 4¢/c?, where it equals
—2¢2/c?: this gives the first bound. The lower tail is obtained by applying this result
to the variables —X; € [—b;, —a;], and the two-sided bound by a union bound on the
two events. For the empirical mean, {|X, — E[X,]| > ¢} = {|S, — E[S,]| > ne} and
2 =n(b—a)’ O

Figure 5 compares the inequalities seen so far with the exact tail of a binomial
distribution. The polynomial bounds of Markov and Chebyshev are useless for small
probabilities, while the exponential bounds of Hoeffding and Chernoff decrease at the
right speed, Chernoff’s kl bound being the closest to the truth.

p=0.5, m=100 p=0.1, m=100
100 4

10—2 4

10—4 4

107 -

P(X,, —p>t) and its bounds

Markov
10-8 { — Chebyshev .
—— Hoeffding
sa 10710 4 == Chernoff (kl) 4
— exact tail
10_12 T T T T T T

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
deviation ¢ deviation ¢

Figure 5: Upper tail P(X,, —p > t) of the mean of m = 100 Bernoulli variables (black, exact
binomial tail) and its upper bounds (log scale): Markov (p/(p+t)), Chebyshev (p(1—p)/(mt?)),
Hoeffding (e=2™*") and Chernoff (e~™ K@+tIP)) For p = 0.5 (left), Hoeffding’s and Chernoff’s
bounds almost coincide; for p = 0.1 (right), the variance p(1 — p) is small, and the bounds that
adapt to it (Chernoff, and Chebyshev for small ¢) are much better than Hoeffding’s. [code:
make_figures_prob.py: fig_prob_tailbounds]
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From a tail bound to a confidence statement

A concentration inequality is usually stated as “the probability of a deviation larger
than € is at most g(€)”. In learning theory, we prefer the inverse form “with probability
at least 1 — 0, the deviation is at most £(§)”. To go from one to the other, we solve
gle) =d ine.

Corollary 1.15: Hoeffding’s inequality, inverse form; sample size

Let X1, ..., X, be independent random variables with values in [a, b] and the same
mean 4, and let § € (0,1). With probability at least 1 — ¢,

- In(2/6)
Xm — b— )
K — il < (b= a)y) ok
and (one-sided version), with probability at least 1 — 6, u < X, + (b — a) %.

Consequently, to estimate p with precision € and confidence 1 — §, it suffices to
have
(b—a)?In(2/6)

= 2e2
L y,

m

Proof. Set 2¢~2me*/(b-a)? =4, ie. ¢ = (b—a)y/In(2/9)/(2m), in Proposition 1.14: the
probability of the event {|X,, — u| > €} is at most d, so its complement has probability
at least 1 — 0. The one-sided statement is obtained in the same way from the bound on

the lower tail P(X,, —u < —¢), without the factor 2. The sample size is the smallest m
for which (b — a)+/In(2/0)/(2m) < e. O

Ezample 1.7 (Running question, second answer). For the test error of a fixed classifier
(a = 0, b = 1), Hoeffding’s inequality guarantees [p — p| < 0.05 with confidence 95%
as soon as m > 2;%%)52 ~ 737.8, i.e. m = 738, instead of 2000 with Chebyshev; with
confidence 99.9%, we need m = 1521 instead of 100000. With m = 1000 test examples

and an observed error p = 0.12, we can claim that p € [0.077,0.163] with confidence

95%, since /In40/2000 ~ 0.043.

The comparison is summarized in Fig. 6. All the bounds decrease as 1/+/m,
but the price of confidence is very different: Chebyshev’s sample size grows as 1/§,
Hoeffding’s only as In(1/6). This logarithmic dependence is what makes the union
bound affordable: replacing § by ¢/K only adds In K to the numerator.

Pitfall In “with probability at least 1 — 0, p € [p — &,p + ¢|”, the randomness
is in the sample, hence in p, not in p, which is a fixed unknown number. The
statement means: if we repeated the whole experiment many times, the interval
would contain p in at least 100(1 — §)% of the repetitions. Once the sample has
been observed, the interval [0.077,0.163] either contains p or not; we simply do
not know which, and our procedure fails at most 5% of the time.
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—— Hoeffding +==+ CLT (asymptotic only) —— Hoeffding: In(2/5)/(2¢?)

Figure 6: (a) Half-width € of a confidence interval at level 99% for the mean of variables with
values in [0,1], as a function of m (log-log scale): all decrease as 1/+4/m, and the union bound
over 1000 hypotheses (Section 1.4) costs less than Chebyshev’s inequality for a single one. The
CLT curve is shown for comparison, with the worst-case variance i; it is only an approximation.
(b) Sample size needed for a precision ¢ = 0.05, as a function of §: 1/ for Chebyshev versus
111(2/5) for Hoeffding. [code: make_figures_prob.py: fig_prob_ciwidth]

Bernstein’s inequality: adapting to the variance

Hoeffding’s inequality only uses the range [a,b] of the variables. It is therefore tight
for the worst case, Bernoulli variables with p = %, whose variance is %, but pessimistic
when the variance is much smaller than (b — a)?/4, which is the case of the test error of
a good classifier: a Bernoulli variable with mean 0.01 has variance 0.0099. Bernstein’s
inequality takes the variance into account.

Proposition 1.16: Bernstein’s inequality

Let X1, ..., X,, be independent random variables with the same mean p, such that
| X; — p| < c almost surely, and let 02 = L 37 Var(X;). Then, for every & > 0,

2

- me
P(X,—p>e)< -,
( ’u—g) _exp< 202+2cs/3>

and the same bound holds for P(X,,, — u < —¢). Equivalently, for every ¢ € (0,1),
with probability at least 1 — 4,

R — i< 2021n(1/6) N 201n(1/5).
m 3m

The proof follows Chernoft’s method, with a bound on the MGF that involves the
variance instead of the range (see Boucheron et al., 2013, Chapter 2). The inverse form

is obtained by solving a quadratic equation in ¢ and using vu + v < /u + /v. Let us
read it.

o For small deviations (¢ < o?/c), the exponent is about me?/(202): the bound
behaves like the Gaussian approximation of the central limit theorem, with the
true variance. Since 0 < ¢2, and for a Bernoulli variable 02 = p(1 — p) < i, this
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is never much worse than Hoeffding, and much better when o2 is small.

e For a small variance, the second term dominates, and the deviation is of order
In(1/0)/m instead of \/In(1/d)/m: this is a fast rate. For a classifier with error
rate p = 0.01, m = 1000 and § = 0.05, Bernstein’s one-sided deviation is 0.0097,
four times smaller than Hoeffding’s 0.0387.

« The price is that 02 is unknown in general. In practice, it is either bounded (for
the 0-1 loss, 02 = p(1 — p) < p, which leads to bounds that are implicit in p) or
replaced by the empirical variance (empirical Bernstein inequalities Maurer and
Pontil (2009)). The kl bound of example 1.6 adapts to the variance automatically,
and this is one reason why it is preferred in Part IV.

McDiarmid’s inequality: beyond sums

Hoeffding’s inequality concerns sums of independent variables. McDiarmid’s inequality
extends it to any function of independent variables that does not depend too much
on each of them; it is used, for instance, to derive generalization bounds based on the
Rademacher complexity or on algorithmic stability.

Proposition 1.17: McDiarmid’s (Bounded Differences) Inequality

Let X1,..., X, be independent random variables taking values in a set X', and let
f X" — R be a function satisfying the bounded differences property: there exist
constants ci, ..., ¢, > 0 such that, for all ¢ and all z,...,z,, 2}, € X,

|F(@1, - s i1, iy Tit1, -« ®0) — F(@1, -+ Bim1, T, Titd, - -5 )| S i
Then, for all € > 0,
2¢?
P (/X100 Xa) “E[ (X, X)) 2) Se |~ )
1= (2

and the same bound holds for the lower tail, so that the two-sided deviation is

bounded by twice this quantity.
. J

Hoeffding’s inequality is the special case f(x1,...,z,) = > x; with z; € [a;, b;],
for which ¢; = b; —a;. The proof of McDiarmid’s inequality applies the Chernoff method
and Hoeffding’s lemma to the martingale differences V; = E[f | X1,...,X;] — E[f |
X1,...,Xi—1], each of which lies, conditionally on Xi,...,X;_1, in an interval of length
at most ¢;; since f—E[f] = >, Vi, the argument is the same as for a sum (see McDiarmid,
1989; Boucheron et al., 2013).

The strength of McDiarmid’s inequality is that f can be very complicated, as long
as no single example has too much influence on it. Here is the application that matters
in learning theory. Let H be a class of predictors and ¢ a loss with values in [0, 1], and
consider the worst deviation between the true and the empirical risks over the class,

o(9) = }Sllelg (R(h) — Rs(h)).
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If we replace the example (x;,y;) of S by another one, the empirical risk of each h
changes by at most 1/m (a single term of the average changes, and it lies in [0, 1]),
hence so does the supremum. McDiarmid’s inequality with ¢; = 1/m then shows that,
with probability at least 1 — ¢,

YheH,  R(h)<Rs(h)+(S) <Rs(h) + E [9(5)+ m%cS).

A random quantity, the worst deviation over H, has been replaced by its expectation,
up to a Hoeffding-like term. What remains is to bound this expectation: this is exactly
what the Rademacher complexity does (Definition 10.1 and Theorem 10.2 in Section 6
and the following ones), and it is how the bounds based on algorithmic stability are
proved.

Preview: uniform bounds and PAC-Bayes

Let us conclude by showing how the tools of this section combine into the generalization
bounds of the rest of the course.

A finite class of predictors. Let H = {hy,...,hx} and a loss with values in [0, 1].
For each fixed hy, Hoeffding’s inequality gives P(|R(hi) — Rs(hg)| > €) < 2e72m". By
the union bound,

K

o (B €1 IR =R ()] 2 €) < 3P ([Rlf) ~ Rl 2 ) < 2K

Setting the right-hand side to §: with probability at least 1 — 9,

VheH,  [R(h)—Rs(h)| < | K2/ (1.4)
2m

Since the bound holds simultaneously for all A € H, it holds in particular for the
predictor hg chosen by the learning algorithm, whatever the way it uses S. The price of
uniformity is the term In K = In |H|, which measures the complexity of the class; Fig. 7
shows that it is real, not an artefact of the proof. This is the starting point of Section 6,
which then replaces In|H| by the VC-dimension or the Rademacher complexity for
infinite classes.

The kl version. Replacing Hoeffding’s inequality by Chernoff’s kl bound of exam-
ple 1.6 gives, for the 0-1 loss and with probability at least 1 — 4, kl (Rg(h)||R(h)) <

W for every h € ‘H such that Rg(h) < R(h). This bound adapts to the variance,
like Bernstein’s inequality: when the empirical risk is close to 0, it gives a deviation of

order W instead of its square root. It is the Occam bound of Section 13.

Change of measure. PAC-Bayesian theory (Part IV) goes one step further: instead
of a single predictor, it certifies a distribution Q) over H (for instance, the weights of the
voters of a majority vote). Its key tool is a direct consequence of Jensen’s inequality. For
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Figure 7: The maximal deviation maxpey |Rs(h) —R(h)| over K = |H| classifiers with true risk
0.3 whose errors are independent, for m = 200 (4000 simulated samples). The more classifiers,
the larger the worst deviation: picking the classifier with the smallest empirical risk among
many is optimistic. The dashed lines show the uniform bound (1.4) with é = 0.05, which grows
only like A% In K. [code: make_figures_prob.py: fig_prob_union]

two distributions P, () on a finite set 7—[ With P(h) > 0 for all h, the Kullback—Leibler
divergence is KL(Q||P) = >, Q(h )1n Bt h) > 0, and for every function ¢ : H — R,

E [6(h)] < KL(Q||P) +In E_[e?®]. 1.
E [6(0)] < KL(@QIP) +1n B[] (15)
Indeed, summing over the h such that Q(h) > 0 and using Jensen’s inequality for the
concave function In,

_ P(h) P(h)
E [6(0)] ~ KL(Q] P) = @Q [in (2 2] <1a & [eo 20
Z P(h) M) <In E [ed’(h)].
h:Q(h)>0 h~P

A PAC-Bayesian bound is then obtained in three steps that use the whole toolbox of
this section: (1) bound the exponential moment Eg[e?s(")] of a deviation ¢g(h) of a
fixed h (Hoeffding’s lemma, or Chernoff’s kl bound); (2) average it over the prior P,
exchange the expectations, and apply Markov’s inequality to the nonnegative variable
Epp[e?s™M]; (3) transfer the result to any posterior @ with (1.5). This is done step by
step in Section 14 (Theorem 14.4).

Historical note Chebyshev’s inequality was published by Bienaymé in 1853 and,
independently, by Chebyshev in 1867; Markov, a student of Chebyshev, used the
simpler inequality that now bears his name a few years later. Bernstein’s in-
equality dates back to the 1920s. The exponential method was popularized in
statistics by Chernoff Chernoff (1952), and Hoeffding’s inequality was published in
1963 Hoeffding (1963). McDiarmid’s survey McDiarmid (1989) made the bounded
differences inequality popular in combinatorics and computer science, and it soon
became a standard tool of learning theory. The book of Boucheron, Lugosi and
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Massart Boucheron et al. (2013) is the reference on modern concentration in-
equalities.

To remember from Section 1

The data are modelled as an i.i.d. sample S ~ D™; every quantity computed
from S is a random variable.

The true risk R(h) = Ex,)~pll(h(x),y)] is an expectation; for a fixed h,
the empirical risk is an unbiased average whose standard deviation decreases
as 1/y/m. The Bayes predictors are conditional expectations (regression)
and most probable classes (classification).

The expectation is linear; Jensen’s inequality orders f(E[X]) and E[f(X)]
for a convex or concave f; the tower property computes expectations by
conditioning.

The law of large numbers and the central limit theorem are asymptotic;
learning needs non-asymptotic concentration inequalities.

Markov = Chebyshev (variance, 1/J) and Chernoff (exponential moments)
= Hoeffding (bounded variables, In(1/6)), Bernstein (small variance, fast
rates) and the kl bound. McDiarmid extends Hoeffding to functions with
bounded differences.

For variables in [0,1]: with probability at least 1 — &, |X,, — p| <
In(2/0)/(2m); with the union bound over K hypotheses, In(2/J) becomes
In(2K/96).

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question

to see its answer).

Expectation, variance and conditional expectation

Q1.1. True or false? If X and Y are two random variables with E[XY] = E[X]E[Y], then X

and Y are independent.

Q1.2. A classifier with error rate p = 0.2 is evaluated on m = 400 independent test examples.

What are the expectation and the standard deviation of its test error?

Q1.3. Why can a density take values larger than 1, whereas a probability mass function cannot?

Q1.4. Use Jensen’s inequality to compare E[v/Z] and /E[Z] for a nonnegative variable Z, and

E[eX] and eFX],

Q1.5. Is the training error Rg(hg) of the predictor hg learned on S an unbiased estimator of

its true risk? Is the error on an independent test set?

Limit theorems: law of large numbers and central limit theorem

Q1.6. What is the difference between the information given by the law of large numbers and

by the central limit theorem?

Q1.7. Why does the Gaussian approximation work badly for the test error of a classifier with

error rate p = 0.01 evaluated on m = 100 examples?
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Q1.8.

True or false? By the central limit theorem, for every m > 30, P(|X,, — p| >
1.960/y/m) < 0.05.

Synthesis of the section

Q1.9.

Q1.10.

Q1.11.

Q1.12.

Q1.13.

Q1.14.

Q1.15.

Q1.16.

Why is Markov’s inequality applied to e** (Chernoff’s method) much stronger than
when it is applied to X itself?

With m = 500 test examples, what is the half-width of the two-sided Hoeffding interval
for the error rate of a fixed classifier at confidence 95%7?

How does the sample size given by Hoeffding’s inequality change if we want twice the
precision (g/2)? If we want 6/10 instead of §?

True or false? Hoeffding’s inequality requires the variables X1, ..., X, to be identically
distributed.

Why does one need a union bound (or another uniform argument) to bound the true
risk of the hypothesis hg returned by empirical risk minimization?

In the uniform bound over a finite class, what happens to the half-width when the
number of hypotheses goes from 103 to 10%, for m = 10000 and § = 0.05?

When is Bernstein’s inequality much better than Hoeffding’s inequality? Give an ex-
ample from classification.

What are the bounded differences constants ¢; of the function f(x1,...,2,) = max; z;
for z; € [0, 1], and what does McDiarmid’s inequality give?
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2 Linear Algebra and Convexity

This first section briefly introduces the mathematical tools required for the rest of the
course'. Throughout this section, we work in a real vector space E of finite dimension
d, which can be identified with R,

About this section

Guiding question. Which geometric and analytic tools do we need to write a learning
problem as an optimization problem, and to know when it is “easy”?

In this section you will learn to:

o measure the size of vectors and matrices with norms, and interpret the inner product
geometrically (angles, projections);

e compute gradients and Hessian matrices of functions of several variables;

e recognize convex sets and convex functions, and prove convexity from the definition
or with the derivatives;

e read the eigenvalues of a symmetric matriz on the level sets of the associated
quadratic form.

In a nutshell Almost every learning algorithm of this course minimizes a function
of a vector of parameters (the weights of a linear model, of a neural network,
etc.). Linear algebra gives us the language to describe these parameters and the
geometry of the space they live in, while convexity tells us when this minimization
is well-behaved: for a convex function, every local minimum is a global one.

2.1 Norms

Given two vectors x and y of R? we define their inner product as the sum of the
products of their components, i.e.

d

7j=1

When we compute the inner product of x with itself, we obtain the squared norm
of x:

x| = (x,%).

Definition 2.1: Norm

Let E be a real vector space of dimension d. A map ||-|| : £ — R is said to be a
norm if, for all u,v € E and for all A € R, the following properties hold:

e ||ul] > 0 (nonnegativity),

1You can also read the Linear Algebra course that I wrote for second-year Bachelor students, which
is available on my website.
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e |lu]] =0 <= u = 0 (definiteness),
o ||Au|| = |A]||u]| (absolute homogeneity),

o Jlu+v| < |u| + ||v]] (triangle inequality).

A norm can be used to measure the distance between two vectors x,y of the same
vector space:

d(x,y) =[x =yl
The following norms are the most commonly used:

e the Manhattan norm, also known as the Li-norm:

d
x|y = |al;
j=1

e the Euclidean norm, also known as the Lo-norm:

Il =

o the Loo-norm (or max norm):
x|| . = max |ril;
H ||oo jE[[l,dﬂ’ ]’7

« more generally, for any real number p > 1, the L,-norm:

d 1/p

[l = | D lasl”

J=1

It is also possible to define more complex norms when we work with objects other
than vectors, such as matrices or functions.

Ezxample 2.1. Let us show that the Euclidean norm is indeed a norm. We have to check
each property of the definition. Let x,y € R% and A € R.

o It is obvious that ||x||s = \/Z;lzl |z;|? is nonnegative.

e Each \:L‘j|2 is a nonnegative number, and a sum of nonnegative numbers is equal
to zero if and only if all of them are equal to zero. Hence |[x[|, =0 = x = 0, and
the converse is obvious.

o We then focus on absolute homogeneity:
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d

IAxllz = | > (Azy)”

J=1

d
= | 22 AP
j=1

e To prove the triangle inequality, we use the Cauchy—-Schwarz inequality, which
holds for any inner product and the norm it induces (here, the Euclidean inner
product and the Lo-norm):

[ )| < [xl2 [lyl2 -

Thus,

2 2 2
[x+ylz = lIxlz +2(¢y) + Iyl

2 2

< [Ixlly +2{x[ly Iylly + lIyllz
2
= (lIxlly +lyllo)"

Taking the square root, which is an increasing function, gives the result.

Geometric meaning of the inner product The Cauchy-Schwarz inequality states
that, for nonzero vectors, the ratio (x,y)/(|/x||, ||y|l5) lies in [—1,1]. It is therefore the
cosine of an angle 6 € [0, 7], the angle between x and y:

(x,y) = [[xlly Iyl cos 6.

In particular, x and y are orthogonal when (x,y) = 0. The inner product also gives the
orthogonal projection of x onto the line spanned by a nonzero vector y:
(x,y) :
p=-—5y,  with (x-p,y)=0,
12

see Figure 8. When |[|y||, = 1, the length of the projection is simply |(x,y)|: the inner
product with a unit vector measures how far x goes in the direction y.

Remark In Machine Learning, the quantity cos§ = (x,y)/(||x|l5 [|¥l5) is known
as the cosine similarity; it is widely used to compare documents or embeddings.
Similarly, a linear model predicts with (w,x) + b: the sign of the prediction tells
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y Iplly =[xl cos @
x—-p Ly

(x,¥)
Iyl3
orthogonal projection of x onto the line spanned by y (here 4 is acute, so (x,y) > 0).

Figure 8: Geometric view of the inner product: (x,y) = [|x]|, [|y]|5cos@, and p = y is the

on which side of the hyperplane {x | (w,x) + b = 0} the point x lies, and, when
||lw|, = 1, its absolute value is the distance from x to this hyperplane.

We can also represent the unit balls associated with the norms defined above, see
Figure 9. For every p > 1, the unit ball is a convex set, which reflects the fact that
every norm is a convex function (for p < 1, the quantity ||-|| , 1s no longer a norm and
its unit ball is not convex). Figure 10 shows how the unit ball deforms continuously
from the diamond (p = 1) to the square (p = o), and what goes wrong when p < 1:
the triangle inequality fails and the ball has “inward” corners.

X2 X2 X2

1 1 1T

X X — > L1

p=1:|z1|+ |z <1 p=2 22 +23<1  p=oco max(z],|za]) <1

Figure 9: Unit balls {x € R? | Hx||p < 1} of the Li-norm (a “diamond”), of the La-norm (a
disk) and of the Lo-norm (a square). All three are convex, and they are nested: diamond C
disk C square.

In a nutshell All norms on R? are equivalent (for instance ||x|| < [|x[l, <
x|l < Vd ||x]|), so they define the same notion of convergence; but they do not
have the same shape. This shape matters in Machine Learning: when the norm of
the parameters is used as a penalty (regularization), the corners of the L; ball on
the axes favour solutions with many zero coordinates (sparse models, the Lasso),
whereas the round Lo ball only shrinks the coordinates (ridge regression).

Let us now focus on norms on matrices, and more specifically on the Frobenius
norm.
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p>1: norms, convex balls p=0.5: not a norm, nonconvex ball
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Figure 10: Left: unit spheres {x € R? | [x[|, = 1} for several p > 1; the balls are nested,
IIx]| o < [I%|ly < [x]|;, and all of them are convex. Right: for p = 0.5, the points (1,0) and (0, 1)
belong to the “ball” but their midpoint does not, so the set is not convex and |||, 5 is not a
norm. [code: make_figures_chOl.py: fig_chOl_lp_balls]

Definition 2.2: Frobenius norm on Matrices

Given two matrices X, Y € R™*¢ their inner product is defined by

(X,Y) = <XTY) Z Z T e

1=17=1

The norm induced by this inner product is the Frobenius norm:

1/2

1X|[r =/ Tr (XTX) = ZZ

=1 j=1

2.2 Derivatives

The notion of derivative, or more generally of gradient, is fundamental in optimization.
It is at the heart of gradient descent algorithms, and it will also allow us to characterize
convex functions. As we will see, this characterization can be made by studying the
first-order derivative or, often more simply, the second-order derivative.

A few reminders Let us start with a reminder on the derivative of a function of one
variable.

Definition 2.3: Derivative

Let f: R — R be a function and zg € R. We say that f is differentiable at xg if
the limit
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exists and is finite.
Equivalently, f is differentiable at xg if, for i close to 0, we have

f(@o + h) = f(xo) + hf' (o) + he(h),

where e(h) is a function that tends to 0 when A tends to 0.
. J

The last formula is called the first-order approximation of the function f, and it
can be generalized to any order. This is what we call the Taylor expansion of a function.

Proposition 2.1: Taylor’s Theorem

Let f : R — R be a function that is k& times differentiable, with £ > 1, at a point
xo. Then there exists a function €5 : R — R such that

2

k
Flao + ) = Fao) + hf (@) + " (zo) 5+ ..+ F (wo) ¥y + Weu(h),

where }llli% erx(h) = 0.

g J/

First- and second-order derivatives of a function of several variables In Ma-
chine Learning, as the reader may have seen with linear models, the number of param-
eters to learn is almost always greater than 1. We are therefore most often led to study
real-valued functions of several variables, i.e. functions which take a vector as input
and return a real value.

Definition 2.4: First-order Derivative

Let f: R? — R be a continuous function and xg € R?. Then f is differentiable at
X if there exists a (row) vector Jf(xg) € R'*? such that

lim | f(x) — f(x0) = J f(x0)(x — x0)|

X% [[x = %o

=0.

For all 4, the components of Jf(xg), called the Jacobian of f at xg, are given by
the partial derivatives

9f (%)

8%1‘ X=X

Jif(x0) =

The column vector V f(xg) = Jf(x0)? is called the gradient of f at xo.

The gradient makes it possible to approximate the function in the neighborhood
of the point where it is computed, i.e. in a neighborhood V' (x¢) of x¢. For all x € V(xg),
we have
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f(x) = f(x0) + (Vf(x0), x — x0).

It is this approximation that will provide a first characterization of convex func-
tions. In the following, we often identify the Jacobian with the gradient, and we write

V f(x0)(x — %) or (Vf(x0),x — Xg) indifferently.

In a nutshell Moving from xg by a small step hd in a unit direction d changes the
value of f by approximately h(V f(xg),d). By the Cauchy-Schwarz inequality,
this quantity is maximal when d = V f(xg)/ ||V f(x0)||, and minimal for the
opposite direction: the gradient points in the direction of steepest ascent, and
—V f(x0) in the direction of steepest descent. This simple observation is the
starting point of the gradient descent algorithm of Section 3. In the same way,
the gradient is orthogonal to the level set {x | f(x) = f(x0)}, since f does not
change to first order along this set.

Example 2.2. Let us consider the function f : R® — R defined by

f(z1,20,23) = Sx% + 2x1x0x3 + 623 + Droxs + 9173,

We want to compute the Jacobian (or gradient) of this function. To do so, we
need to compute

of of 4 9f
8%17 8%2 (93:3.

The Jacobian of f at (x1,x2,x3) is given by

Jf(x1, 2, 23) = (6301 + 2woxs3 + 923 2x123 + Sr3 2w1T9 + 6 + Swo + 9x1> .

Ezample 2.3. We consider the log-sum-exp function, defined for all x € R% and a fixed
vector b € R¢ by

d

f(x,b) = aneXp (xj +b5).
j=1

When b = 0, this function is known to be a good (and smooth!) approximation
of the function x + max; x;.

The gradient Vy f(x,b) of this function (written here as a row vector) is given by

exp(z1 + by) o exp(zd + ba) )

Vxf(x,b) = (Z?:l exp(z; + b)) Z?:l exp(z; + bj)

Its components are positive and sum to 1: this is the softmax function, which we
will meet again with neural networks.
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Definition 2.5: Second-order Derivative

Let f : R — R be a real-valued function. Provided that this function is twice
differentiable at xq, its second-order derivative at xg, also called the Hessian of f
at o, is the matrix H = V2 f(x0) € R?*? whose entries are given by

_ Pf(x)

0z;0x; exo

This matrix is useful to prove whether a function f is convex, and also to build
efficient algorithms.

Example 2.4. Let us consider the function f : R — R defined by

f(x1,29) = 422 + 623 4 3x129 + 2 (cos(zy) + sin(zz)),

for which we aim to compute the Hessian matrix. We first have to compute the
Jacobian of this function:

Jf(x) = <§—£ aa—fo> = (8301 + 3xo — 2sin(xy) 12x9 + 321 + 2cos(a:2)) .

The Hessian matrix is then given by

0*f o*f
_ 0x? 0x10xe | (8 —2cos(z1) 3
H; () = Of ?f | 3 12 — 2sin(29) |

0x9011 8:1:%

2.3 Convex sets

The notion of convex set is important when we want to build optimization algorithms
and guarantee that the successive iterates of these algorithms remain in a given set.
Moreover, it will also allow us to characterize convex functions.

Let us start with the definition of a convex set.

Definition 2.6: Convex Set

A set C is said to be convex if, for all u,v € C and for all ¢ € [0, 1], we have

tu+(1—-t)veC.

In other words, C' is convex if every point of the segment joining u and v belongs

to the set.
(. J

Figure 11 provides some examples of convex and nonconvex sets. The first and
third shapes represent nonconvex sets: for each of them, we can find two points of the
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set such that the segment joining them leaves the set. For instance, for the ring, if we
take two diametrically opposed points, the segment joining them goes through the hole
in the center, which does not belong to the set. The second and fourth shapes represent
convex sets: whichever two points we pick, the segment joining them stays inside.

T OO

nonconvex convex nonconvex convex
Figure 11: Two nonconvex sets (red) and two convex sets (blue). For the nonconvex sets, the

segment joining the two marked points leaves the set (it crosses the notch of the heart, and the
hole of the ring); for the convex sets, every such segment stays inside.

Example 2.5. Here are some fundamental examples of convex sets:

o the unit ball B= {u € R?%| |u|| <1} of any norm;
e every interval of R;
« every hyperplane {x € R? | a’x = b} and every half-space {x € R? | ax < b};

e if Cy and C5 are two convex sets, then their intersection C = Cy N Cy is also
convex.

Let us study the unit ball, which we have claimed above to be convex, and prove
it for the Lo-norm. Consider A € [0,1] and two vectors u, v of the unit ball, and let us
set z=Au+ (1 — \)v. Then

2]l = [[Au+ (1= A)vl,
< [[Aulfly + 1T = A)vlly
= Alully + (1 =2 vl

<A+ (1-A) =1

Hence z belongs to the unit ball.

Proposition 2.2: Convex combination

Let uj,ug,...,u, be m points of a convex set C. Then, for all nonnegative
numbers A1, Ao, ..., Ay, such that >0 Ay =1,

V:Z)\Z’uiGC.

=1
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In other words, every convex combination of points of a convex set belongs to this
convex set.

Given a finite set of points x1,...,X;,, the convex combinations of these points
form a convex set. This set, called the convex hull ‘H of the points, is the smallest
convex set that contains all of them:

m
H = {X = Z )\ixi
=1

m
Mooy Am >0, ZAZ:1},

i=1
see Figure 12.

X4
X5 X3

X1 X2

Figure 12: Convex hull H of ten points of the plane: it is the convex polygon whose vertices
X1,...,Xs5 are five of the points; the five other points lie inside H and do not change it.

2.4 Convex functions

The study of convex functions is essential in Machine Learning. Indeed, we will see
that most of the problems we will try to solve involve convex functions. Moreover, it
is through the study of this type of problem that we will be able to provide theoretical
guarantees on the performance of our algorithms.

Fundamental definitions Let us start with the definition of a convex function.

Definition 2.7: Convex functions

Let U be a nonempty convex subset of a real vector space of dimension d (i.e.
U C R?). A function f : U — R is said to be convex if, for all u,v € & and for all
t € [0, 1], we have

fltut (1 =t)v) <if(u) + (1 —1)f(v).

Example 2.6. The following functions are convex:

o any linear (or affine) function,

e [:R=R, f(x)=a2
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e f:R—=R, f(x)=04xexp(z).

T T T 2 v 04e*

Proposition 2.3: Convexity and Restriction

A function f : R? — R is convex if and only if its restriction to any line is convex,

i.e. if and only if the function g : t — f(x + tv) is convex for all x and v (on the
set of t € R such that x + ¢tv belongs to the domain of f). Similarly, f is concave
if and only if all such functions g are concave.

Proof. 1t only requires writing down the definition of a convex function. Assume that
f is convex and let t1,%2 be two real numbers and A € [0,1]. Then

gAt1+ (1= Nt2) = fFANx+t1v) + (1= N)(x+t2v)) < Ag(t1) + (1 — Ng(te),

so g is convex. Conversely, let u, v be two points of the domain of f and t € [0, 1], and
consider the restriction ¢g(t) = f(v+t(u—v)) of f to the line going through v and u.
If g is convex, then

fltut(1=t)v) = g(t) = g(t- 14 (1-1)-0) < tg(1) + (1 —£)g(0) = tf(u) + (1 = 1) f(v),

which proves that f is convex. The concave case follows by applying this result to
—f. O

Figure 13 provides an illustration of the definition of convex functions, and Fig-
ure 14 contrasts it with a nonconvex function.

Remark (Jensen’s inequality) By induction on the number of points, the
definition of convexity extends to any convex combination: if f is convex, then
for all uy,...,u,;, € U and all nonnegative Ai,..., Ay summing to 1,

m m
f (Z )\iuz') < Z)\if(ui)-
i=1 i=1
Reading the weights A; as the probabilities of a random variable U taking the
values w;, this is f(E[U]) < E[f(U)], the probabilistic form of Jensen’s inequal-
ity, which will be used repeatedly in the statistical parts of the course (e.g. in
Part IV).
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tf(u) + (1 =) f(v)

Ftu+ (1= £)) NG
Uy (1 -t

L

Figure 13: Illustration of the definition of a convex function f (here f(z) = 2%, u = —1,

v =2, t = 1/2): the chord (red) joining (u, f(u)) and (v, f(v)) lies above the graph, i.e.
fltu+ (1 =t)v) <tf(u)+ (1 —t)f(v) for every t € [0, 1]; the teal arrow shows the nonnegative
gap between the two sides.

convex nonconvex

graph above
the chord

Figure 14: Left: for a convex function, every chord lies above the graph and every tangent lies
below it. Right: for a nonconvex function (a “double well”), the graph goes above the chord
joining v and v (shaded area), and the tangent at the local maximum goes above the graph.
Note that the nonconvex function has two local minima, only one of which is global. [code:

make_figures_chOl.py: fig_chO1_convex_vs_nonconvex]

Historical note Convex functions were introduced and studied systematically by
the Danish mathematician Johan Jensen, who proved the inequality that bears
his name for finite convex combinations (Jensen, 1906). Jensen worked as an
engineer for the Copenhagen telephone company and did mathematics in his
spare time. A modern reference on convexity and optimization, freely available
online, is the book of Boyd and Vandenberghe (2004).

The next definition makes it possible to link convex functions with convex sets.

Definition 2.8: Epigraph

Let U be a nonempty subset of a real vector space of dimension d (i.e. U C R?)

and let f:U — R be a function. The epigraph of f, denoted by E¢, is the set of
points lying above the graph of f, i.e.
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L Er={(x,y) eUxR| f(x) <y} J

Proposition 2.4: Convexity via Epigraph

Let U be a nonempty convex subset of a real vector space of dimension d (i.e.

U c R%. A function f is convex on U if and only if its epigraph E ¢ is a convex
set.

Proof. 1t is again a direct application of the definitions. Assume that f is convex, and
let (x1,71) and (x2,y2) be two points of Ef and ¢ € [0,1]. Then

flx1+ (L =t)x2) <tf(x1) + (1 —1)f(x2) <ty + (1 —t)yo,

i.e. t(x1,y1) + (1 —t)(x2,92) € Ef: the epigraph is convex. Conversely, assume that
Ey is convex and let u,v € ¢ and t € [0,1]. Since (u, f(u)) and (v, f(v)) belong to
Ey, so does the point (tu+ (1 —¢)v, tf(u) + (1 —¢)f(v)), which exactly means that
fu+ (1 =t)v) <tf(u)+ (1 —1t)f(v). O

This proposition is illustrated in Figure 15.

convex f: E; is convex nonconvex f: E; is not convex

Ey Ey

segment outside E;

T T

Figure 15: Left: the epigraph E; (shaded) of a convex function is a convex set: the segment
joining two of its points stays inside. Right: for a nonconvex function, the segment joining two
points of the graph goes below the graph, i.e. it leaves the epigraph, which is therefore not
convex. [code: make_figures_chOl.py: fig_chOl_epigraph]

Definition 2.9: Concave functions

Let U be a nonempty convex subset of a real vector space of dimension d (i.e.
U C RY). A function f : U — R is said to be concave if, for all u, v € ¢ and for all
t € [0,1], we have

Ftu+ (1= 6)v) = t£(0) + (1 - ) ().
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With this definition, we directly see that f is concave if and only if —f is convex.
Furthermore, it is also possible to characterize concave functions through the convexity
of their hypograph, i.e. the region below the graph of the function.

Example 2.7. The following functions are concave:

o any linear (or affine) function,

. [iR SR, f(z) = V7,
e f:RI =R, f(z)=In(z).

T T = \x rInz

The following proposition provides some properties of convex functions.

Proposition 2.5: Properties of Convex Functions

Let f and g be two convex functions defined on a convex subset I of R?. Then:

e any linear combination of f and g with nonnegative coefficients, af 4+ Bg
with «, f > 0, is convex (in particular, any convex combination of f and g);

e if ¢ : R — R is convex and nondecreasing, then ¢ o g is convex;

o the function h defined by h(x) = max (f(x), g(x)) is convex.

Proof. The proof of this proposition only relies on the definition of convexity; it is left
to the reader as an exercise. O

Pitfall The assumption that ¢ is nondecreasing cannot be dropped. The func-
tion o(t) = et is convex and g(z) = #2 is convex, but ¢ o g(z) = e~ is the
Gaussian bell, which is not convex (its second derivative (422 — 2)6_902 is negative
for |z| < 1/4/2). Similarly, the product of two convex functions or the minimum
of two convex functions are not convex in general: think of z — z - 22 = 23 or of

z— min ((x — 1), (z + 1)?).

Remark Another very useful rule: the composition of a convex function with
an affine map is conver. If f : R — R is convex, A € R™*¢ and b € R,
then x — f(Ax + b) is convex on R% This is why the losses used in Machine
Learning (squared loss, hinge loss, logistic loss, etc.) are convex with respect to
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the parameters of a linear model: the prediction (w,x) + b is affine in (w, b).

Characterization of convexity using derivatives In the following, we study how
the convexity of a function f can be characterized using its first- and second-order
derivatives.

Proposition 2.6: First-order derivative and convexity

Let f be a continuously differentiable function on an open convex set U C R
Then f is convex if and only if, for all u,v € U, we have

fv) = f(a) +(Vf(u),v—u).

Equivalently, f is convex if and only if, for all u,v € U, we have

(VI(v) = Vfu),v—-u) >0

Proof. Convexity = first inequality. Let u,v € U and t €]0,1]. By convexity, f(u +
t(v—u)) < f(u) +t(f(v) — f(u)), hence

flut+it(v—u)) - f(u)
t

< f(v) = f(w).

Letting t — 0, the left-hand side tends to (V f(u), v—u), which gives the first inequality.

First inequality = convexity. Let u,v € U, t € [0,1] and w = tu + (1 — ¢t)v.
Applying the inequality at the point w gives f(u) > f(w) + (Vf(w),u — w) and
f(v) > f(w)+(Vf(w),v—w). Multiplying the first inequality by ¢, the second one by
1 — ¢ and summing them, we get

tfw) + (1 =) f(v) = f(w) + (Vf(W),tu+ (1 = t)v —w) = f(w).

First inequality = second inequality. Write the first inequality for the pair (u,v)
and for the pair (v,u), and sum them.

Second inequality = first inequality. Let p(t) = f(u+ t(v —u)) for t € [0,1].
Then ¢'(t) = (Vf(u + t(v —u)),v — u), and applying the second inequality to the
points u + ¢(v — u) and u (and dividing by ¢ > 0) gives ¢'(¢t) > (Vf(u),v — u). Hence

1
) = F) = ¢) = p0) = [ Wt = (Viw.v—u).
O
Proposition 2.6 is illustrated in Figure 16: the tangents of a convex function

always lie below its graph. Note that, for a concave function, the tangents lie above the
graph.
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In a nutshell The first-order condition is remarkable: a local information, the
value and the gradient of f at a single point u, gives a global lower bound on
f over the whole set U. In particular, if Vf(u*) = 0, then f(v) > f(u*) for
every v € U: for a differentiable convex function, every critical point is a global
minimum. This is the main reason why convex problems are considered “easy” in
optimization, and why we try to formulate learning problems as convex problems
whenever possible.

tangent at v

tangent at u

Figure 16: The convex function f(x) = x? with its tangents (dashed) at the points u and v,
and the chord joining them (red). The tangents of a convex function always lie below its graph,
while its chords lie above it.

Proposition 2.7: Second-order derivative and convexity

Let f be a twice continuously differentiable function on an open convex subset U
of R, and denote by V2f(u) its Hessian matrix at u. Then f is convex if and
only if its Hessian is positive semidefinite (PSD) at every point, which we write
V2f(u) =0 forallu €U, i.e.

Yu e U, Vz € R?, 2! V2 f(u)z > 0.
N J

Remember that a symmetric matrix H is PSD if and only if all its eigenvalues
are nonnegative (this is a consequence of the spectral theorem recalled below). It is
sometimes easier to check this property than to apply the definition of convexity to a
complicated function.

Pitfall Positive semidefiniteness is not a property of the entries of the matrix.

1 2
The matrix 9 1 has only positive entries, but its eigenvalues are 3 and —1:

with z = (1,-1)7, we get 2/ Hz = —2 < 0. Conversely, a PSD matrix may
have negative off-diagonal entries. Also note that a positive definite Hessian
(V2f(u) = 0 everywhere) implies that f is strictly convex, but the converse is
false: x +— 24 is strictly convex while its second derivative vanishes at 0.

A PSD Hessian means that, along every direction z, the directional derivative t —
(V f(u+tz),z) is a nondecreasing function of ¢. This is consistent with Proposition 2.6: a
differentiable function is convex if and only if its gradient is “nondecreasing” (monotone)
along every direction.
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Ezample 2.8. Consider the diagonal matrix M defined by

A0 .00
0 A ... O
0 0 ... A
where Aq,..., Ay are nonnegative. Its eigenvalues are \i,..., Ay, so it is PSD.

Such matrices arise when the variables are “separated”, for instance as the Hessian of a
function f of the form

d_ .
Fo) = 3 e,
j=1

which is therefore convex.

Symmetric matrices and quadratic forms The diagonal case of the previous ex-
ample is, in fact, the general case, up to a rotation of the axes. This is the content
of the spectral theorem, one of the most useful results of linear algebra (Strang, 2016;
Horn and Johnson, 2012).

Proposition 2.8: Spectral theorem

Let A € R%? be a symmetric matrix (AT = A). Then all the eigenvalues
AL, ..., A\g of A are real, and there exists an orthonormal basis (uy,...,uq) of R¢

made of eigenvectors of A (Au; = A\ju;). In matrix form, with U = (u; - -- ud)
(so that UTU =1) and A = diag(\y,. .., \a),

d
A =UAU" =) \uju].
j=1

Writing z in the eigenbasis, z = }; cju; with ¢; = (z,u;), the quadratic form
associated with A becomes a weighted sum of squares:

d
2l Az = Z /\jc?.
=1

This immediately shows that A is PSD (ZTAZ > 0 for all z) if and only if all the
Aj are nonnegative, and positive definite if and only if they are all positive. It also
gives a geometric picture, shown in Figure 17: the eigenvectors are the axes of the level
sets of z — z! Az, and the eigenvalues control how fast the function grows along each
axis. When f is twice differentiable, Taylor’s formula f(u+z) ~ f(u) + (Vf(u),z) +
%ZTV2 f(u)z shows that, locally, f looks like such a quadratic form: this is why the
eigenvalues of the Hessian decide whether f is convex.

Ezample 2.9. Let A € R%? be symmetric, b € RY, and f(x) = %XTAX +bTx. Then
Vf(x) = Ax +b and V2f(x) = A for every X, so f is convex if and only if A is PSD.
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positive definite positive semidefinite indefinite
)\1:37 )\2:1 A1:3, )\2:0 A1:3, )\2:—1

u;

1
]
I
1
1
1
|
I
1
1
1
I
I
1
1
1

Figure 17: Level sets of the quadratic form ¢(z) = z’ Az for A = UAU? with the same
eigenvectors uy, uy (arrows) and three choices of eigenvalues. Left: both eigenvalues are positive,
the level sets are ellipses whose axes are the eigenvectors, longer along the direction of the smaller
eigenvalue; ¢ is strictly convex with a unique minimizer. Middle: one eigenvalue is zero, ¢ is
constant along us (a “valley” of minimizers); ¢ is convex but not strictly. Right: the eigenvalues
have opposite signs, ¢ increases along u; and decreases along uy (red: positive values, blue:
negative values); 0 is a saddle point and ¢ is not convex. [code: make_figures_ch01.py:
fig_chO1_quadratic_forms]

A fundamental instance is the least-squares objective f(w) = || Xw — YH§ of linear
regression, whose Hessian 2X7X is always PSD, since z/ X" Xz = ]|Xz||§ > 0: the
least-squares problem is always convex.

Remark When the smallest eigenvalue of the Hessian is bounded away from
zero, i.e. V2 f(u) = ol for some a > 0 and all u, the function grows at least like
a quadratic in every direction, as in the left panel of Figure 17. Such functions
are called strongly convezr (Definition 3.4 in the next section); they have a unique
minimizer, and gradient methods converge faster on them. Adding a ridge penalty
> [wll5 to a convex objective makes it a-strongly convex, since it adds ol to the
Hessian.

To remember from Section 2

e A norm measures the size of a vector; the Ly, Lo and L., norms have
different unit balls, all convex. The inner product (x,y) = [|x||5 [|y]|, cos
measures angles and gives orthogonal projections.

o The gradient V f(xg) gives the best linear approximation of f around xq
and points in the direction of steepest ascent; the Hessian V?2f(xq) gives
the second-order (quadratic) approximation.

o A set is convex if it contains every segment joining two of its points; a
function is convex if its chords lie above its graph, i.e. if its epigraph is
convex.

o For differentiable functions: f is convex <= its tangents lie below its graph
<= its gradient is monotone <= (if twice differentiable) its Hessian
is PSD everywhere. Consequently, every critical point of a differentiable
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convex function is a global minimum.

e A symmetric matrix is diagonal in an orthonormal basis of eigenvectors; it is
PSD if and only if its eigenvalues are nonnegative, and its eigenvectors and
eigenvalues give the axes and the curvatures of the level sets of its quadratic
form.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Norms
Q2.1. Is the function x +— Hng a norm?

Q2.2. What is the orthogonal projection of x = (2,3)7 onto the line spanned by y = (1,0)7?
And onto the line spanned by (1,1)7?

Q2.3. True or false? For every x € R?, ||x||; < [x],.

Q2.4. Compute ||I4] and, for x € R™ and y € R?, the Frobenius norm of the rank-one matrix
xyT.
Derivatives

Q2.5. Compute the gradient and the Hessian of f(x) = ||x||§ on R4,

Q2.6. Let f(x1,22) = 225. Use the first-order approximation at (1,2) to estimate f(1.01,2),
and compare with the exact value.

Q2.7. From the point (1,1), in which unit direction does f(z1,72) = 2% + 323 decrease the
fastest? Is it the direction pointing to the minimizer (0,0)?

Convex sets
Q2.8. Is the union of two convex sets convex? And their intersection?
Q2.9. Is the set {x € R? | 2129 > 1} convex?

Q2.10. What is the convex hull of the five points (0,0), (1,0),(0,1),(1,1) and (3, 3)? Is the

way of writing (%, %) as a convex combination of the four others unique?
Synthesis of the section

Q2.11. Is f(x) = |z| convex? Can Proposition 2.6 be used to prove it?

Q2.12. A differentiable convex function satisfies V f(u*) = 0. What can you say about u*? Is
it necessarily the unique minimizer?

Q2.13. Is the matrix <_2 _1) positive definite?

1 2
Q2.14. Show that f(z) = e® — z is strictly convex on R and find its minimizer.

Q2.15. What happens if the Hessian of a twice differentiable function f has a negative eigenvalue
at some point u?

Q2.16. True or false? A convex function f: R — R that is bounded from above is constant.
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3 Unconstrained and Smooth Convex Optimization

This section gives a general presentation of convex optimization; it then focuses on
unconstrained convex optimization and presents some fundamental algorithms.

About this section

Guiding question. How does a computer find the parameters that minimize a training
loss when no closed-form formula is available?

In this section you will learn to:

e characterize the critical points of a differentiable function with its gradient (Euler’s
equation) and classify them with its Hessian;

o write and run gradient descent, and understand the role of the step size, of line
searches (exact step, Armijo’s rule) and of the conditioning of the problem;

o use Newton’s method and quasi-Newton methods (BFGS), and know when they are
worth their cost;

o recognize the convergence speeds of these algorithms on a log-scale plot.

3.1 Motivation

Given a convex function f:R? — R, we want to solve the problem
x* =arg min  f(x).
x€Rd

The aim of this section is to introduce algorithms that build a sequence (x;,)
converging to x*, the point at which f reaches its minimum, as in Figure 18.

neN

/
Y

»
>

X3 X3 Xo
Figure 18: A descent algorithm builds a sequence of points xg, X1, Xa, . .. along which the value
of f decreases, and which converges to the minimizer x* of f. [code: make_figures_ch02.py:

fig_chO02_motivation]

We will see how to build such a sequence but, before doing so, we will see how
to characterize the optimum of a function f (in our case, its minimum), i.e. what the
optimality conditions are.
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3.2 Optimality Conditions
Let us first define the minimum of a function f.

Definition 3.1: Minimum

Let f: RY — R be a continuous function. We say that u € R? is a local minimum
of f if there exists a neighborhood V' C R? of u such that

flu) < f(v), VYveW

We say that u is a global minimum of f if

f(u) < f(v), VveRL

In other words, a minimum of the function f is simply a point x where f reaches
its lowest value (locally or globally), as illustrated in Figure 19.

A
locdl maximum
/ local minimum
IObal minimum \/
| -
>
X3 X9

Figure 19: Local and global minima of a function of one variable. The point x; is the global
minimum of the function, while x5 is only a local minimum; between them lies a local maximum.
[code: make_figures_ch02.py: fig_ch02_minima]

Although such minima are easy to find graphically for a function of one variable,
we need other criteria to detect them in general.

The following proposition gives a first characterization of relative (or local) min-
ima.

Proposition 3.1: Euler’s Inequality

Let f : RY — R be a continuous function and & a nonempty convex set. Fur-
thermore, let u € U be a relative minimum of f on Y. If f is differentiable at u,
then

(Vf(u),v—u) >0, VYveu.
\ J

This first result will be very useful for constrained problems (see Section 4), but
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it is rarely used as such for unconstrained ones. If we go back to Figure 19, we see that
the minima (and maxima) are located at the points where the derivative of the function
is equal to 0. This optimality condition is known as Euler’s equation.

Proposition 3.2: Euler’s Equation

Let f : R* = R be a continuous function which is differentiable at u € R%. If u is

a local minimum of f, then

Vf(u)=0.

Proof. Let V be a neighborhood of u as in the definition of a local minimum. For all
veRY u+tv eV assoon as t > 0 is small enough, and a first-order expansion gives

f(u)

<= 0

flutitv) = f(u) + iV f(u),v) +t|v] etv),

<
<SHVS(w),v) + vl e(tv),

where £(tv) — 0 when ¢ — 0. Dividing by ¢ > 0 and letting ¢ — 0, we obtain

0 < (Vf(u),v).

Replacing v by —v, we also have

0<—(Vf(u),v).
Hence (V f(u),v) = 0 for all v € R and thus Vf(u) = 0 (take v = Vf(u)). O

Although this proof relies on the definition of a (local or global) minimum, the
same result holds for a maximum. The solutions of Euler’s equation are called critical
points (or stationary points).

Note that this proposition only provides a necessary condition for a point to be a
local optimum; this condition is by no means sufficient, as the example below shows.

Ezample 3.1. Let us consider the functions f and g respectively defined by f(x) =
1 1
i(x —2)2—2and g(z) = 5:(}3 — 1, and represented in Figure 20.

The points marked on both graphs (z = 2 and x = 0) are solutions of Euler’s
equation, f/(z) = 0 and ¢'(x) = 0 respectively. However, while this point is a minimum
of f, this is no longer the case for g: its critical point is neither a minimum nor a
maximum.

This example shows that it is important to characterize the different solutions of
Euler’s equation, i.e. to determine when they correspond to optima, and what kind of
optima they are.

The solutions of Euler’s equation contain all the points where a differentiable
function f reaches a local extremum (a local or global minimum or maximum). Given
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fle)=3(z—2)* -2 g(x) =32 —1

Dl =

v

v

¢'(0) =0: neither

-0~ f/(2)=0: minimum a minimum nor a maximum

Figure 20: Euler’s equation is only a necessary condition. Both functions have a horizontal
tangent (dashed) at the marked point, but this critical point is a minimum of f (left) and
neither a minimum nor a maximum of g (I‘ight). [code: make_figures_ch02.py: fig_ch02_eulerid]

a solution u of V f(u) = 0, and assuming that f is twice continuously differentiable, we
can say that:

o uisa local minimum if V2f(u) = Hy(u) > 0, d.e. if the Hessian matrix evaluated
at u is positive definite (all its eigenvalues are positive). This point is a global
minimum if the function is convex everywhere; in fact, for a convex function, every
critical point is a global minimum;

o uisalocal maximum if V2 f(u) = H¢(u) < 0, i.e. if the Hessian matrix evaluated
at u is negative definite (all its eigenvalues are negative). This point is a global
maximum if the function is concave everywhere;

o if V2f(u) has both positive and negative eigenvalues, u is neither a minimum nor
a maximum (it is a saddle point);

o if V2f(u) is only semidefinite (some eigenvalues are zero), we cannot conclude
without further study; think of g(z) = 22® — 1 above, for which ¢”(0) = 0.

These three typical situations are represented in Figure 21. They come from the
second-order Taylor expansion around a critical point u: since V f(u) = 0,

flu+ ) = f(w)+ JhTV (@) b+ of )

so that, locally, f behaves like the quadratic form defined by its Hessian: it increases in
the directions of the eigenvectors associated with positive eigenvalues and decreases in
those associated with negative eigenvalues.

Pitfall In Machine Learning, a vanishing gradient does not mean that we have
found a minimum. For nonconvex objectives, such as the training loss of a neu-
ral network, saddle points are much more frequent than local maxima in high
dimension, and an algorithm based on the gradient alone may slow down consid-
erably in their neighborhood. Convexity is precisely the property that rules out
this difficulty: every critical point of a differentiable convex function is a global
minimum.
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local minimum local maximum saddle point
Vif=0 V2f<0 eigenvalues of both signs

.) V/

;\\
Figure 21: Level sets of f (shaded) and descent directions —V f (arrows) around the three types
of nondegenerate critical points (orange dot), where Vf = 0. Gradient descent is attracted

by a minimum, repelled by a maximum, and, around a saddle point, it is attracted along one
direction and repelled along the other. [code: make_figures_ch02.py: fig_ch02_critical]

Example 3.2. Let us consider the function f : R? — R defined by

f(x) =23 + 423 — 221 29.

We aim to find the extrema of this function.

We first compute the gradient V f of this function and find the values of x for
which this gradient is equal to 0. The gradient is given by

Vf(x)= (2331 —2x9 819 — 2:131) .

Setting this gradient equal to 0 leads to x1 = xo using the first component, and
then to 21 = x9 = 0 using the second one. So the point x* = (0,0) is the only solution
of Euler’s equation.

We can now compute the Hessian matrix to determine what kind of extremum it
is. The Hessian is given by
2 =2
2 _

The eigenvalues of this matrix, 5 & /13, are both positive: the Hessian is posi-
tive definite at every point, so the function f is convex and the point x* is its global
minimum.

Ezample 3.3. Let us study the function f : [-2,2]?> — R defined by
f(x)=4+ (x% - 200s(27m:1)) + (m% - 2cos(27m:2)) .
This function is particularly interesting because it has many local extrema but a

single global minimum, as can be seen in Figure 22. It is therefore often used to test
the efficiency of optimization algorithms.
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Figure 22: The function f(x) =4+ (2} — 2cos(2mz1)) + (23 — 2cos(2722)) on [—2,2]%. Left:
its graph. Right: its level sets, some of its local minima (white dots) and its global minimum 0
(star). A gradient method started far from the origin is likely to stop at one of the local minima.
[code: make_figures_ch02.py: fig_ch02_rastrigin]

We can see that this function is neither convex nor concave, which could also be
verified by studying its Hessian. The gradient of this function is easy to compute:

Vfiix)= (2.231 +4dwsin(2rxy) 2xo + 4w sin(27rx2)> .

The solutions of Euler’s equation are obtained by solving the following system:

xy = —2mwsin(2mz1),

re = —2msin(2mza).

The two equations are independent but remain hard to solve; an obvious solution,
however, is given by the point x* = (0,0). We can also check that this point is the
global minimum of our function: since x? > 0 and —2cos(27mz;) > —2, we have f(x) >
0 = f(0), with equality only at x = 0.

3.3 Minimization Problems

Given a vector space E of dimension d and a function f : £ — R, an optimization
problem consists in solving

Lneig f(x).

The function f is sometimes called the cost function. It can represent, for instance,
the cost for a company of storing a series of products (represented by the parameter x),
or the risk taken when making decisions.

Most of the time, we want to minimize this function f under some constraints;
this will be studied in Section 4.

Let us first have a look at some basic optimization problems.
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Linear Regression We are given a response vector y € R™ and a feature matrix
X € R™*4 whose rows are the feature vectors xi,...,Xm € R% where d < m. We
would like to find a vector 8 € R? that explains the values of y from X through the
following model:

y =X60 +¢e, where &~ N(0,0°T),

and where e represents the errors of the model.

To find the best vector @, we have to minimize these errors, i.e. to solve
m
: 2 _ 2
min g; = min [ly — X6|[5.
OcRd =1 OcRd

We can easily check that this problem is convex. Indeed, the gradient of the
objective function F(0) = ||y — X8)|3 is

VoF(0) = —2XT (y — X6),

and its second-order derivative is given by

V3F(0) = 2XTX,
which is a symmetric positive semidefinite matrix of size d. Let us quickly show

it: let X\ be an eigenvalue of X”X and uy an associated eigenvector. By definition of
an eigenvalue and an eigenvector, we have

XTXuy = A\uy
ul X' Xuy, = Aujuy
(Xuy)" Xuy = Afuyf3

2 2
[Xuxll; = Afjurlz-

Since an eigenvector is necessarily nonzero, we have
2
[l

Finally, when X7 X is invertible, the unique solution of Euler’s equation Vo F(0) =
0 is given by

6" = (X'X)"'x"y.

In this case, an analytical solution of the minimization problem exists. Unfortu-
nately, this is not always the case.
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Logistic Regression Let us now consider the logistic regression problem, which is
quite similar to the previous one. We want to find a model that predicts the class
y € {0,1} of our data (see Section 8.4 for further details).

To predict the class of an individual x, we use a model of the form

P(y=1]x)
=Py =1]x)

g(x,0)210g< > =0y + 0121+ ...+ 0424

The parameters of the model are estimated by minimizing the negative log-
likelihood of our data:

m

0(X,0) = =" (vslog(ps) + (1 = yi) log(1 — 1)),

=1
where
B 1
1 + exXp (—90 — E?zl QJXZJ)

is the probability, predicted by the model, that the i-th individual belongs to class 1.

Di

Unfortunately, there is no analytical solution to this problem, so we need a way
to approximate the solution step by step. This is the purpose of gradient descent
algorithms.

3.4 Gradient Descent Algorithms

Let f be a function and I/ a nonempty set, and assume that the following problem has
a solution:

u* = arg min f(v).
veu

The idea is to build a sequence (ug)gen which converges towards u* using the
following scheme:
o take an initial value ug: this is where the optimization procedure starts;
e Uy — ugy1: choose a direction dj and minimize the function f along this direction;

o solve py = arg min f(uy — pdg): how far should we go in the selected direction?
p>0
e Upi] = ug — prdy: update the current position.

This process is repeated until we reach the optimal solution u*.

Two questions then arise: (i) how should we choose the descent direction, and (i)
how far should we move in the chosen direction?

Indeed, as shown in Figure 23, several paths seem to lead to the desired solution,
but is one of them preferable to the others? How can we use our knowledge of the
function to be optimized to build such a path, rather than being guided by chance?

To answer the first question, we focus on the following quantity at a given iteration
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Figure 23: Two ways to reach the optimal solution u* of the function f we aim to minimize;
the ellipses represent the level sets of f. The red path uses arbitrary directions; the blue path
follows, at each iteration, the direction of steepest descent —V f(uy), which is orthogonal to the
level set going through uy (gradient descent with constant step).  [code: make_figures_ch02.py:
fig_ch02_paths |

f(ag — pdy).

More precisely, we focus on the first-order approximation of this quantity. Re-
member that we have the following expansion when p is close to 0:

flu, = pdi) = f(ug) — p(V f(ur), di) + pz(p),

where ¢ is a function that tends to 0 when p tends to 0. To decrease f(u—pdy) as
much as possible, we have to choose, among the directions di of a given norm, the one
that maximizes the inner product (V f(ux),dx). By the Cauchy-Schwarz inequality,
this direction is given by dx = V f(ug) (up to a positive factor): the opposite of the
gradient is the direction of steepest descent.

In a nutshell Imagine a hiker lost in the fog on a mountain, who wants to reach
the bottom of the valley. She cannot see the landscape, but she can feel the slope
under her feet: she takes a step in the direction where the ground goes down most
steeply, then looks again. The gradient is the local slope, and gradient descent
only uses this local information; the step size says how long each stride is.

So the previous algorithm becomes:

e choose ug to initialize the algorithm;

o set upp = ug — ppVf(ug) with pg > 0.

However, we also need a stopping criterion. To find one, keep in mind that the
critical points u* satisfy V f(u*) = 0. Thus, when the norm of the gradient of f is close
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to 0, we can assume that we have reached an (or the) optimal solution. In practice, we
choose a small enough constant > 0 and apply the previous algorithm until

IVf ()l <.
It remains to choose the value of p; at each step of the gradient descent algorithm.
The simplest choice is a constant step, i.e. pr = p > 0 for all k.

This gives our first descent algorithm.

Definition 3.2: Gradient Descent with Constant Step

Let f be a differentiable function defined on a vector space E of dimension d, and
let p,n be two positive real numbers. Gradient Descent with Constant Step is
defined as follows:

e choose ug to initialize the algorithm, and set k = 0;
o while ||V f(ug)|| > n:

1. compute V f(uy),

2. set up1 = uy, — pVf(uy),

3. set k< k+1;

e return uy.

However, a constant step is not always the best choice in practice. Indeed, a bad
choice of this constant can lead to a very slow convergence of the algorithm, or even to
its divergence, as illustrated in Figure 24. For instance, if f is a-strongly convex (see
Definition 3.4 below) and if its gradient is L-Lipschitz, gradient descent with constant
step converges as soon as 0 < p < 2a/L2.

small step: p=0.3 too large: p=2.2>2/L

X X3X9 X3 X0 X3 X1 X X0X2 Xy

Figure 24: Importance of the choice of the learning rate p for gradient descent on f(z) = %xg, for

which L =1 and 241 = (1 — p)zk. A small value slows down the convergence of the algorithm
(left), while a too large value, p > 2/L, makes the algorithm diverge (right). [code:
make_figures_ch02.py: fig_ch02_stepsid]

The same phenomenon in dimension 2 is shown in Figure 25, on the quadratic
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function f(u) = 3 (u}+10u3). The curvature is ten times larger along us than along us:
the step must be small enough for the steep direction, which makes the progress slow
along the flat one.

too small: p=0.02 well chosen: p=0.15 too large: p=0.205>2/L
fluy) ~4.5 x 10° fluy)~1.5x 1072 flugy) ~ 3.5 x 10
—_— T
/\
/\
&= )
v
—
—_——

Figure 25: Twenty iterations of gradient descent with constant step on f(u) = 3(u} + 10u3),
for which a = 1 and L = 10, from the same starting point (black square). Left: the step is too
small and the iterates crawl towards u*. Middle: a good step. Right: p > 2/L, the iterates
oscillate with increasing amplitude along the steep direction and the algorithm diverges. [code:
make_figures_ch02.py: fig_ch02_stepsizes]

Remark on the choice of a constant step A function whose gradient is
L-Lipschitz, [|[Vf(u) = Vf(v)| < L|u—v|, is said to be L-smooth; for a twice
differentiable function, this means that the eigenvalues of the Hessian are bounded
by L in absolute value. The constant L is the largest curvature of f, and it gives
the natural scale of the step: the classical choice is p = 1/L. The condition
p < 2a/L? given above is sufficient but pessimistic. For a convex and L-smooth
function, gradient descent converges for every p €10,2/L[ (Nesterov, 2018, Sec-
tion 2.1.5); with p =1/L,

_ Lo —w)?

Fla) - fut) < A0

and, if f is moreover a-strongly convex, |[u, — u*||> < (1 — a/L)¥|jug — u*||*:
the error decreases geometrically, a behavior called linear convergence because
it appears as a straight line on a log-scale plot. On a quadratic function, the
threshold 2/L is sharp, as illustrated in Figure 25.

1
The most natural choice, however, is the value pi which minimizes the function along
the given direction.

We may rather choose a nonconstant step pp that decreases with k, e.g. pp =

This leads to another gradient descent algorithm, with a so-called optimal step.

Definition 3.3: Gradient Descent with Optimal Step

Let f be a differentiable function defined on a vector space E of dimension d, and
let n be a positive real number. Gradient Descent with Optimal Step is defined as
follows:

e choose ug to initialize the algorithm, and set k = 0;
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o while |V f(ug)| > n:
1. compute V f(uy),
2. compute py = arg min f(u; — pV f(ug)),
p>0

3. set upy1 = ug — pr V[ (ug),
4. set k< k+1;

o return ug.

One can show that this algorithm converges for strongly convex functions. We
have already discussed convexity but not strong convexity, so let us define it.

Definition 3.4: Strong Convexity

Let f be a convex and continuously differentiable function on R?. We say that f

is strongly convex (or a-elliptic) if there exists o > 0 such that

(VF(v) = Vf(u),v—u)>alv—u|? VuveRL

Equivalently, when f is twice differentiable, f is a-strongly convex if and only if

V2f(x) = ol for all x € RY,

i.e. for all x,z € RY, z2'V2f(x)z > o|z|.

Proposition 3.3: Optimal Step: Convergence

If f is a-strongly convex and if its gradient is Lipschitz continuous on every

bounded set (for instance, if f is twice continuously differentiable), then Gradient
Descent with Optimal Step converges to the unique minimizer u* of f, whatever
the initial point ug.

Let us now have a look at the gradient at each step. What can we say about
(Vf(ug41), Vf(ug)) when pj, = arg min flag — pV f(ug))?
p>

If p, minimizes p — f(ux — pVf(ux)), then

8% F (g = o9 )], =0

= —(Vf(u —prVf(ug)), Vf(ug)) =0
<~ <Vf(uk+1), Vf(uk)) =0.
We can see that two successive descent directions are orthogonal. This observation

is very useful to determine the optimal step for an important class of problems in
Machine Learning, namely quadratic problems, as illustrated in the following example.
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Ezample 3.4. Let A be a symmetric positive definite matrix and b € R?. Let us consider
the quadratic form f defined for all u € R¢ by

F(u) = %(Au, ) — (b, ).

We aim to determine the optimal step at each iteration of gradient descent applied
to this function. We first compute the gradient: for all £k € N, we have Vf(u;) =
Au; — b. Furthermore,

Vfi(ugr1) = Augy—b
= A(uk—pk(Auk—b)) —b
= Auk —b-— pkA<Auk — b)

Now, we use the fact that (V f(ugy1), Vf(ug)) = 0 for this algorithm:

<Auk — b, Auk —b-— pkA(Auk — b)> =0
— <Auk — b, Auy — b> = pk<Auk — b, A(Auk — b))
(Aug — b, Au; — b)
<Auk — b, A(Auk — b)> .

Finally, for quadratic problems of this form, the optimal learning rate at step k
is equal to

_ [[Auy, —b|®

Pk = a2
| Au, — b[3

where [[ul|3 = u” Au (the denominator is positive as long as V f(u;) # 0, since
A is positive definite).

Because successive directions are orthogonal, gradient descent with optimal step
follows a characteristic zig-zag path, shown in Figure 26. Its speed depends on the shape
of the level sets: on the quadratic function of the previous example, one can show that

f(ag) = f(u") < (Z;i m

is the condition number of A (Nocedal and Wright, 2006, Section 3.3). When k = 1
(circular level sets), the gradient points towards u* and one step is enough; when « is
large (very elongated level sets), the factor is close to 1 and the convergence is slow.

2
> (f(ag) — f(u)), where &k =

In a nutshell The condition number k = L/« (ratio of the largest to the smallest
curvature) measures how elongated the valley of f is. Gradient descent needs a
number of iterations roughly proportional to x to reach a given accuracy. Many
practical tricks in Machine Learning, such as standardizing the features or adding
a ridge penalty A ||@]|? (which increases o by 2)), can be seen as ways to reduce
K.

Other algorithms, or other ways to choose the learning rate at each step, can be
studied, such as:
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Figure 26: Left: gradient descent with optimal step on f(u) = %(u? + 8u3); two successive

directions are orthogonal, which produces a zig-zag path, whereas Newton’s method (dashed)
reaches the minimizer of a quadratic function in a single step. Right: number of iterations
needed to reach ||V f(uy)|| <1076 on f(u) = 1 (uf +ru3), as a function of the condition number
k: it grows linearly with x for gradient descent, and does not depend on « for Newton’s method.
[code: make_figures_ch02.py: fig_ch02_zigzag]

e line search: Armijo’s criterion, Wolfe’s criteria;

e algorithms: the conjugate gradient method.

Backtracking line search (Armijo’s rule) Except for quadratic functions, the
optimal step is itself the solution of an optimization problem, and computing it exactly
at each iteration is too costly. In practice, we are satisfied with a step that decreases f
sufficiently. Let (p) = f(up — pV.f(ug)); note that ¢'(0) = — |[Vf(u)||* < 0. Given
c €]0,1] (typically ¢ = 10™%), the step p satisfies Armijo’s condition (Armijo, 1966) if

Flug — pVf(up) < flup) —cp [Vf(u)|?,

i.e. if the graph of ¢ lies below the line of slope ¢ ¢’(0) going through (0, (0)), see
Figure 27. Backtracking starts from a large step p = pg and divides it by 2 (or multiplies
it by some 5 €]0,1[) until Armijo’s condition holds. Since ¢ < 1, this condition always
holds for p small enough, so backtracking stops after a finite number of trials; it requires
only evaluations of f, and it frees us from the knowledge of L.

We conclude this part with a last algorithm called Newton’s method.

Newton’s method is also a descent algorithm. It uses the second-order derivative
to refine the descent direction as follows:

-1
Upi1 ¢ Ug — (VZf(Uk)) Vf(ug).
e It requires fewer iterations to converge to the solution than the other gradient
descent methods.

e It is harder to implement and requires inverting the Hessian of the function we
want to optimize (in O(d®) operations).
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step p

Figure 27: Armijo’s rule. A step p is accepted (shaded region) when ¢(p) lies below the blue
line, whose slope is a fraction c¢ of the initial slope ¢’(0) (dashed), which guarantees a sufficient
decrease of f. Backtracking tries pg, which is too large, then pg/2, which is accepted. (Here
w(p) = f(ur — pVf(ug)) is a parabola and ¢ = 0.3 for readability; much smaller values of ¢ are
used in practice.) [code: make_figures_ch02.py: fig_ch02_armijo]

o The Hessian is not always invertible at a given point.

Newton’s method is obtained by minimizing, at each iteration, the second-order
approximation of f around ug:

f(ug +h) = f(ug) + Vf(up)'h+ %hTVQf(uk) h,

whose gradient with respect to h vanishes at h = — (VQf(uk))_1 Vf(ug). For a
quadratic function, this approximation is exact, and Newton’s method finds the mini-
mizer in a single iteration, whatever the condition number (Figure 26). For a general
function, its convergence is quadratic near a minimizer at which the Hessian is positive
definite: roughly speaking, the number of correct digits doubles at each iteration (No-
cedal and Wright, 2006, Section 3.3). In practice, the system V2f(uiy)h = —Vf(u;)
is solved (e.g. by a Cholesky factorization) rather than computing the inverse of the
Hessian.

Pitfall Newton’s method is only locally convergent. Far from the solution, the
pure iteration (with step 1) can diverge, even for a convex function: for f(x) =
V1422, we have f'(z)/f"(x) = (1 + 2?), so that zx+1 = —x}, which diverges
as soon as |xg| > 1. Moreover, when V2 f(uy,) is not positive definite (nonconvex
function), the Newton direction may not even be a descent direction, and the
method can be attracted by a maximum or a saddle point. This is why Newton’s
method is used in practice with a line search (damped Newton), and why its first
iterations are sometimes replaced by gradient steps.

The main drawback of Newton’s method is the computation of the inverse of the
Hessian matrix H,;l, where H;, = V2 f(u;,). To avoid it, quasi-Newton methods use the
following iterations:
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uprr = ug — ppeMiVf(ug),
Myt = Mg+ Cy.

The idea is to approximate H,;l by a matrix My, to which a correction matrix
Cy is added at each step.

Remember that

Vi) = VI(apsr + (W — 1) & V() + V2 (W) (W — wppn);

we then have the following approximation:

(V2 (i) (Vi) = V() = s — .

If we set vy = Vf(ug+1) — Vf(ug) and 6 = ug4q — ug, and if we require the new
matrix My1, which plays the role of (V2f (ukH))*l, to satisfy this relation exactly,
we get the quasi-Newton condition:

M=)

It remains to see how to define such a correction matrix Cj. We present two solu-
tions, based on rank-1 and rank-2 matrices respectively, together with the corresponding
algorithms. Note that, in practice, the rank-2 correction is used, in the optimization
algorithm known as BFGS.

Rank-1 Correction The correction matrix Cy, is assumed to be of rank 1 (and sym-
metric). So we can write Cy, as Vkv;‘f, where v, € R%.

The update rule of the matrix M} can be written as

T
M1 = My, + vivy,

and the quasi-Newton condition gives

(My +vivi)ve = 6,
Mivk + Vevive = Ok,
vi(Vive) = 6 — M,
v, = Oy — Mk'Yk'

T
Vi Yk

Moreover, taking the inner product of the third line with ~; gives (vivyy)? =
’ykT(Sk — ’ykTMk’yk = (0 — Mk’yk)T'yk, hence

v — Ok = Miyi) (8 — M) "
; (0 = Myyi) Ty
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This rank-one correction leads to the Broyden algorithm (also known as the sym-
metric rank-one, or SR1, method).

Definition 3.5: Broyden Algorithm

Let f be a differentiable function defined on a vector space E of dimension d, and
let 17 be a positive real number. The Broyden algorithm is defined as follows:

e choose ug to initialize the algorithm, and set My =1 and k = 0;
« while |V f(ug)]| >

L. set pp = arg min f(ux — pMV f(ug)),
peER

2. set upq = ug — pp MV f(ug),

(8% — Myve) (81, — Myyy)©
(0 — Mgvi) T vk

3. set Mgy = My +

4. set k<« k+1;

o return uy.

Rank-2 Correction The idea is quite similar but, instead of a rank-one matrix, the
correction is written as the sum of two rank-one matrices, which leads to a rank-2
correction. It is easier to first derive the update of the approximation B;. of the Hessian
V2f(ug) itself (so that My, = B,:l), which must satisfy the equivalent quasi-Newton
condition By;16; = vyi. We look for a correction of the form

Bii1 = By, + avyvi + Bwiwi.

In order to determine suitable values of o and 3, we set vi = 4 and wi, = Bidy
and use the quasi-Newton condition:

B0y, + a (v} 6k) vk + B (6E Brdy) Brox = i
This condition holds if

1 1

a=——— and ,3 = -,

and the update rule becomes

T TRT
Vi Brdkdy By
By =B+ —
1 'y,fék 5]::Bk6k

Inverting this relation with the Sherman—Morrison—-Woodbury formula gives the
corresponding update of My = B;l, which directly approximates the inverse of the
Hessian and still satisfies M1y = 0:
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The use of this update rule is known as the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) algorithm.

Definition 3.6: BFGS Algorithm

Let f be a differentiable function defined on a vector space E of dimension d, and
let 1 be a positive real number. The BFGS algorithm is defined as follows:

e choose ug to initialize the algorithm, and set My =1 and k = 0;
o while |V f(up)l| > n

1. set pp = arg min f(ur — pMyV f(ug)),
pER

2. set ugr1 = ug — ppe MV f(ug),

Sk VoL 5,07
3. set Mgy =(1— M, (I-—- + ,
" ( L5 o) AL

4. set k<« k+1;

e return ug.

In practice, the exact minimization along the direction is replaced by a line search
such as Armijo’s rule (usually combined with a curvature condition, the Wolfe condi-
tions, which guarantees 'y,rfdk > 0 and thus that My remains positive definite). BEGS
combines the advantages of the two previous families: each iteration only costs O(d?)
operations and requires only gradients, as for gradient descent, while its convergence is
superlinear near the solution, almost as fast as Newton’s method. For large d, storing
the d x d matrix My, itself becomes too expensive, and the limited-memory variant
L-BFGS, which only keeps the last few pairs (dx, k), is used instead (Nocedal and
Wright, 2006, Chapter 7); it is, for instance, the default solver of logistic regression in
scikit-learn.

Figure 28 compares the algorithms of this section on a logistic regression prob-
lem. On a log-scale plot, the error of gradient descent decreases along a straight line
(linear convergence), that of BFGS along a curve that bends down (superlinear conver-
gence), and that of Newton’s method falls vertically after a few iterations (quadratic
convergence).

Pitfall The behavior of gradient descent depends on the units in which the fea-
tures are measured (right panel of Figure 28), and so does the stopping criterion
IV f(ug)| < n: multiplying f by 100 multiplies its gradient by 100 without
changing its minimizer. Always standardize the features before running a first-
order method, and choose the tolerance n relative to the initial gradient, e.g.

IV (up)ll <0 [V f(ao)ll-
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Figure 28: Convergence of gradient descent (with constant step 1/L, or with Armijo’s back-
tracking), BFGS and Newton’s method (both with Armijo’s backtracking) on an fs-regularized
logistic regression (m = 300, d = 5), starting from uy = 0; log scale on the vertical axis. Left:
standardized features. Right: the same data with one feature multiplied by 20; the condition
number increases, gradient descent becomes very slow, while Newton’s method and BFGS are
almost insensitive to this change of scale. [code: make_figures_ch02.py: fig_ch02_rates]

Remark large-scale learning In Machine Learning, the objective is usually
an empirical risk f(0) = L 3>, £;(0), where {; is the loss on the i-th example.
When m is very large, even one evaluation of the full gradient is expensive,
and Newton-type methods are out of reach when the number of parameters d
is large. The workhorse is then stochastic gradient descent, which replaces V f
by the gradient V¢; of a single example (or of a small batch) drawn at random
(Robbins and Monro, 1951); it is presented with its variants (momentum, Adam)
in Section 9.6. The survey of Bottou et al. (2018) explains why such “inexact”
methods are well suited to learning.

Historical note Gradient descent goes back to Cauchy (1847), who proposed
it to solve systems of equations arising in astronomy. Newton’s method was in-
troduced by Newton and Raphson in the seventeenth century to find the roots
of polynomials; applied to the equation Vf(u) = 0, it becomes the optimiza-
tion method presented here. The BFGS update was discovered independently,
in 1970, by Broyden, Fletcher, Goldfarb and Shanno, which explains its name.
The textbooks of Nocedal and Wright (2006) and Nesterov (2018) are excellent
references for this section.

To remember from Section 3 |

o At a local minimum of a differentiable function, the gradient vanishes (Eu-
ler’s equation); a critical point is a local minimum if the Hessian is positive
definite there, and every critical point of a convex function is a global min-
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imum.

o Gradient descent ugy1 = ux — pV f(ug) moves in the direction of steepest
descent. With a constant step, it requires p < 2/L (the classical choice
is p = 1/L); otherwise the step is chosen by an exact or an approximate
(Armijo) line search.

o Its speed is governed by the condition number x = L/a: the convergence
is linear for strongly convex functions, and slow when the level sets are
elongated.

e Newton’s method uses the Hessian, is insensitive to the conditioning and
converges quadratically near the solution, but each iteration costs O(d®) and
it must be damped far from the solution. Quasi-Newton methods (BFGS,
L-BFGS) build an approximation of the inverse Hessian from gradients only.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).
Optimality Conditions

Q3.1. Is a point where the gradient vanishes always a local minimum? Give a counterexample
in dimension 2.

Q3.2. Classify the critical point 0 of f(x) = 3 — 4x129 + 3.

Q3.3. The functions x*, —z* and 3 all satisfy f/(0) = f”(0) = 0. What does this tell you
about the second-order test?

Q3.4. True or false: if a differentiable function has a unique critical point, this point is its
global minimum.

Q3.5. Why is every critical point of a differentiable convex function a global minimum?
Minimization Problems

Q3.6. When does the least squares problem ming ||y — X0||§ have a unique solution?

Q3.7. True or false: logistic regression has a closed-form solution, like linear regression.
Synthesis of the section

Q3.8. Why is —V f(u) called the direction of steepest descent?

Q3.9. What happens with a constant step p = 0.3 on f(u) = 3 (u? + 10u3)?

Q3.10. What is the best constant step for f(u) = %(u% + 10u3), and the corresponding con-
traction factor?

Q3.11. Why are two successive directions of gradient descent with optimal step orthogonal?
Q3.12. Why must the constant ¢ of Armijo’s condition be smaller than 1?

Q3.13. How many iterations does Newton’s method need on a strictly convex quadratic func-
tion? And gradient descent?

Q3.14. True or false: for a strictly convex function, the pure Newton iteration (step 1) converges
from any starting point.

Q3.15. We replace f by 100f. Which of gradient descent with fixed step and Newton’s method
is affected?
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Q3.16. Why is BFGS preferred to Newton’s method when d is large?
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4 Constrained and Smooth Convex Optimization

In the previous section, the variable x could take any value in R%. In many learning
problems, however, the parameters we look for must satisfy some constraints. This
section explains how the optimality conditions of Section 3 must be adapted in this
case. It introduces the Lagrangian, the dual problem and the Karush—-Kuhn—Tucker
(KKT) conditions, which are the key tools to understand support vector machines, and
it presents a simple algorithm to solve constrained problems, projected gradient descent.
Our presentation follows Boyd and Vandenberghe (2004), to which we refer the reader
for further details and for the proofs that are omitted here.

About this section
Guiding question. How do we minimize a loss when the parameters are not free, e.g.
when they must have a bounded norm or form a probability distribution?

In this section you will learn to:
o write a constrained problem in standard form and recognize a convexr problem;

o interpret Lagrange multipliers geometrically, and build the Lagrangian and the dual
problem;

o write and use the KKT conditions to solve a problem in closed form, and interpret
complementary slackness (support vectors, active constraints);

o compute simple projections (ball, boz, simplex) and run projected gradient descent.

4.1 Motivation: Constraints in Machine Learning

Constraints appear naturally in Machine Learning. Let us give three examples that will
be met again later in the course.

e Support vector machines. Given a sample {(x;,y;)}/, with labels y; €
{—1,+1}, the hard-margin SVM looks for the separating hyperplane {x | w’x +
b = 0} with the largest margin. It is obtained by solving

1
min = [wl3 st y(wixi4+b)>1, i=1,...,m.

Each example gives an inequality constraint: it must lie on the right side of the
hyperplane, at a distance at least 1/ [|wl||,.

e« Norm constraints and regularization. To avoid overfitting, we often restrict
the size of the parameters, e.g. by minimizing an empirical risk F'(6) under the
constraint ||@|| < r (the ridge regression with |[|-||,, the Lasso with ||-||;). We will
see that such a constrained problem is closely related to the penalized problem
ming F(0) + \||@]|*: the regularization parameter A plays the role of a Lagrange
multiplier.

o Weights of a vote. In ensemble methods (majority votes, boosting, PAC-Bayes),
we learn a weight ¢; for each voter h;, j = 1,...,n. These weights must define a
probability distribution, i.e. belong to the simplex

n
Ap={qeR"|q>0,> ¢q=1
j=1
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In all these cases, we cannot simply set the gradient of the objective function
equal to zero: its minimizer over R? is in general not feasible.

4.2 Problem Formulation

Definition 4.1: Constrained Optimization Problem

Let f,g1,-..,9p,h1,..., hg : R? — R be given functions. A constrained optimiza-
tion problem (in standard form) is a problem of the form

min  f(x)
st. gi(x) <0, i=1,...,p, (4.1)

hi(x) =0, j=1,...,q.

The function f is the objective function, the g;’s define the inequality constraints
and the h;’s the equality constraints. The set

C:{XGRdlgi(X)SO, i=1,...,p, hj(x)=0, jzl,...,q}

is called the feasible set; its elements are the feasible points. The optimal value
of the problem is denoted by p* = infxec f(x), and a feasible point x* such that
f(x*) = p* is a solution (or minimizer) of the problem.

The problem is said to be convex if f and g¢1,...,g, are convex functions and
hi,..., hg are affine functions, i.e. hj(x) = a]-Tx — b;.
- J

Note that any constraint can be written in this form: a constraint g(x) > 0
becomes —g(x) < 0, and maximizing f amounts to minimizing — f. For instance, the
SVM constraints read g;(w,b) = 1 —y;(w'x; +b) < 0, and the simplex constraints read
—q¢j <0and > ;g —1=0.

Why do we ask the equality constraints to be affine in a convex problem? Because
the set {x | h(x) = 0} is in general not convex when h is only convex (think of the circle
{x € R? | ||x]|3 — 1 = 0}), whereas the following result holds.

Proposition 4.1: Convex Problems

For a convex problem (4.1):

o the feasible set C is convex;
e every local minimum of f on C is a global minimum;

o if f is differentiable, a feasible point x* is a solution if and only if

(Vf(x),x—x*)>0, VvxeC. (4.2)

- J

Proof. Each sublevel set {x | g;(x) < 0} of a convex function is convex (if g;(u) < 0 and
gi(v) <0, then g;(tu+(1—t)v) < tg;(u)+(1—t)gi(v) <0), and each set {x | h;(x) =0}
is a hyperplane, hence convex. C is an intersection of convex sets, so it is convex.
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Let x* be a local minimum and assume that there is y € C with f(y) < f(x*).
For ¢t €]0,1], the point x;, = x* + t(y — x*) belongs to C and, by convexity, f(x;) <
(1 —=t)f(x*)+tf(y) < f(x*). Since x; is arbitrarily close to x* when ¢ — 0, this
contradicts the local optimality of x*.

Finally, condition (4.2) is necessary by Euler’s inequality (Proposition 3.1), and
it is sufficient because, by Proposition 2.6, f(x) > f(x*) +(V f(x*),x —x*) > f(x*) for
all x € C. O]

Condition (4.2) has a nice geometric interpretation: at a solution, no feasible
direction x — x* is a descent direction. When x* lies in the interior of C, all the
directions are feasible and we recover Euler’s equation V f(x*) = 0. When x* lies on
the boundary of C, the gradient does not vanish in general, but —V f(x*) must “point
outside” the feasible set.

Geometric intuition Consider first a single equality constraint h(x) = 0, as in the
left part of Figure 29. Let us move along the curve {h = 0} starting from a point x. If
V f(x) has a nonzero component along the curve (i.e. along its tangent), then we can
decrease f while remaining feasible, so x is not optimal. At a solution x*, the gradient
V f(x*) must therefore be orthogonal to the feasible set, i.e. parallel to Vh(x*), which
is itself orthogonal to the curve {h = 0}:

Vf(x*)+ uVh(x*) =0 for some u € R.

Equivalently, the level set of f going through x* is tangent to the curve {h = 0}.

For an inequality constraint g(x) < 0 (right part of Figure 29), two situations may
occur. Either the solution lies inside the feasible set, where g(x*) < 0: the constraint is
inactive and V f(x*) = 0. Or it lies on its boundary, where g(x*) = 0: the constraint is
active, and —V f(x*) must point outwards, 7.e. in the same direction as Vg(x*):

Vi(x*) 4+ AVg(x*) =0 for some A > 0.

The sign of the multiplier A now matters: if —V f(x*) pointed inwards, we could decrease
f by moving inside the feasible set.

4.3 Equality Constraints and Lagrange Multipliers

The geometric intuition above is made rigorous by the following classical theorem, which
we state without proof (it relies on the implicit function theorem).

Theorem 4.2: Lagrange Multipliers

Let f,h1,...,hq : R? — R be continuously differentiable functions, and let x* be
a local minimum of f on the set {x | hj(x) =0, j =1,...,¢}. Assume that the
gradients Vhj(x*),..., Vhy(x*) are linearly independent. Then there exist real
numbers p7, ..., g, called Lagrange multipliers, such that

q
Vi) + Y wiVhi(x*) = 0.
j=1
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equality constraint active inequality constraint

min f
min f

Figure 29: Geometry of constrained optimality. Left: with an equality constraint h(x) = 0 (red
line), the solution x* is the point where a level set of f (blue circles) is tangent to the constraint;
there, V f(x*) and Vh(x*) are parallel. At the non-optimal point x, Vf(x) has a component
along the line, and moving along the green direction decreases f while remaining feasible. Right:
with an active inequality constraint g(x) < 0 (red disk), the solution x* lies on the boundary,
and —V f(x*) points outside the feasible set, in the direction of Vg(x*). The thick blue circle
is the level set of f going through x*. [code: make_figures_ch02.py: fig_ch03_lagrange]

This condition can be written in a compact way by introducing the Lagrangian
q
E(X,N) :f(x)_'_Z#jhj(X)? XERda p € RY
j=1

The conditions of Theorem 4.2, together with the feasibility of x*, simply read
VxL(x*, u*) =0 and VuL(x*, pw*) = (h1(x*),..., he(x*)) =0

we have replaced a constrained problem with d unknowns by an unconstrained system
of d+ q equations with d+ ¢ unknowns. For a convex problem, these conditions are also
sufficient (this is a special case of Theorem 4.5 below).

Ezample 4.1 (Minimum-norm solution of a linear equation). Let a € R%\ {0} and b € R.
We look for the point of the hyperplane {x | a’x = b} that is closest to the origin:

1 9 T
min —||x st. atx—b=0.

The Lagrangian is £(x, ) = & |x]|5 + u(a”x — b), and the optimality conditions give
Vil(x,p) =x+pa=0 < x = —pa

b
2
—plall =b = gt = -
lall3
b
Hence x* = —— a: the solution is colinear to the normal vector a of the hyperplane,

13
and the distance from the origin to the hyperplane is ||x*||, = |b|/ ||al|,. This is exactly
the formula used to compute the margin of a linear classifier.
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Ezample 4.2 (Quadratic function under linear constraints). Let A € R%*? be symmetric
positive definite, b € R?, C € R9*? of rank ¢ and d € RY. We consider

1
min -x’Ax —b'x st. Cx=d.
x€R4

With £(x, p) = x7 Ax —b x4+ p’ (Cx — d), the optimality conditions form the linear

5 9)6)-6)

The first block gives x = A~ (b — CTp); plugging it into Cx = d gives CA~'b —
CA'CTp = d. Since CA~'CT is invertible (it is positive definite because C has full
rank),

p = (CA—lcT)_1 (CA'b-d) and x*=A"'(b-CTp").

Without constraints, we would have found x = A~'b: the term —A~'CTp* is the
correction due to the constraints.

4.4 Lagrangian Duality

We now come back to the general problem (4.1), with inequality constraints, which we
call the primal problem. The idea of duality is to incorporate the constraints into the
objective function, with a price for violating them.

Definition 4.2: Lagrangian and Dual Function

The Lagrangian associated with problem (4.1) is the function £ : RY x RP x R? — R
defined by

L(x, A, p) = f(%) + D Xigi(%) + > pihj(x).
i=1 j=1

The variables A = (A1,...,\p) and g = (p1,. .., ftq) are the Lagrange multipliers
(or dual variables); the multipliers \; of the inequality constraints are required to
be nonnegative. The dual function is defined, for A € RP with A > 0 and p € RY,
by

G\, pn) = inf L(x,A\,pu) € RU{—o0}.

x€R4

For each fixed x, the function (A,u) — L(x,A,p) is affine. As a pointwise
infimum of affine functions, the dual function G is always concave, even when the primal
problem is not convex (by the same argument as for the maximum of convex functions
in Proposition 2.5).

77 - Statistical Supervised Machine Learning



Definition 4.3: Dual Problem

The dual problem of (4.1) is

. > 0. .
Ae]lg’lii{eRq GA,pn) st. A>0 (4.3)
Its optimal value is denoted by d*. A pair (X, ) with A > 0 and G(A, p) > —oc0

is said to be dual feasible.
g y,

Since G is concave and the constraint A > 0 is convex, the dual problem is always
a convex problem (maximizing a concave function amounts to minimizing a convex one).
The fundamental property of the dual problem is that it provides lower bounds on the
optimal value of the primal problem.

Theorem 4.3: Weak Duality

For every A > 0 and every p € R, we have G(A, ) < p*. Consequently,

d~ < p*.

Proof. Let x be a feasible point and A > 0, g € R?. Then
G(A p) = inf L(z,A p)
zeRd

< L(x, A p) = f(x)+ Z)\igi(x) + Zujhj(x)

< f(x).
Taking the infimum over all feasible points x gives G(X, p) < p*, and taking the supre-
mum over (X, p) gives d* < p*. O

The difference p* — d* > 0 is called the duality gap. Weak duality always holds,
but the gap may be positive, in particular for nonconvex problems. When d* = p*,
we say that strong duality holds: solving the dual problem, which is often easier, then
gives the optimal value of the primal problem. For convex problems, strong duality
holds under mild assumptions called constraint qualifications; the most popular one is
Slater’s condition.

Theorem 4.4: Strong Duality — Slater’s Condition

Assume that problem (4.1) is convex and that there exists a strictly feasible point
X, i.€e.

gi(x) <0, i=1,...,p, and hj(x)=0, j=1,...,q.

Then strong duality holds, d* = p*, and if p* > —oo, the dual problem has a
solution (A*, u*). Moreover, strict feasibility is not required for the inequality
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constraints g; that are affine: in particular, if all the constraints are affine, strong
duality holds as soon as the problem is feasible.

The proof relies on a separating hyperplane argument; see Boyd and Vandenberghe
(2004, Section 5.3.2).

Ezample 4.3 (Dual of the minimum-norm problem). Let us come back to the problem

min £ x| s.t. aTx = b. For a fixed u, the Lagrangian £(x, ) = 3 x5 + p(aTx — b)

is a convex quadratic function of x, minimized at x = —ua. Hence

1 1
G(u) = Su* llally = u* llal3 — b = =5 1 [lall3 — ub.

b2
= 72’
2 all3
which is exactly p* = % Hx*||§: strong duality holds, as predicted by Theorem 4.4 (the
constraint is affine).

This concave function of p is maximized at pu* = —b/ Ha||§, and d* = G(u*)

4.5 The Karush—Kuhn—Tucker Conditions

We can now state the optimality conditions of constrained problems, which generalize
Euler’s equation V f(x*) = 0 and Lagrange’s theorem. They were obtained by Karush
(1939) and, independently, by Kuhn and Tucker (1951).

Theorem 4.5: Karush-Kuhn—Tucker (KKT) Conditions

Assume that f,g1,...,9p, h1,..., hy are differentiable. We say that (x*, A*, u*)
satisfies the KK'T conditions if

1. (stationarity) Vf(x*) + i A Vgi(x*) + > piVhi(x*) = 0, ie.
Vi L(x*, X*, u*) = 0; - =

2. (primal feasibility) g;(x*) < 0 for all i and h;(x*) = 0 for all j;

3. (dual feasibility) A\ > 0 for all i;

4. (complementary slackness) \fg;(x*) = 0 for all i.
Then:

o necessity: if strong duality holds, x* is a solution of the primal problem (4.1)
and (A*, p*) is a solution of the dual problem (4.3), then (x*, A*, u*) satisfies
the KKT conditions;

o sufficiency: if the problem is convex and (x*, A*, u*) satisfies the KKT
conditions, then x* is a solution of the primal problem, (A*, u*) is a solution
of the dual problem, and p* = d*.

In particular, for a convex problem satisfying Slater’s condition, x* is a solution if

and only if there exist (A*, u*) such that the KKT conditions hold.
. J
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Proof. Necessity. Since x* is feasible and A* > 0, primal and dual feasibility hold.
Moreover,

o) = p = d" = G, ) = xlgﬂg L0x, X, )

4q
< L(x*, A%, ) )+ Z AFgi(x*) 4+ Y prhy(x*

< f(x5).

Hence all these inequalities are equalities. The first one says that x* minimizes the
differentiable function x — £(x, A*, u*) over R?, so its gradient vanishes at x* by Euler’s
equation (Proposition 3.2): this is stationarity. The second one says that >, A\7g;(x*) =
0; since each term of this sum is nonpositive, each term is zero: this is complementary
slackness.

Sufficiency. Since the problem is convex and A* > 0, the function x
L(x,A\*,p*) is convex (a nonnegative combination of convex functions plus affine
functions). By stationarity and Proposition 2.6, x* is a global minimizer of this
function, hence

GN", 1*) = L(x*, X, p1¥) +Z/\*gz +Zu§h = f(x"),

using complementary slackness and primal feasibility. By weak duality, G(A*, u*) <
d* < p* < f(x*), so all these quantities are equal: x* is primal optimal, (A*, u*) is dual
optimal and p* = d*. O

Remark Without a constraint qualification, the KK'T conditions may fail to hold
at a solution, even for a convex problem. Consider mingcg z s.t. g(z) = 2% < 0.
The only feasible point, hence the solution, is z* = 0, but stationarity would
require 1 + 2 z* = 1 = 0, which is impossible. Here Slater’s condition fails: no
point satisfies 22 < 0.

Complementary slackness and its interpretation Complementary slackness says
that, for each inequality constraint,

In words: a constraint that is not active at the solution (g;(x*) < 0) does not play any
role, and its multiplier is zero; the solution would not change if this constraint were
removed. Conversely, a positive multiplier indicates an active constraint, which really
“pushes” the solution. This is what we observed in Figure 29: an inactive constraint
gives Vf(x*) = 0, an active one gives —V f(x*) = A*Vg(x*) with A* > 0.

The multipliers also have an economic interpretation, as prices or sensitivities:
if the i-th constraint is relaxed into g;(x) < w; with u; small, then, under regularity
assumptions, the optimal value changes by approximately —Afu;. A large multiplier
thus indicates a constraint which is expensive, i.e. which strongly limits the decrease of
the objective (Boyd and Vandenberghe, 2004, Section 5.6).
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In the SVM, the multipliers are attached to the training examples: complementary
slackness implies that only the examples whose constraint is active, the support vectors,
have a nonzero multiplier and contribute to the solution (see the preview below).

4.6 Worked Examples

The KKT conditions often allow us to compute the solution in closed form, by examining
which constraints are active.

Ezample 4.4 (Projection onto a Euclidean ball). Let z € R? and > 0. We look for the
point of the ball {x | ||x|, < r} closest to z:

1
min = ||x — 2|3 st g(x) =

min, 5 (Ili3 =) < 0.

The problem is convex and Slater’s condition holds (g(0) < 0), so the KKT conditions
characterize the solution:

DN

x—z+Xx=0, |xl,<r,  Az0,  A([x[3-r?) =0

Stationarity gives x = z/(1 4+ \). Two cases occur.

o If ||z||, < 7, then A = 0 and x = z satisfy all the conditions: the constraint is
inactive and z is its own projection.

o If ||z||, > r, then A = 0 is impossible (it would give x = z, which is not feasible),
so the constraint is active: ||x|, =7, i.e. 14+ A= ||z||y/r, and x =12/ |z],.

In both cases, the projection is
. r
Hpy(z) =min (1, —— | z:
1],

the point z is simply rescaled onto the sphere when it lies outside the ball. This operation
is known as gradient clipping in deep learning.

Ezample 4.5 (Projection onto the simplex). Let z € R™. We look for the probability

vector closest to z:

1 9 &
in —||q— b —¢; <0, 5=1,... E i—1=0.
5161]11{111 9 la—zl; s 4G =Y J RRRRRLE j:lqj

All the constraints are affine, so the KK'T conditions are necessary and sufficient. With
multipliers A; > 0 for the inequalities and p for the equality, they read

n
4G —z—Aj+p=0 ¢=0 X=0, Ajg; =0, Yoa=1.
j=1

Let us set 7 = v and discuss according to complementary slackness:
o if gj >0, then \; = 0 and ¢; = z; — 7 (which requires z; > 7);

e ifgj=0,then \; =7—2; >0, d.e. z; <T.
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In both cases, ¢; = max(z; —7,0), where the threshold 7 is determined by the constraint
n
Zmax(zj —7,0)=1.
j=1

The left-hand side is a continuous and nonincreasing function of 7, decreasing from +oo
to 0 on the range where it is positive, so this equation has a unique solution, which
can be found by sorting the z;’s. For instance, with z = (0.8,0.6,—-0.2), we try to
keep the two largest components: (0.8 —7) + (0.6 — 7) = 1 gives 7 = 0.2, and indeed
z3 = —0.2 < 7. Hence q* = (0.6,0.4,0): the projection onto the simplex produces
sparse weights.

Ezxample 4.6 (A preview of the hard-margin SVM dual). Let us apply Lagrangian duality
to the hard-margin SVM problem of the motivation, with the constraints g;(w,b) =
1 — gy (wlx; +b) < 0. With multipliers a; > 0, the Lagrangian is

1 m
Llw,b.a) = o [wlz+ > a (1 - m(w"xi +1b)).
=1

For a fixed «a, this function is convex in (w,b), and it is minimized where its gradient
vanishes:

Vwﬁzw—zaiyixi:0 and 5% :—Z:aiyi:().
=1 =1
If >, ay; # 0, the Lagrangian is affine and nonconstant in b, so G(a) = —oo. Otherwise,

plugging w = >, a;y;x; into £ gives the dual problem
m 1 m m m

max oy — 3 Z Z QO Y Yk x?xk s.t. a; >0, Zaiyi =0.
i=1 i=1k=1 i=1

Since the constraints are affine, strong duality holds as soon as the data are linearly
separable. Three important facts can already be observed:

 the solution w* =}, oy;X; is a linear combination of the training examples;

o by complementary slackness, o > 0 only if y;(w*Tx; + b*) = 1, i.e. only for the
examples lying exactly on the margin: the support vectors;

o the data only appear through the inner products x; xj, which opens the way to
kernels.

These properties are studied in detail in the section devoted to support vector machines
in Part II.

4.7 Projected Gradient Descent

The KKT conditions do not always lead to a closed-form solution, and we need algo-
rithms. When the feasible set C is simple, the most natural idea is to perform a gradient
step, which may leave C, and then to come back to C by projecting onto it.
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Algorithm 1: Projected Gradient Descent
Input: a differentiable function f, a closed convex set C with an easy
projection Il¢, an initial point xg € C, a step size p > 0, a number of
iterations K (or a tolerance n > 0)
Output: an approximate solution xx of minkec f(x)
1 fork=0,1,..., K —1do
Vit1 < X — pV f(xk) ; // gradient step
Xpt1 < He(yer) ; // projection onto the feasible set
if |41 —xplly < pn then
L stop and return xg1

[, VR V)

6 return xx

Definition 4.4: Projection onto a Convex Set

Let C C R¢ be a nonempty, closed and convex set. The projection of a point z € R?
onto C is

1
Te(z) = arg min ~ ||x — z|3.
xeC 2

Proposition 4.6: Properties of the Projection

Let C be a nonempty, closed and convex subset of R%.

« For all z € R?, the projection Il¢(z) exists and is unique.

e A point p € C is the projection of z if and only if

(z—p,x—p) <0, VxeCl.

o The projection is non-expansive: ||Il¢(z) — ¢ (2|, < ||z — 2||, for all z,2’.
_ J

Proof (of the second point). The function x — 1 [x — 7|3 is convex, with gradient x —z.
By Proposition 4.1 (or directly by Euler’s inequality and Proposition 2.6), p minimizes
it over C if and only if (p — z,x — p) > 0 for all x € C. Existence follows from the
continuity of the function and the fact that we can restrict the search to the compact
set CN{x | ||x —zl, < |xo—2,} for any x¢9 € C, and uniqueness from the strong

convexity of the function. O

Geometrically, the angle between z — Il¢(z) and any vector pointing from Il¢(z)
into C is obtuse. Combining this characterization with condition (4.2), one checks that,
for any p > 0, x* is a solution of minyxecc f(x) (with f convex and differentiable) if and
only if

x* =Tle(x* — pV f(x¥)).

The solutions are thus the fixed points of the map x +— Il¢(x — pV f(x)), which suggests
the following algorithm.
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Note that the stopping criterion is not |V f(xx)||, < 7 anymore, since the gradient
does not vanish at a solution lying on the boundary of C; we use instead the distance
between two successive iterates, which is zero exactly at the fixed points.

The projections computed in the previous examples can directly be plugged into
Algorithm 1: onto a ball, the projection is a rescaling; onto a box [a, b]?, it amounts to
clipping each coordinate, ; — min(max(x;,a),b); onto the simplex, it is the threshold-
ing operation computed above. Figure 30 shows the algorithm at work on a ball and
on a box. As long as the iterates remain inside C, the algorithm coincides with gradient
descent; once the boundary is reached, each gradient step leaves C and the projection
brings the iterate back, so that the iterates slide along the boundary towards the point
where —V f is orthogonal to it, as in Figure 29.

C = unit ball (rescaling) C=1[-1,1)? (clipping)

8
\

—— gradient step = - projection onto C H x

\

Figure 30: Six iterations of projected gradient descent (step p = 0.35) for a quadratic function
whose unconstrained minimizer (star) is not feasible, starting from the black square. Each
gradient step (red arrow) may leave the feasible set C (blue); the projection (dotted line) brings
the point back onto C. Left: unit ball, the projection is a rescaling. Right: box [—1,1]?, the
projection clips each coordinate. In both cases, the constraint is active at the solution x*, where
the gradient does not vanish. [code: make_figures_ch02.py: fig_ch03_projgd]

Remark on convergence Projected gradient descent enjoys the same guaran-
tees as gradient descent in the unconstrained case. Assume that f is convex and
L-smooth, i.e. that its gradient is L-Lipschitz: ||V f(u) — Vf(v)||; < L||lu —v|,.
With the step p = 1/L, the iterates satisfy

L|xo — x*|3

Flo) = fox7) < 2L,

a convergence rate in O(1/k). If f is moreover a-strongly convex, the convergence
is linear (geometric): ||x; — x*||3 < (1 — a/L)* ||xo — x*||3. The projection does
not slow down the algorithm, but each iteration is only cheap if the projection
is cheap: for complicated feasible sets, computing Il¢ is itself an optimization
problem, and one rather uses duality or other methods (interior point methods,
Frank—Wolfe algorithm, ...).
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To remember from Section 4

e A constrained problem is convex when the objective and the inequality
constraints are convex and the equality constraints are affine; then every
local minimum is global.

o At a solution, —V f(x*) is a nonnegative combination of the gradients of
the active constraints (plus any combination of those of the equality con-
straints): this is the stationarity condition of the Lagrangian.

e The dual function is always concave and gives lower bounds on the optimal
value (weak duality); for convex problems satisfying Slater’s condition, the
duality gap is zero (strong duality).

o The KKT conditions (stationarity, primal and dual feasibility, complemen-
tary slackness) characterize the solutions of convex problems satisfying
Slater’s condition. Complementary slackness says that inactive constraints
have zero multipliers, which explains the support vectors of the SVM.

o When the projection onto C is cheap (ball, box, simplex), projected gra-
dient descent alternates a gradient step and a projection, with the same
convergence guarantees as gradient descent.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Equality Constraints and Lagrange Multipliers
Q4.1. Why must the equality constraints of a convex problem be affine?
Q4.2. Is the problem min ||x||§ s.t. [|x]|, > 1 convex? What are its solutions?

Q4.3. Find the point of the line x1 + zo = 2 closest to the origin, and the Lagrange multiplier
of min% ||XH§ s.t. 11 +1x9 —2=0.

Q4.4. True or false: at the solution of an equality-constrained problem, V f(x*) = 0.
Worked Examples
Q4.5. Why is the dual problem always convex, even when the primal problem is not?

Q4.6. A feasible point gives f(x) = 3.2 and a dual feasible pair gives G(A, ) = 3.0. What can
you say?

Q4.7. True or false: for a convex problem, the KKT conditions always hold at a solution.

Q4.8. A multiplier satisfies AY > 0. What can you say about the i-th constraint? And if
gi(x*) <07

Q4.9. What is the projection of z = (2,0.5,0) onto the simplex Az?

Synthesis of the section
Q4.10. What is the projection of z = (3,4) onto the unit ball? onto the box [—1,1]%?
Q4.11. Project z = (1.5,—0.3) onto the box [0, 1]°.

Q4.12. Why can we not use ||V f(xz)|l, < n as a stopping criterion in projected gradient
descent?

85 - Statistical Supervised Machine Learning



Q4.13. True or false: if the unconstrained minimizer of f belongs to C, projected gradient
descent produces the same iterates as gradient descent.

Q4.14. Why does the fixed-point characterization x* = Il (x* — pV f(x*)) hold for every p > 07

Q4.15. What is the cost of one iteration of projected gradient descent on the simplex A,,7

86 - Statistical Supervised Machine Learning



Part 11

Supervised Machine Learning

This part introduces the supervised learning problem and the main algorithms used
to solve it. Section 5 describes the data and the different learning tasks; Section 6
presents the framework of statistical learning theory, which explains what it means for
a model to generalize, through empirical risk minimization and generalization bounds;
Section 7 details the learning procedure in practice: how to train a model, tune its hyper-
parameters and evaluate it with performance measures adapted to the task. Section 8
then presents the classical supervised algorithms — the k-nearest neighbours, support
vector machines, linear and logistic regression, kernel regression and decision trees —
and Section 9 is devoted to neural networks. For each algorithm we describe the model,
the optimization problem it solves, and its strengths and weaknesses in practice.
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5 Introduction

In this first section, we present some generalities on what machine learning is, on the
importance of data, and on the various problems related to finding a good representation
of these data.

About this section

Guiding question. What does it mean for a machine to “learn”, and what do we need
to make it learn?

In this section you will learn to:

e state Mitchell’s definition of learning (task T, performance P, experience E) and
recognize these three ingredients in a concrete application;

e explain why every type of data (images, tables, texts) must eventually be turned
into a vector of features;

e describe the main steps of a learning pipeline, from raw data to predictions;

o distinguish supervised, unsupervised and reinforcement learning, and, within super-
vised learning, regression from classification.

5.1 Generalities

Machine Learning is a subfield of Artificial Intelligence at the frontier of computer
science and Applied Mathematics (statistics and optimization). This discipline also
partially overlaps with Data Science, as it relies on collecting data that are analyzed
and studied in order to extract the relevant information for the application at hand.

The main question we would like to answer is:
Can machines think?

In other words, are machines able to perform tasks that are usually done by
humans (A. Turing), such as:
o driving a car,
e creating a masterpiece,
e recognizing people,
e detecting anomalies in medical images,

e ctc.

Tom Mitchell Mitchell (1997) has provided a more formal definition of Machine
Learning®:

A computer program is said to learn from experience E with respect to
some class of tasks T and performance measure P, if its performance at
tasks in 7, as measured by P, improves with experience F.

2The book is available here: https://www.cs.cmu.edu/ tom/mlbook.html. Tts first chapters may be
of interest to the reader.
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The experience E can be thought of as a collection of data, but also as the training
process used to train your algorithm. Generally speaking, the more (good) data we have
and the better we train our model, the better the results will be; we will see, however,
that training “too much” on the same data can also be harmful. In any case, everything
depends on the performance measure P that is used, and we will come back to this
point later. The task T can be, for instance, a classification or a regression task, as
studied in the linear models course.

In a nutshell Let us identify the three ingredients on a spam filter. The task T'
is to decide whether an incoming email is a spam or not; the performance P is, for
instance, the proportion of emails that are correctly sorted; the experience F is a
collection of emails that the users have already flagged as spam or as legitimate.
The program learns if its proportion of correctly sorted emails increases as more
flagged emails become available. Note that nobody writes the rules (“if the email
contains the word lottery, then...”) by hand: the rules are inferred from the
data.

Historical note The question “Can machines think?” is the opening sentence
of the famous paper of Alan Turing Turing (1950), in which he proposes the
imitation game (now called the Turing test) and already suggests that, rather
than programming an adult mind, one could build a “child machine” and educate
it. The expression machine learning itself was popularized a few years later
by Arthur Samuel Samuel (1959), whose checkers-playing program improved by
playing against itself, a very early instance of learning from experience.

To sum up, to solve a given task, and to help our machine think or solve a problem,
we need a collection of observations, i.e. a collection of data.

5.2 Data and Machine Learning problems

Another definition of Machine Learning can be stated as follows:

Machine Learning is a field of Computer Science, and a subfield of Artificial
Intelligence, which aims to design and study algorithms that are able to
learn from data and to make predictions.

Depending on the application, the data can be of many different natures: images,
videos, raw data, categorical data, trees, graphs, time series, etc.

A concrete example is illustrated in Figure 31 with two images. The aim of the
algorithm is to distinguish dogs from cats in a collection of images. In this case, the
algorithm is trained to solve a classification problem where the output can take two
values: dog or cat.

We also often deal with data that can be represented in a table. This is the case in
the following regression task, where we aim to predict the score obtained in a language
test (y) from the scores obtained in four other tests, x1,z2,z3 and x4 (see Table 1).

Although these data may look very different in their usual representation, a ma-
chine necessarily sees them in the same form. This form is most often the one of the
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Figure 31: An example of data that can be used for classification tasks. These two images are
extracted from the Dogs vs Cats dataset, available on Kaggle.

Y T1 | T2 | X3 | T4
125 | 13 | 18 | 25 | 11
158 | 39 | 18 | 59 | 30
207 | 52 | 50 | 62 | 53
182 1 29 | 43 | 50 | 29
196 | 50 | 37 | 65 | 56

Table 1: Data describing the score obtained in a language test according to the scores obtained
in four other tests.

second example, i.e. an array of values, in other words a matrix.

This data representation is one of the important pillars of machine learning. Al-
though it may seem simple at first, obtaining a good representation of the data is far
from trivial. It is even an important research topic, very often guided by the problem
we are trying to solve. Representation learning is particularly important in Natural
Language Processing (NLP), where one needs to learn a good representation of words
or sentences in the form of vectors.

Let us go back to our images to see this more precisely. Remember that an image
can be seen as a collection of pizels (or vozxels if you are working in a three-dimensional
space), each of which is associated with a number. Generally, in a black and white
(grayscale) image, the pixel value lies between 0 and 255 (or between 0 and 1 if the
data are scaled). A color image, such as the ones presented in Figure 31, is represented
by three different matrices®, where each entry represents the pixel intensity associated
with a color channel (R: red, G: green and B: blue):

0.1 1 023 034 1 0.19 0.56 0.83 0.23
R=1012 023 095, G=10.67 053 095|, B=1]074 081 0.34
0 045 0.22 1 095 0.23 0.45 0.45 0.29

However, these raw features have some flaws:

3In practice, images are not left in matrix form: we use models, such as convolutional neural networks,
to learn a vector representation of these images; such vectors are then easier to manipulate by subsequent
algorithms.
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o the intensity of the pixels depends on the brightness, but also on the conditions
under which the image was captured;

e the shape of the object in the image depends on the viewing angle, and the object
may be harder to distinguish from its background;

« finally, the apparent size of the object depends on its distance from the camera.

For all these reasons, it is important to define (or find) descriptors that are inde-
pendent of such environmental factors; this is the objective of a Representation Learning
course. These methods are generally based on neural network algorithms, which we will
present later in this document.

As we can see, data are at the core of Machine Learning algorithms (they can be
compared to the experience F mentioned by Tom Mitchell). We have also seen that
they can take different forms: they can be raw, or transformed to make them usable by
an algorithm (e.g. the translation of a text or a word into a vector of numbers). Finally,
the descriptors of these data can also be learned in order to obtain a representation of
the data suited to the task at hand.

A question one might then ask when observing a series of numbers is:
Do the observed values of the different descriptors follow a well-known distribution?

The observed values do follow some distribution. However, and this is the main
problem we have to deal with in Machine Learning, this distribution is always un-
known. We will see that this fact has consequences on the learning process of an
algorithm and on its performance.

Let us first focus on the use of the data and go back to the image classification
task with cats and dogs. Suppose that we have a collection of such images, as illustrated
in Figure 32 (keep in mind that each image is actually a point in a d-dimensional space,
where d is the length of the vector representing it, 7.e. the number of descriptors of
the image), and that we want to classify these images, i.e. to learn an algorithm, or a
model, which is able to predict the class of an image and thus to separate the two types
of images.

To build such an algorithm, we need to define three things:

e Input: the data that will be used for the task, e.g. our images of cats and dogs
(in vector form);

¢ Output: the answer to the task under study, e.g. the label of the image;

o Model: a collection of objects that are used to solve the problem (objective
function, type of hypothesis and optimization process).

These ingredients fit together in the pipeline summarized in Figure 33, which will
serve as a map for the rest of this document: Section 6 formalizes the training phase,
Section 7 explains how to evaluate the resulting model, and the following sections present
several learning algorithms.

In this case, we could learn several types of separators, or classifiers, for the images,
such as straight lines or more complex curves in the feature space. The classifier we
learn will try to minimize the classification error on the observed data, i.e. we will try
to minimize the number of images of dogs classified as cats and vice versa. This will
be done based on the descriptors of the images as well as on their labels. Through a
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Figure 32: A collection of images that can be used for a classification task. These images are
extracted from the Dogs vs Cats dataset, available on Kaggle.

m

training phase: S = {(x,y:)}",

labels y;
¢ prediction phase

Learning

Raw data Features Model

algorithm A ) Prediction
images, texts, vectors o hypothesis ) = h(x)
tables. . . x; € R4 minimizes h:X > Y Yy = hiX
a risk T

new input x
(label unknown)

Figure 33: The supervised learning pipeline. Raw data are first turned into feature vectors; a
learning algorithm then uses these vectors together with their labels to select a model h, which is
finally applied to new inputs whose label is unknown. Choosing the representation (first arrow)
is often as important as choosing the algorithm.

learning process that we will detail later, the algorithm will then iteratively learn from
its errors in order to improve and reach an optimal solution. Once this model is learned,
it is applied to new data (e.g. new images) that it has to classify without knowing their
labels.

Pitfall Learning makes sense only if the new data “look like” the training data,
i.e. if they are generated by the same (unknown) distribution. A cat-versus-dog
classifier trained on daylight pictures may fail on night pictures, and a fraud
detector trained on last year’s transactions may become obsolete when fraudsters
change their habits. This distribution shift is one of the main causes of failure
of machine learning systems in practice; the theory presented in the next section
relies on the assumption that training and test examples are drawn independently
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from the same distribution.

Machine
Learning

|
Supervised learning Unsupervised learning
labeled data (xi,y:) data x; only
( q g | N q | ) 3 8-a
Classification Clustering Sequential decisions
y € {1,...,q} (finite set) groups of similar points an agent interacts with an
e.g. spam filtering, fraud e.g. customer segmentation, environment
detection, image recognition, targeted marketing, e.g. game Al robot
medical diagnosis ) \recommender systems ) navigation, real-time
| | decisions, skill acquisition
(Regression )| (Dimension reduction
yeR fewer, better features
e.g. house prices, weather e.g. visualization (PCA),
forecasting, market feature extraction,
\forecasting, life expectancy ) \compression

J

Figure 34: The three main branches of Machine Learning, the main tasks within each of them
and some typical applications. Supervised learning, on the left, is the subject of this course.
(Adapted from a diagram found here.)

As we have seen, once the data are collected (and often completed and cleaned),
they can be used for several machine learning tasks, such as regression, e.g. to predict the
price of a share, or the price of a house according to its characteristics. They can also be
exploited for classification tasks, e.g. to discriminate spam from ham (legitimate email)
when receiving an email, to identify whether a transaction is fraudulent or genuine, or
to detect anomalies in a medical examination such as a blood test. In both cases, the
data are labeled by a variable y: it is a real number in regression and a category in
classification, as illustrated in Figure 35.

When we have a genuine transaction or a ham email, the example is usually
labeled —1 (it is called a negative example), while it is labeled 1 (positive example)
when it is an object of interest, such as a spam or a fraudulent transaction. When such
label information is used by a Machine Learning algorithm, we talk about Supervised
Learning; otherwise, we talk about Unsupervised Learning®. The difference is illustrated
in Figure 36: the data points are the same, but the questions we can ask about them
are not.

There also exists another branch of Machine Learning called Reinforcement Learn-
ing°. For the sake of completeness, we give a brief description of each branch below;
more information can be found in Figure 34.

Supervised Learning This branch includes all classification and regression tasks.
It covers applications such as fraud detection, recommendation systems, time series

4This branch will be studied in a dedicated course.
5We do not study Reinforcement Learning here.
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Figure 35: The same input (number of hours of study of a student) used for two different tasks.
Left: regression, the output y is the grade, a real number, and the model h returns a real number.
Right: classification, the output is pass/fail; a model (here a logistic regression) estimates the
probability of passing, and thresholding it gives a classifier. [code: make_figures_chO5.py:
fig_chO4_reg_classif |

Supervised: pairs (x;,y;) Unsupervised: points x; only

T2
>
T2

T

e y=+1 Ao y=-1 =——Ilearned h

Figure 36: Supervised versus unsupervised learning on the same points. Left: each point comes
with a label, and we learn a classifier h (here a straight line) that predicts the label of new
points. Right: no label is available; an unsupervised method (here k-means with k& = 2) looks
for a structure in the data, e.g. groups of similar points, without any notion of “correct answer”.
[code: make_figures_ch05.py: fig_chO4_sup_unsup]

analysis, the study of medical images, EEG and ECG signals, the prediction of the
number of people infected by a given disease or virus, or of the stock market value of a
given company, etc. The important point here is the access to labeled data.

Some research fields, such as transfer learning (how to exploit the knowledge
learned in one domain in order to apply it to a related domain), can also be classified in
this branch. Many algorithms belong to this field. Readers who have taken a course on
linear models will certainly remember the Gaussian linear model (regression) or logistic
regression (classification). Other models are of course commonly used, and we will
present them in the next sections.

Unsupervised Learning Unlike in supervised learning, the data used here have
no label. The analysis is then based only on the distribution of the data. Applica-
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tions include anomaly detection, clustering (e.g. population segmentation for marketing
strategies), and recommendation systems based on customer typology. Another aspect
is dimension reduction, via statistical methods such as Principal Component Analysis,
and feature construction.

We can also include approaches such as unsupervised domain adaptation, which
is the unsupervised counterpart of a subcategory of transfer learning.

Reinforcement Learning This last category differs from the first two in that there
is no fixed dataset per se. Here, the system evolves in an environment and must be able
to take the right actions according to this environment and to its own state, through a
reward/punishment system.

A simple example is the automatic piloting of a drone whose goal is to avoid
obstacles in order to reach its destination. The environment can then be considered
as the set of objects that are close to the drone. The state of the drone can be its
structural state as well as its position relative to the elements around it, and the actions
correspond to the movements of the drone (left, right, up, down). When the drone hits
or gets too close to an obstacle, we decrease the value of a quantity that reflects the
reward obtained by the system.

In this course, we will focus on the first branch, i.e. on Supervised Learning. Our
objective will be to learn a classifier h, also called a hypothesis, from a collection of
labeled data {(x;,y;)}", in order to classify new instances, where each x; is a vector of
descriptors. The next section focuses on the theoretical aspects of Supervised Learning.

Remark In this document, the words hypothesis, model, predictor and classifier
(or regressor) are used almost interchangeably to denote the function h returned
by the learning algorithm. Similarly, features, descriptors, variables and attributes
all denote the coordinates of x, and examples, instances, observations or data
points denote the pairs (x;, y;).

Requirements In order to understand the different notions presented in this docu-
ment, and in Machine Learning in general, the reader is invited to review the funda-
mental concepts in Probability/Statistics, Linear Models, Linear Algebra (operations on
matrices: determinant, transpose, multiplication, eigenvalues, eigenvectors) and finally
Analysis (differentiation, integration, study of functions of several variables with real
or vector values, sequences of functions and sequences of real vectors). Part I recalls
the main tools of linear algebra and optimization that will be needed. For a gentle and
non-technical overview of the practical lessons of machine learning, the reader may also
enjoy Domingos (2012).

To remember from Section 5

o A program learns when its performance P on a task T improves with ex-
perience E, which in practice is a collection of data.

o Whatever their original nature (images, texts, tables), data are represented
as vectors of features x € R% and gathered in a matrix; finding a good
representation is a problem in itself.

95 - Statistical Supervised Machine Learning



e The distribution of the data is always unknown: we only observe a finite
sample, and new data are assumed to come from the same distribution.

o Supervised learning uses labeled data {(x;,v;)}"; to learn a hypothesis h;
it is called regression when y is real-valued and classification when y takes
finitely many values.

o Unsupervised learning works without labels (clustering, dimension reduc-
tion), and reinforcement learning learns actions from rewards.

Check your understanding

Short questions to test yourself; the answers are in Appendix A (click on the number of a question
to see its answer).

Gen
Q5.1.

Q5.2.

Q5.3.
Q5.4.

eralities

Identify the task T, the performance measure P and the experience F of a program that
plays chess.

True or false? “A program whose rules were all written by hand by experts learns, in
the sense of Mitchell, as soon as it performs well.”

Does more experience E always improve the performance P?

Why does the definition of learning depend on the choice of the performance measure
p?

Synthesis of the section

Q5.5.

Q5.6.

Q5.7.

Q5.8.

Q5.9.

Q5.10.

Q5.11.

Q5.12.

Q5.13.

Q5.14.

For a system that recommends movies, give a possible task T, performance measure P
and experience F.

Is predicting tomorrow’s temperature a regression or a classification task? And predicting
whether it will rain tomorrow?

A 64 x 64 color image is turned into a vector by stacking its pixel values. What is the
dimension d of this vector?

You are given the customer database of a company, without any additional information,
and you are asked to find groups of similar customers. Which branch of machine learning
is this?

Why can we not simply compute the error of a model on the true distribution of the
data?

True or false? “Since the labels y; are observed, the distribution of the data is known
in supervised learning.”

In the pipeline of Figure 33, at which stage are the labels y; used? Are labels needed
to make a prediction for a new input?

Give two reasons why the raw pixel values of a photograph are poor features to recognize
a cat.

A spam filter labels spam emails +1 and legitimate emails —1. Does “positive” mean
LLgOOd”?

True or false? “Principal Component Analysis is a supervised method, since it produces
new variables.”
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Q5.15. A fraud detector was trained on last year’s transactions and its error rate has doubled
this year, although the code has not changed. What is the most likely explanation?

Q5.16. What is the main difference between the data used in reinforcement learning and in
supervised learning?
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6 Statistical Learning Theory

In this section, we first introduce the notion of risk, the quantity we aim to minimize
in most of the optimization problems arising in supervised learning. We will then see
that it is possible to provide theoretical guarantees on the performance of the learned
model using statistical tools such as concentration inequalities.

About this section

Guiding question. A model makes few errors on the data it was trained on: what can
we say about its errors on data it has never seen?

In this section you will learn to:

e define the true risk and the empirical risk of a hypothesis, and explain why only the
latter can be computed;

e describe empirical, structural and reqularized risk minimization, and relate them to
under- and over-fitting;

e decompose the error of a learned model into an approximation error and an esti-
mation error;

e read a generalization bound: confidence 1 — 6, accuracy €, sample size m and com-
plexity of H (cardinality, VC-dimension) or stability of the algorithm.

Let us denote by X the input space of our data, also called the feature space, and
by Y the output space®. The input space, i.e. the features used to describe the data,
can be of different types: it can consist of continuous or discrete descriptors. In this
document, we will focus on continuous features, i.e. X C R

The output space can also vary from one task to another: it can be discrete, real-
valued, or even consist of structured data. The nature of the output gives important
information on the nature of the problem and leads the user to choose the appropriate
tools.

o When Y C Ror Y =[0,1], i.e. when the output is a real value, the aim is to learn
a score or a probability, or to estimate a quantity, as is usually done in regression
tasks.

e When Y = {—1,+1} or {0,1}, 7.e. when the output is binary, we aim to classify
the data into two categories, also called classes. This type of task is called binary
classification. Note that the output can take more than two values, i.e. ) =
{1,...,q}, where ¢ is the number of classes. In this case, we talk about multi-
class classification.

To solve these different tasks, we use an algorithm A which aims at learning
a function h : X — ), called a hypothesis. From a practical point of view, the joint
distribution D of the data over X x ) is unknown, and we only have access to a collection
of sample points, i.e. a set of observations S = {(x;,v;)}"; drawn ii.d. from D. The
goal is then to learn, from the sample S, a function h which is “good enough” on this
training sample but which is also able to perform well on a new example (x,y).

The observed data are usually gathered in a matrix X € R”*% as follows:

SNote that there may be no output space, i.e. Y = 0, as in unsupervised learning.
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where each row represents an observation (m observations) and each column rep-
resents a variable, or descriptor (d columns).

In the next subsections, we explain how the function h is learned and what we
mean by the performance of an algorithm.

6.1 Empirical Risk Minimization

In order to solve a given task, the algorithm A needs a criterion to optimize, called a
loss function and usually denoted by ¢(h(-),:) : X x ¥ — R,. In a regression task, it
can be based on the difference between the estimated value h(x) and the true value y,
for example £(h(x),y) = |h(x) — y| or £(h(x),y) = (h(x) — y)?. In a classification task,
the most natural way is to count the number of errors made by the classifier h. The
corresponding loss function is then defined by £(h(x),y) = L{y(x)2y) and is called the
0-1 loss. However, this loss is neither convex nor differentiable (it is piecewise constant),
and minimizing the empirical error it induces is known to be NP-hard in general, even
over simple classes such as linear classifiers. That is why we usually replace the 0-1 loss
by a convex surrogate function, such as the hinge loss max(0,1 — yh(x)) or the logistic
loss In(1 4 e ¥"*)) when ) = {1, +1} and h returns a real-valued score.

Whatever the hypothesis h, what we would really like to minimize is the expected
value of its loss over the distribution D, which leads to the True Risk.

Definition 6.1: True Risk

Let £: X x Y — R, be a loss function and D the distribution of the data. The
True Risk R' of a hypothesis h is defined by:

Ré(h) —

= JE _ [(h0).0))

However, we cannot compute this quantity in practice because the joint distri-
bution D of the data is unknown. Instead, we minimize the Empirical Risk, i.e. the
average error over the sample S.

Definition 6.2: Empirical Risk

Let S = {(xi,4:)}"; be a collection of m examples drawn ii.d. from D and

£:X xY — Ry aloss function. The Empirical Risk of a hypothesis h is defined
by:
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1 m
Ris(h) = — > (h(x:), v:).
i=1
In other words, the empirical risk is the mean value of the loss over all the observed

data.
N J

Note that, for a fized hypothesis h, T\’,g(h) is an unbiased estimator of RY(h), since
Espm[R%(h)] = Rf(h) by linearity of the expectation (see Section 1, where risks are
introduced as expectations). We therefore minimize the empirical risk in the hope that
the sample S is representative of the unknown distribution.

In a nutshell The true risk is the average error of h over all the examples the
distribution D could generate, weighted by their probability; the empirical risk
is the average error over the m examples we happened to observe. It is the same
relation as between the mean of a population and the mean of a sample in a
survey: the latter is a noisy, but computable, estimate of the former.

At first glance, minimizing the empirical risk might then seem equivalent to min-
imizing the true (or generalization) risk. This is not the case in general: the learned
hypothesis depends on S, and we run the risk of over-fitting the data, as illustrated in
Figure 37.

hy: straight line (2 parameters) hy: degree 4 (5 parameters)

training MSE: 0.22 training MSE: 0.00 :
MSE on new points: 0.18 fo) MSE on new points: 1.18 o

® training points O new points —_— hy = hy

Figure 37: Illustration of the over-fitting phenomenon on a regression task with five training
points (black). On the left, the learned hypothesis hy (a straight line) does not fit the training
data exactly but generalizes well to new points drawn from the same distribution (white); on
the right, the hypothesis ho, the polynomial of degree 4 interpolating the five points, has a zero
training error but a much larger error on the new points (dotted segments). [code:
make_figures_ch05.py: fig_chOB_overfit]

In this figure, we can see that the model learned on the right is more complex (it
is a curve of degree 4) than the one on the left, which is a straight line. This remark
shows that it is important to impose some constraints on the hypotheses we can learn
in order to avoid such a situation.

100 - Statistical Supervised Machine Learning



Pitfall A small training error is not a proof that a model is good: the inter-
polating polynomial hs of Figure 37 has a training error equal to zero. The
performance of a model must always be assessed on data that were not used to
learn it (see Section 7), or certified by a generalization bound such as the ones
presented in Section 6.2.

We present below a non-exhaustive list of ways to constrain the learned hypothesis.

Empirical risk minimization. The most straightforward solution is to fix in advance
the hypothesis space H, called a set of hypotheses or function class. Then, given this
set of hypotheses H, a sample S and a loss function ¢, we look for the hypothesis h%
defined as a solution of:

hy = argmin R5(h).
heH
If the set H is small enough, we can avoid the situation previously described.
However, without any side information on the data, it is hard to choose the appropriate
set of hypotheses for the task at hand.

Remark (approximation and estimation errors) The choice of # is a trade-
off, which can be made precise as follows. Let R* be the smallest risk achievable
by any function (the Bayes risk), and let hy be the best hypothesis of H, i.e.
the minimizer of the true risk over H (assumed to exist). Then the excess risk of
hs splits into two terms:

RY(MG) — R* = RY(WG) — R () + R (hw) — R

estimation error approximation error

The approximation error only depends on H and decreases when H grows; the
estimation error comes from the fact that we only see a finite sample, and it
typically increases with the size of H and decreases with m (see Figure 38). This
decomposition is studied in more detail in Section 10.

Structural risk minimization. [See Section 4.1 of Vapnik (1995)] The idea here is
to consider a growing sequence of sets of hypotheses {H, }nen, t.e. H1 C Ha C -+,
so that the complexity (or the number of hypotheses) grows with n, and to choose the
hypothesis h’§ solution of the following minimization problem:
hs = argmin R%(h) + pen(n, d).
he€Hn, neN

Compared to the previous formulation, a penalty term is added to the empirical risk.
This term measures the complexity (or size) of the set of hypotheses H,, and is an
increasing function of n (note that it may also depend on the dimension d of the data).
The aim is then to find a hypothesis with a low empirical risk in a set H, that is
as small as possible. With such a formulation, we are able to find a good trade-off
between empirical risk minimization and the complexity of the learned model, i.e. to
find a hypothesis that generalizes well. However, choosing a relevant sequence of sets
of hypotheses remains hard in practice.
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all (measurable) functions X — Y

approximation error

>0
®

Bayes predictor
risk R*

larger class H’

Figure 38: Decomposition of the excess risk of the hypothesis h% learned on a sample S. The
approximation error measures how far the best hypothesis hy of the class is from the best
possible predictor; the estimation error measures how far hg is from hy because of the finite
sample. Enlarging the class (dashed ellipse) reduces the first error but makes the second one
larger: this is the trade-off of Figure 39.

Regularized risk minimization. The preferred solution in practice, because it is
easier to implement, is to choose a sufficiently large set of hypotheses H and to add a
constraint on the parameters 6 of the learned model h = hg. The added term, A ||0]], is
called a regularization term, and A > 0 is the associated reqularization constant:

hg = ar;;gergl{in RG(h) + M6

Through the parameter A, we are able to indirectly control the size, or complexity,
of the set of hypotheses, for instance by constraining the norm of the parameters of the
model”.

Ezample 6.1. Such a formulation was met in the Linear Models course when the lasso
regression was presented. In this problem, we aim to find the best linear model, de-
scribed by a vector @ (the intercept being included, hence the dimension d + 1), which
fits a set of data (y,X). We also require the chosen model to be as sparse as possi-
ble, i.e. to be based on as few features as possible. To do so, we solve the following
minimization problem:

: _ 2
pnin ly —X6l3 + A6,

where || - ||1 is the lasso regularization term, which induces a sparse solution for a
sufficiently large A.

In this last expression (as in the previous example), the smaller the value of A,
the more importance we give to fitting the data well. Conversely, the greater A, the
more importance we give to the complexity of the learned model: the errors made
by the algorithm become insignificant compared to the control of the magnitude of the
parameters . The risk is then that, when A — oo, we face an under-fitting phenomenon:
the model is too simple to capture the structure of the data and generalizes poorly.

"In the rest of the document, such a regularization constant will be called a hyper-parameter instead
of a parameter, to distinguish it from the parameters of the learned hypothesis h.
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The aim is thus to learn a model with an appropriate value of A, 7.e. to find a
good trade-off between the minimization of the empirical risk and the complexity of the
hypothesis, as depicted in Figure 39. To tune the value of A, we typically use a k-fold
cross-validation on the training set: we split the dataset into k folds of (roughly) equal
size. This process will be described later; in short, it consists in learning a hypothesis
(model) on k—1 folds of the training data and testing its performance on the remaining
one. The process is repeated k times, so that each fold is used once for testing, and we
keep the value of A that achieves the lowest average error on the held-out folds.

under-fitting over-fitting

best trade-off

risk

generalization
gap

complexity of the class H (e.g. degree, 1/))

= empirical risk Rg(h¢") true risk R(h¢")

Figure 39: Evolution of the empirical and true risks of the learned hypothesis h according to
the complexity of the set of hypotheses (schematic curves). The empirical risk always decreases
with the complexity, whereas the true risk first decreases (less under-fitting) and then increases
(over-fitting); the difference between the two curves is the generalization gap. [code:
make_figures_ch05.py: fig_chOB_tradeoff]

Figure 40 shows this trade-off on a real experiment, where the complexity of the
model is the degree of a polynomial fitted by least squares: the training error always
decreases with the degree, whereas the test error first decreases (the model becomes
flexible enough to capture the shape of the target), then increases (the model starts
fitting the noise).

Remark (beyond the U-shaped curve) The U-shaped test error of Figures 39
and 40 is the classical picture, which is also known as the bias—variance trade-
off Geman et al. (1992); Hastie et al. (2009). Very large models, such as modern
neural networks, can however behave differently: when the number of parameters
greatly exceeds the number of examples, the test error may decrease again after
the interpolation threshold, a phenomenon called double descent Belkin et al.
(2019). Such models generalize well although they can fit random labels per-
fectly Zhang et al. (2017), which shows that the number of parameters alone is
not always a good measure of complexity; the stability and PAC-Bayesian ap-
proaches of this document are two ways of going beyond it.

Even if we can empirically assess the performance of a model on a test set, it is
also important to provide generalization guarantees, i.e. to bound the true risk of the
learned model using quantities observed at training time.
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Figure 40: Under- and over-fitting with polynomial regression. The data are y = sin(27z) + €
with Gaussian noise of standard deviation 0.3 and m = 15 training points. Left: least-squares
polynomials of degrees 1, 3 and 10 on one sample. Right: training and test mean squared errors
as a function of the degree (log scale, median over 200 training samples). The test error is
minimal for degrees around 3-5 and explodes when the number of parameters approaches m.
[code: make_figures_chO5.py: fig_chO5_polyfit|

The next subsection is dedicated to this point and presents generalization bounds
based either on the complexity of the set of hypotheses or on some properties of the
learning algorithm.

6.2 Generalization Bounds

A generalization bound controls the gap between the true risk and the empirical risk.
It usually has the following general form, often referred to as a Probably Approximately
Correct (PAC) bound Valiant (1984):

Py ([RY(h) = RE(h)| 2 €) <4, (6.1)

where ¢ > 0 and 6 € [0, 1]. Here, § is an upper bound on the probability that the
true risk deviates by at least € from its empirical estimate: the estimate is approximately
correct (up to €) with high probability (at least 1 — ¢). An immediate consequence is
that, for a fixed sample size, the smaller ¢, the greater (i.e. the closer to 1) the value of
0: we cannot be both very precise and very confident with a limited amount of data. Of
course, the closer to 0 both § and ¢ are, the more reliable our estimate is. Such bounds
are usually derived using concentration inequalities, such as the Hoeffding Hoeffding
(1963) or McDiarmid McDiarmid (1989) inequalities. Bound (6.1) can equivalently be
rewritten as a probabilistic bound of convergence of the empirical estimate towards its
mean Vapnik and Chervonenkis (1982); Valiant (1984):

[RA(h) = R ()| < £(3,m),

where 1 — § is the confidence level of the bound and ¢ is a function of § that
decreases with the number m of training examples. Such a bound holds with probability
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at least 1 — § over the draw of S, and the aim is to build a function £(-) that converges
to 0 as fast as possible.

In the following, we will see how such generalization bounds can be built, and
that their convergence rate is often of order O(y/In(m)/m) or even O(1/\/m).

For a complete derivation of the presented bounds, the reader can refer to the
references cited in the different parts and to the excellent book Foundations of Machine
Learning Mohri et al. (2012, 2018); the book of Shalev-Shwartz and Ben-David Shalev-
Shwartz and Ben-David (2014) is another very accessible introduction.

Historical note The PAC framework was introduced by Leslie Valiant in
1984 Valiant (1984), in the setting of computational learning theory, where one
also asks the learning algorithm to run in polynomial time. The uniform conver-
gence results it relies on are older: they were established by Vladimir Vapnik and
Alexey Chervonenkis in the late 1960s and published in English in 1971 Vapnik
and Chervonenkis (1971); Vapnik later developed them into a complete statistical
learning theory Vapnik (1995, 1998), which also led to Support Vector Machines.

Uniform Deviation

As stated before, generalization bounds are based on the convergence of empirical quan-
tities to their means Vapnik and Chervonenkis (1971) and rely on the law of large num-
bers (Theorem 1.6 in Section 1). Intuitively, the larger our training set, the closer the
empirical risk of a fixed hypothesis h will be to its expected value, i.e.:

1m
lim — (h(x;),y:) = E [£(h(x), almost surely.
Jim SR ) = <)) y

The law of large numbers only tells us that the empirical risk converges; Hoeffd-
ing’s inequality (Proposition 1.14 in Section 1), recalled below, tells us how fast, and
holds for every finite m. Figure 41 illustrates it for a fixed classifier.

However, the hypothesis h§ returned by the algorithm is not fixed in advance:
it is chosen using the very same sample S. To handle this dependence, we look for
bounds that are uniform, i.e. that hold simultaneously for all hypotheses h € H,
hence in particular for h. Figure 42 shows why this is necessary: for each sample, the
minimizer of the empirical risk is typically a hypothesis whose empirical risk happens
to be lower than its true risk, so its training error is an optimistic estimate.

To get such a bound, we need to estimate the probability of the following event:

{Sup ’Rﬁ(h) — R5(h)| > s} .

heH

When # is finite and the loss takes its values in [0, 1], the probability of this
event can be bounded using Hoeffding’s inequality, which states that for a fixed h,

P (‘Rﬁ(h) - Rg(h)‘ > 5) < 2e2me” | together with the union bound (Proposition 1.8):
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m =20, =0.30 m =100, e=0.14 m =1000, € =0.04
outside the band: 0.1% outside the band: 0.4% outside the band: 0.3%

0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
empirical risk R (k) empirical risk R (k) empirical risk R (k)

Figure 41: Concentration of the empirical risk of a fired classifier h with true risk R¢(h) = 0.3
(black line) and the 0-1 loss: histograms of R%(h) over 20 000 samples S of size m. The dashed
lines delimit the band R*(h) 4 & with ¢ = 1/In(2/0)/(2m) and § = 0.05 given by Hoeffding’s
inequality: the empirical risk falls outside this band with frequency at most ¢ (in fact much less,
Hoeffding’s inequality being conservative), and the width of the band shrinks as 1/y/m. [code:
make_figures_ch05.py: fig_ch05_hoeffding]
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Figure 42: Empirical risk minimization over the threshold classifiers h;(xz) = sign(x — t), for
data with z uniform on [0, 1] and y = sign(xz — 0.5) flipped with probability 0.2. Black: true risk
(minimal at ¢ = 0.5, square). Colored: empirical risks on three independent samples, with their
minimizers hg (dots). With m = 30, the empirical curves are far from the true one and their
minimum underestimates the risk of h%; with m = 300, the whole curves are uniformly close to
the true risk, so minimizing one amounts to almost minimizing the other. [code:
make_figures_ch05.py: fig_chOS_erm}
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P <sup R (k) = R(h)] > ) =P ( U {[R‘®) - Rsm)| 2 s})

heH

< 2|H| e 2me

Setting the right-hand side equal to § and solving for ¢ leads to the following
result Bousquet et al. (2004).

Theorem 6.1: Uniform Generalization Bound

Let H be a finite set of hypotheses, S a training sample of size m drawn i.i.d. from
D, ¢ aloss function taking its values in [0, 1], and § € (0, 1]. Then, with probability
at least 1 — § over the draw of S, we have, for all h € ‘H simultaneously:

RE(h) < RL(R) \/mym +1n(2/5)

2m

Ezample 6.2. Consider threshold classifiers hi(x) = sign(x — t) on the real line, where
the threshold t is chosen among |H| = 1000 values of a fixed grid, and the 0-1 loss.
With m = 10000 training examples and § = 0.05, we get 1/(In 1000 + In 40)/20 000 =
V/(6.91 4 3.69)/20 000 ~ 0.023. Hence, with probability at least 95%, the true error
rate of any of these classifiers, in particular the one minimizing the empirical error,
exceeds its training error rate by at most 2.3 percentage points. Note that the size of
‘H only enters through In |#|: multiplying the number of hypotheses by 1000 only adds
In 1000 ~ 6.9 in the numerator.

In a nutshell All the bounds of this section have the same structure:

complexity + In(1/6)
m

true risk < empirical risk + \/ (up to constants).
The first term is what we observe and minimize; the second one is the price to
pay for having looked at only m examples. It grows with the richness of the class
(or the instability of the algorithm) and with the required confidence 1 — §, and
it shrinks as 1/y/m: to divide it by 2, we need 4 times more data.

When the set  is infinite, e.g. the set of linear classifiers in R, whose parameters
belong to R4*t!, the term In |#| is infinite and we need another way to measure the size,
or complexity, of the set of hypotheses. A first way to measure this complexity is the
VC-dimension, denoted by VC(#H) and introduced by Vapnik and Chervonenkis in the
1970s Vapnik and Chervonenkis (1971). It counts the largest number of points on which
the hypotheses of H can realize all possible labelings.
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Definition 6.3: VC-dimension

Let H be a set of binary classifiers with values in {—1,+1}. A set of points
{x1,...,%X,} C X is said to be shattered by H if, for every labeling (y1,...,yn) €
{—1,+1}", there exists h € H such that h(x;) = y; for all i = 1,...,n. The VC-
dimension VC(H) is the size of the largest set of points that can be shattered by

H (it is oo if arbitrarily large sets can be shattered).
(& J

Example 6.3. Linear classifiers in R? can shatter any set of 3 non-collinear points, but
no set of 4 points (think of the “XOR” configuration, where the two diagonals of a
square have opposite labels). Their VC-dimension is therefore 3. More generally, the
VC-dimension of linear classifiers in R? is d + 1, i.e. the number of parameters.

[ ] O O [ ]
O [ ]
e o \ o O / o O
9
O [ J [ J O
[ O
O O [ [ ] [ ] [ ]
3 points: all the 23 = 8 labelings 4 points (XOR):
are realized by a line no line works

Figure 43: The VC-dimension of linear classifiers (half-planes) in R? is 3. Left: three non-
collinear points are shattered, i.e. each of the 8 possible labelings (blue disks: +1, red squares:
—1) is realized by some line. Right: the XOR labeling of four points cannot be realized, since
any line (dashed attempts) leaves points of both classes on one side; one can check that no set
of four points in the plane can be shattered.

For the 0-1 loss, a set of hypotheses with finite VC-dimension enjoys a uniform
generalization bound Vapnik and Chervonenkis (1971); Mohri et al. (2012): if VC(H) <
m, with probability at least 1 — §, for all h € H,

2VC(H)In (em/VC(H) | \/111(1/5)

R!(h) < RE(h) + \/ -

2m

Compared to Theorem 6.1, the quantity In [H] is essentially replaced by VC(H)Inm,
which gives a convergence rate in O(y/In(m)/m).

Remark Why does Inm appear? Even if H is infinite, on a given sample of
m points its hypotheses can only produce a finite number of distinct labelings,
and only these labelings matter for the empirical risk. Sauer’s lemma Sauer
(1972) shows that this number is at most (em/VC(H))V¢H) when m > VCO(H),
i.e. it grows polynomially, and not exponentially, with m. Its logarithm,
VC(H)In(em/VC(H)), plays the role of In [H| in the union bound.

Another way to measure the complexity of a set of hypotheses is the Rademacher
complexity Bartlett and Mendelson (2003); Koltchinskii and Panchenko (2000), which
is studied in more detail later in this document (see Definition 10.1). Informally, it
measures the ability of the set of hypotheses to fit random noise: if the functions of
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H can correlate well with random labels 0; € {—1,+1}, then # is rich, and a small
empirical risk is less informative about the true risk.

However, these two measures are usually hard to compute, or even to estimate
accurately, for most problems (except for simple ones, such as linear models), and the
resulting bounds are often loose in practice. Fortunately, there exists another way
to establish generalization bounds for convex regularized optimization problems: the
Uniform Stability framework.

Uniform Stability

This framework is more recent Bousquet and Elisseeff (2002) and is not directly based
on a measure of the complexity of the set of hypotheses. It relies instead on the concept
of stability of the learning algorithm. Roughly speaking, an algorithm is stable if its
output does not change significantly under a small modification of the training sample.
The intuition is the following: if replacing one training example by another one barely
changes the learned model, then the model cannot have “memorized” individual exam-
ples, and its training error should be a good proxy for its error on new data. More
precisely, we focus on uniform stability: we look at the largest possible change in the
loss, over all possible examples, when a single training example is replaced. A formal
definition is given below.

Definition 6.4: Uniform Stability

B

A learning algorithm A has a uniform stability in -~ with respect to a loss function

¢, where ( is a positive constant, if:
VS, Vi, 1 <i<m, sup [{(O0g,z)—{(0gi,2z)| < é,
zEX XY m
where S is a training sample of size m, 8g denotes the model parameters learned
from S, and Og: the model parameters learned from the sample S* obtained by
replacing the it example z; = (x;,%;) of S by another example z; = (x/, y!) drawn
from D, independently of S. Here, ¢(0g,z) denotes the loss suffered at z = (x, y)
by the model learned from S*.

“Note that the authors also provide a definition of stability in which an example is removed
instead of replaced. For the sake of convenience, we use the definition based on replacement
throughout this document: indeed, it keeps the same number of training instances from one
sample to the other.

The constant 8 depends on the properties of the loss function, but also on the reg-
ularization term of the minimization problem. The uniform stability property has been
shown to hold for a wide range of minimization problems Bousquet and Elisseeff (2002).
Using McDiarmid’s inequality (Proposition 1.17), we get the following generalization
bound, whose rate of convergence is in O(1/y/m).

109 - Statistical Supervised Machine Learning



Theorem 6.2: Uniform Stability based Bound

Let 6 € (0,1) and m > 1. For any algorithm with uniform stability 5/m with
respect to a loss function ¢ satisfying 0 < ¢ < K, with probability at least 1 — §
over the random draw of S, we have:

26

RY(65) < RE(Bs) + 22 + (45 + K| ol

om

where R*(-) is the true risk and R%(-) its empirical estimate over S.
\ J

The previous bound has a global convergence rate in O(1/4/m) and depends on
two parameters: 3, the uniform stability constant of the algorithm A, and K, an upper
bound on the loss function £. Note that, unlike Theorem 6.1, it does not need to hold
uniformly over H: it only concerns the hypothesis actually returned by the algorithm.

The convexity of the problem is what makes it possible to compute 5. The typical
result is the following one.

Example 6.4. Consider a linear model hg(x) = (6,x) with [|x]|, < & for all x € X,
learned by solving

1 &
0s = argénm p. Zf(he(xi),yi) + 210113,
i=1

where the loss ¢ is convex and o-Lipschitz with respect to its first argument (e.g. the
hinge loss, with o = 1). Bousquet and Elisseeff Bousquet and Elisseeff (2002) showed
that, when one example is removed, the loss changes by at mos gi’:: ; replacing an
example amounts to one removal followed by one addition, so this algorithm is uniformly

stable with

2.2

K
B K
m Am

Plugging this value into Theorem 6.2 gives a bound in which everything is explicit: the
smaller A, the larger 3, and the looser the bound.

This generalization bound is thus quite informative in practice, as both 5 and K
can often be computed explicitly. Moreover, compared to the two previous frameworks,
it is consistent with the practice of Machine Learning, since it takes into account the
regularization term which is used in most minimization problems. As the previous
example shows, the uniform stability constant 3 is a decreasing function of the hyper-
parameter \ associated with the regularization term, whereas the empirical risk usually
increases with A. The impact of the hyper-parameter value is depicted in Figure 44,
which shows that it is important to find the right value in order to obtain the best
solution.

We will see that it is easy to build such bounds for convex regularized optimization
problems, for both classification and regression tasks. It only requires some tools from
linear algebra and the definition of a convex function.
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under-fitting over-fitting

model selected /
by the bound

risk

complexity (e.g. 1/ for a regularized model)

= empirical risk === complexity term ¢
= true risk = bound = empirical risk + ¢

Figure 44: Evolution of the empirical and true risks and of a generalization bound according
to the complexity of the model, e.g. the inverse 1/\ of the regularization hyper-parameter
(schematic curves). The bound is the sum of the empirical risk and of a complexity term &
that increases with the complexity; it always lies above the true risk, and its minimizer gives a
reasonable, if somewhat conservative, choice of the hyper-parameter.|code: make_figures_ch05.py:
fig_ch05_learnbound]

To remember from Section 6

o The true risk R(h) is the expected loss of h on the unknown distribution
D; the empirical risk qu(h) is its average on the sample S, an unbiased
estimate for a fized h.

e Minimizing the empirical risk over a too rich class leads to over-fitting;
constraining the class too much leads to under-fitting. Structural and reg-
ularized risk minimization control the complexity through a penalty, tuned
in practice by cross-validation.

e The excess risk of the learned model is the sum of an approximation error
(due to H) and an estimation error (due to the finite sample).

o A generalization bound states that, with probability at least 1 — §, true
risk < empirical risk + (4, m). Since h depends on S, the bound must hold
uniformly over H (union bound, VC-dimension, Rademacher complexity) or
exploit the stability of the algorithm.

« Typical rates are O(1/y/m) or O(y/In(m)/m); for regularized convex prob-
lems, the stability constant behaves as 1/\.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Empirical Risk Minimization
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Q6.1. Why do we usually minimize a convex surrogate, such as the hinge loss, instead of the
0-1 loss?

Q6.2. A regressor predicts h(x1) = 1, h(xz) = 2.5 and h(x3) = 0.5 for the labels y; = 1, yo = 2
and y3 = 1. Compute its empirical risk for the squared loss and for the absolute loss.

Q6.3. True or false? “Since R5(h) is an unbiased estimator of R*(h) for every h, the training
error of hg is an unbiased estimator of its true risk.”

Q6.4. How do the approximation error and the estimation error evolve when the class H grows?
When the sample size m grows?

Q6.5. In Figure 40, why does the test error explode when the degree approaches m = 157
Synthesis of the section

Q6.6. Why can the true risk not be computed in practice, and which quantity do we use
instead?

Q6.7. Is the training error of hg an unbiased estimate of its true risk?
Q6.8. In regularized risk minimization, what happens when A — 0?7 When A — co0?

Q6.9. For a fixed classifier, m = 1000 examples and § = 0.05, what is the deviation € given by
Hoeffding’s inequality?

Q6.10. In Theorem 6.1, by how much must the sample size be multiplied to divide the deviation
term by 27 By how much must || be multiplied to double In |#| when |H| = 10007

Q6.11. True or false? “For a fixed sample size, a larger § gives a smaller .
Q6.12. How does Theorem 6.1 change if the loss takes its values in [0, K] instead of [0,1]?
Q6.13. What is the VC-dimension of linear classifiers in R??

Q6.14. True or false? “To prove that VC(H) > 3, it suffices to exhibit one set of 3 points
shattered by H; to prove that VC(H) < 4, it suffices to exhibit one set of 4 points that
is not shattered.”

Q6.15. Which quantity does the uniform stability bound depend on, instead of the complexity
of H?

Q6.16. Why does the uniform stability bound not need to hold uniformly over H?
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7 Learning Procedure

Before presenting the different algorithms used in Supervised Learning, it is important
to describe the way we learn a model. The aim of this section is to describe the right
way to evaluate an algorithm and to tune its hyper-parameters, when the optimization
problem involves one or several of them. We also present the classical performance
measures used to evaluate a model in regression and in classification.

About this section

In this section you will learn to:

o split a dataset into training, validation and test sets, and know which decision each
of them is allowed to influence;

o tune hyper-parameters by (stratified) k-fold cross-validation, and read wvalidation
and learning curves to diagnose under- and over-fitting;

o recognize the most common forms of data leakage, which make an evaluation over-
optimistic;
o compute and interpret the measures derived from a confusion matriz (accuracy,

recall, precision, Fg, balanced accuracy, ... );

e build a ROC curve by moving a decision threshold, and know when a precision-recall
curve is more informative.

7.1 How to train and tune a Model

Imagine that we want to solve a given task in practice, such as a classification task, and
that we have a labeled dataset {(x;,v;)}/; for this purpose. Our goal is then to learn
from our data a hypothesis h that solves this task as well as possible. We also want our
model to generalize well to new data that it has not encountered yet. This last point
is important because it is what allows us to deploy algorithms in production to solve
tasks automatically.

The first question that arises is:
How can we measure the performance of our model on data that it has not encountered yet,
starting from the data we have?

This is the first step of an experimental protocol in Machine Learning. In order
to evaluate the performance of the model learned from our dataset, we start by splitting
the dataset into two sets: a training set and a test set (see Figure 45).

| |

Training set (70%) Test set (30%)

learn the model evaluate it, once

Figure 45: Illustration, with typical proportions, of how to split the sample into a training set
and a test set.
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Training set This set is used to learn the parameters of the model, e.g. the param-
eters of a linear separator or of a linear regression model. The algorithm has access to
the features x; and to the labels y; of the data in order to be trained.

Test set This set is used to evaluate the model once it has been learned. The predic-
tion is only based on the descriptors x; of the data, and the labels are used a posteriori
only, to check whether the predictions made by the model are correct or not, 7.e. to
evaluate the performance of the model on new data, that is, data that have not been
seen during training.

Usually, we keep approximately 2/3 (or 70% to 80%) of the examples to train the
model and the remaining examples to test it. It is important to keep a large amount
of data to train the model, so that it is able to capture all the specificities of the data:
indeed, the more data you have, the better they describe the underlying distribution.
However, it is also important to keep enough examples in the test set so that the
observed results are statistically significant. Note that the split should be random (and,
in classification, it is common to preserve the class proportions in both sets, which is
called a stratified split).

In a nutshell The test set plays the role of the final exam of a student. The
training set contains the exercises studied during the semester. If the exam is
made of exercises already solved in class, a good grade only proves that the
student has a good memory, not that they have understood the course. Likewise,
a model must be evaluated on examples that it has never seen, and the exam
must remain sealed until the very end.

But what about hyper-parameter tuning?

The methodology presented above evaluates the model, but it does not solve
the problem of hyper-parameter tuning: the test set must never be used to choose
the hyper-parameters, otherwise the test performance would be an optimistic estimate
of the generalization performance. The first thing we can do is to mimic the previous
procedure, but on the training set! We thus obtain a sort of test set, called the validation
set, which can be used to evaluate the performance of the model learned with each value
of the hyper-parameter. More concretely, imagine that we aim to learn a hypothesis h
which depends on a parameter @ and on a hyper-parameter A. To tune the value of A,
we first select a range of candidate values for A, denoted by A;, and the process works
as follows:

1. Split the dataset into a training set and a test set.
2. Split the training set into a learning set and a validation set.

3. For each value \;:
(a) train your hypothesis (i.e. learn the parameter 8) with )\; on the learning
set;
(b) evaluate the performance of the learned model on the validation set. This

gives you a performance p;.

4. Keep the hyper-parameter value associated with the highest performance p;; we
denote its index by imax-
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5. Learn a model on the whole training set using the hyper-parameter value A

tmax *

6. Evaluate this model on the test set.

| |

Training set (70%) Test set (30%)

Learning set (80% of 70%) Test set (30%)

learn one model choose final
per value \; A evaluation

tmax

Figure 46: Illustration, with typical proportions, of how to split the sample into training and
test sets, and then the training set into learning and validation sets.

The splitting process is illustrated in Figure 46. Note that, once the best hyper-
parameter value is found, the model is trained again using a larger amount of data (the
whole training set), in the hope of improving its performance. Figure 47 summarizes
the role of each set: each of them is allowed to influence one, and only one, kind of
decision.

training set (70%) test set (30%)

learning set Vah(si;tlon test set

1. for each candidate \;, 2. compare the \;,

learn the parameters 0 keep A ..
3. learn the final model on the 4. estimate its
whole training set with A; .. performance, once

Figure 47: The hold-out protocol: which set is used for which decision. The parameters are
learned on the learning set, the hyper-parameters are chosen on the validation set, and the test
set is only used at the very end, to estimate the performance of the final model.

Pitfall: peeking at the test set If several models (or several values of a hyper-
parameter) are evaluated on the test set and the best one is reported, the test
set has in fact been used as a validation set, and the reported score is optimistic:
among many noisy scores, the largest one is partly large by chance (this is made
precise in Proposition 11.1 of Section 11). The same holds if the test set is used
to choose the features, the preprocessing or the decision threshold of a classifier.
Once a test score has been looked at, any decision taken on its basis turns the
test set into a validation set.

Comparing the training and validation performances is also a way to diagnose the
behavior of the model: if the model performs much better on the learning set than on
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the validation set, it probably suffers from over-fitting; if its performance is poor on
both sets, it probably suffers from wunder-fitting. This diagnosis is conveniently made
with two plots, illustrated in Figure 48.

e The walidation curve shows the training and validation scores as a function of a
hyper-parameter that controls the complexity of the model (here, the maximal
depth of a decision tree). The training score keeps increasing with the complexity,
while the validation score first increases (the bias decreases) and then decreases
(the variance increases): the best value lies at the top of the validation curve.

e The learning curve shows the same scores, for a fixed model, as a function of the
size of the learning set. The gap between the two curves shrinks as more data
become available; if the validation curve is still increasing at the right end of the
plot, collecting more data is likely to improve the model.

Validation curve Learning curve (maximal depth 4)

1.09 under 1.0 1

fitting

over- 0'9 -

fitting

M 087
i 0.7

o
©
1

accuracy
(=]
co
1

0.71 i —e— training
! —eo— validation (5-fold CV)
0.6 7 | best depth =4 T
5 10 15 100 200 300 400 500
hyper-parameter: maximal depth of the tree size of the learning set

Figure 48: Left: validation curve of a decision tree on a synthetic dataset with 15% of noisy
labels; the shaded areas represent + one standard deviation over the 5 folds. Deep trees fit the
training set almost perfectly but generalize worse. Right: learning curve of the selected tree;
the gap between training and validation accuracy shrinks when the learning set grows. [code:
make_figures_chO06.py: fig_ch06_validation_curve]

However, this tuning technique can be improved. Indeed, it has a flaw: the
validation relies on a single, rather small, subset of the data, hence potentially on a
small part of their distribution, and the result may depend a lot on this particular split.

In the previous section, we mentioned cross-validation as a way to tune hyper-
parameters. What does it consist of? Let us illustrate it using Figure 49.

In this case, the training set is no longer split into two groups; instead, it is split
into k groups, called folds. The tuning process is then the following:
1. For each value \; of the hyper-parameter:
(a) at the first round, select the first fold as the validation set and the k — 1
others as the learning set. This gives a first performance measure py;

(b) at the second round, select the second fold as the validation set and the k —1
others as the learning set. This gives a second performance measure ps;

(c) ...
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learning folds (fit the model) validation fold (measure p;)

fold 1 2 3 4 5 6 7 8 9 10
round 1 p1 = 93%
round 2 Py = 90%
round 3 p3 = 91%
round 10 P10 = 95%

1 ip 93490+ 91 +---+95
l:

10 10 %

cross-validation score: s =
=1

Figure 49: Illustration of the cross-validation process using a 10-fold cross-validation. The
training set is divided into 10 folds, or groups. At each round, the model is learned on 9 folds
(blue) and validated on the remaining one (orange), which gives a performance p;, here an
accuracy. The validation fold changes at each round, so that every example of the training set
is used exactly once for validation. The cross-validation score is the average of the 10 values

P1,---,DP10-

(d) at round k, select fold k as the validation set and the k — 1 others as the
learning set. This gives a last performance measure py;

1
(e) compute s; = z Zle py, i.e. the average score over the k rounds.

2. Keep the hyper-parameter value associated with the highest score s;; we denote
its index by iyax-

3. Learn a model on the whole training set using the hyper-parameter value A

Tmax *

4. Evaluate this model on the test set.

With this tuning method, every example of the training set is used once for
validation, so that a larger part of the underlying distribution is explored. In practice,
it therefore leads to a more reliable choice of the hyper-parameters. However, it requires
learning as many models as there are folds (i.e. k) times the number of hyper-parameter
values to test. Common choices are kK =5 or k = 10.

Remark on the number of folds The extreme case k = m, where each fold
contains a single example, is called leave-one-out cross-validation. Since each
model is learned on m — 1 examples, its estimate is almost unbiased, but it is
costly and its variance can be large, because the m learned models are almost
identical. Conversely, a small k£ learns models on noticeably fewer examples than
the final one, which makes the estimate pessimistic. The values k =5 or k = 10
are a good trade-off in practice Kohavi (1995); see Arlot and Celisse (2010) for a
survey. In classification, the folds should be stratified, i.e. each of them should
have the class proportions of the whole training set.

Example 7.1. Suppose that we want to choose the regularization constant A of the lasso
among the 5 values {1073,1072,1071, 1,10} using a 10-fold cross-validation. We then
learn 5 x 10 = 50 models, compute 5 average scores si, ..., S5, keep the best value of A,
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and learn a 51%° model on the whole training set, which is finally evaluated once on the
test set.

Remark on nested cross-validation When data are too scarce to set a test
set aside, the cross-validation can itself be repeated inside another one: an outer
cross-validation estimates the performance, and, in each of its rounds, an inner
cross-validation chooses the hyper-parameters on the outer training folds only.
This nested cross-validation Varma and Simon (2006) is detailed in Section 11.5
(see Figure 104).

Pitfall: data leakage through preprocessing Every step whose parameters
are estimated from the data is part of the learning procedure, and must only see
the learning data. A classical mistake is to standardize the features (with means
and variances computed on the whole dataset), to impute the missing values, or
to select the most relevant features before splitting the data or running the cross-
validation: the validation and test examples then influence the model through
the preprocessing. With standardization, the effect is often small; with feature
selection, it can be dramatic Ambroise and McLachlan (2002), (Hastie et al.,
2009, Section 7.10.2). In Figure 50, the labels are pure noise, so no classifier can
do better than 50% of accuracy; yet, selecting the 20 features that are the most
correlated with the labels on the whole dataset before running the cross-validation
leads to an estimated accuracy above 90%. The cure is to fit the preprocessing
inside each round of the cross-validation, e.g. with a pipeline (Section 11.4).

I selection inside the CV (mean 0.50)
I selection before the CV (mean 0.94)

true accuracy =0.5 !

10 A

2

2 87

IS

e, 67

3

£ 47

2
. i
0 -

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
cross-validated accuracy (labels are pure noise)

Figure 50: Feature selection must be part of the cross-validation. Each of the 40 runs draws
m = 50 examples with 2000 Gaussian features and random labels, keeps the 20 features most
correlated with the labels and estimates the accuracy of a logistic regression by 5-fold cross-
validation. Red: the features are selected once, on the whole dataset (leakage). Blue: they are
selected again on the learning folds of each round.|code: make _figures_ch06.py: fig_ch06_leakage]

So far, we have mentioned performance measures without ever explaining what
they are. In Section 6.1, we already hinted at a potential performance measure when we
talked about the number of errors made by a classifier (the error rate, whose complement
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is called the accuracy). The next subsection is devoted to the presentation of classical
performance measures in classification and regression.

7.2 Performance Measures

The choice of the performance measure depends on the nature of the problem, i.e.
classification or regression, but also on what matters for the application at hand.

As in the previous section, we denote by x the feature vector and by y the label,
or the real value to predict. We also denote by § = h(x) the output of a hypothesis h.
All the measures below are computed on a set of m examples (typically a validation or
a test set).

7.2.1 Regression tasks

In regression tasks, where the output space satisfies ) C R, we have already met several
performance measures.

The most widely used one is the Mean Squared Error (MSE), which is the mean
value, over all examples, of the squared difference between the predicted value 3§ and
the true value y:

1 & .

=1

Up to the constant 1/m, the MSE is the squared ¢, norm of the vector y —y, i.e.
MSE, = L |y - ¥//3. Its main advantage is that it is convex and differentiable, and
can thus be directly optimized. One also often considers the Root Mean Squared Error
(RMSE), which has the advantage of being expressed in the same unit as the target y,
and is therefore easier to interpret:

m

1 N
=1

The MSE is certainly the most used performance measure in regression. However,
it has an important flaw: it is very sensitive to outliers. When an observation lies far
from the regression line, its squared deviation, hence its contribution to the MSE,
quickly becomes very large. When the MSE is used as the training criterion, this also
introduces an important bias in the model, which is attracted towards the outliers (see
Figure 51). That is why we often use another performance measure, the Mean Absolute
Error (MAE), which is the mean value, over all examples, of the absolute difference
between the predicted value §j and the true value y:

1 m
MAE), = EZ yi — il
=1

Up to the constant 1/m, the MAE is the ¢; norm of the vector y — §.
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Ezxample 7.2. Consider m = 4 examples with residuals y; — ¢; equal to 1, —1,1 and —1.
Then MSE = MAE = 1. If the last residual is replaced by —9 (an outlier), the MAE
becomes (141414 9)/4 = 3, whereas the MSE becomes (141414 81)/4 = 21: the
single outlier accounts for more than 95% of the MSE.

Other measures of the quality of a regression model were met in the Linear Models
course, such as the AIC and BIC criteria, or the coefficient of determination R?, defined
by

m

m A \2 m
N 1
R2—1- ZimlWi =9 yf)Q , wherey=—Y v,
t:l(yi‘_'y) 7n/i_1

which compares the error of the model to that of the constant predictor y: the closer
R? is to 1, the better the model.

without outliers with three outliers
450 1 MSE —45 450 { MSE —478 o
MAE =5.4 MAE =143 fo)
400 A 400 A o
350 A 350 A
>
300 300 A 25 ' '
— =~ fit without outliers
250 4 250 - O outliers
- ]east-squares fit
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Figure 51: Sensitivity of the MSE to outliers. Left: a least-squares regression line fitted on
30 points without outliers. Right: the same data in which three responses have been shifted
upwards (open circles); the least-squares line (solid) is attracted towards them and moves away
from the line fitted without outliers (dashed). The MSE of the fitted line is multiplied by more

than 10 (from 45 to 478), the MAE only by about 2.6 (from 5.4 to 14.3). [code:
make_figures_chO06.py: fig_ch06_mse_outliersi

7.2.2 Classification tasks

In this section, we present different metrics, or performance measures, that are suited
to the binary setting. Some of them can easily be extended to the multi-class setting,
as explained at the end of this section.

We consider a binary classification problem with two classes: y = —1 and y = 1.
The class y = 1 is called the positive class and the class y = —1 the negative one®. In
many applications (fraud, disease, spam), the positive class is the class of interest and is
also the minority class. In this setting, we can compute several performance measures
from a Confusion Matriz, an example of which is given in Table 2. An example from the
positive class that is predicted positive by the learned model is called a True Positive
(TP); if it is misclassified, it is called a False Negative (FN). Similarly, an example from
the negative class that is well classified is called a True Negative (TN), and a False

8We will sometimes use the label 0 to denote the negative class, for the sake of simplicity, when
presenting some of the algorithms.
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Positive (FP) otherwise. With a slight abuse of notation, TP, FN, FP and TN also
denote the numbers of such examples, so that TP+ FN + FP+TN = m.

Predicted positive | Predicted negative
(h(x) = 1) (h(x) = 0)
True Positive (TP) | False Negative (FN)

Actual positive

(y=1)
Actual negative - ]
(y = 0) False Positive (FP) | True Negative (TN)

Table 2: Confusion matrix for a binary classification task. The label is denoted by y and the
prediction by h(x).

Standard Measures The most common performance measure used to evaluate an al-
gorithm is the Accuracy, which is the complement of the Error rate. Using the notations
of Table 2, they are defined as follows.

Definition 7.1: Accuracy - Error rate

Let us consider a set of m examples and a hypothesis h which leads to a given
confusion matrix on these examples. The Accuracy of h is then defined by:

TP+TN
Accuracy = ———,
m
and the Error rate is defined by:
FP+ FN
Error rate = 1 — Accuracy = ;
m
N\ y,

Although this measure is the most used one to evaluate the performance of algo-
rithms, it is not relevant in all settings, e.g. when the dataset is imbalanced, i.e. when
one class is much less represented than the other.

Ezample 7.3. Let us consider a dataset with m = 100,000 examples. Suppose that the
number of positive examples is my = 1,000 and the number of negative examples is
m_ = 99,000. Then a trivial classifier, which predicts all the examples as negative,
achieves an accuracy of 99%. This looks good at first glance, but this solution is not
satisfactory because the learned hypothesis does not detect a single example of the
positive class.

To overcome the issue raised in the above example, we need another performance

measure which takes into account the ability of the model h to capture the minority
class.

Definition 7.2: Sensitivity or Recall

Let us consider a set of m examples and a hypothesis A which leads to a given
confusion matrix on these examples. The Sensitivity, also known as Recall or True
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Positive Rate, of a classifier h is defined as:

TP

Recall = m—m

By definition, the Recall is the proportion of examples of the class of interest
that the model is able to retrieve. The higher this value (i.e. the closer to 1), the
more examples of the minority class are retrieved (the trivial classifier of the previous
example has a Recall equal to 0). Because it measures the ability of a model to detect
the examples of the minority class, the Recall is a good candidate for a performance
measure in imbalanced scenarios, e.g. in medical diagnosis, where missing a patient
with a serious disease can be fatal.

In other applications, such as in banking, it is important to be confident in positive
predictions: e.g. when an individual is denied a more or less fundamental right (such
as a loan), the decision had better be the right one, otherwise there could be serious
consequences for the company or organization that made the decision. In this case, we
want the model to be reliable when it predicts the positive class, 7.e. we focus on the
Precision of the model.

Definition 7.3: Precision

Let us consider a set of m examples and a hypothesis h which leads to a given
confusion matrix on these examples. The Precision, also called Positive Predictive
Value, of a hypothesis h is defined as:

TP
TP+ FP

(& J

Precision =

The Precision is the proportion of correct predictions among the examples pre-
dicted positive. Note that Recall and Precision are usually in tension: predicting more
examples as positive tends to increase the Recall and to decrease the Precision.

In a nutshell Both measures share the same numerator, TP, but they look at
the confusion matrix of Table 2 in two different directions. The Recall reads the
first row: among the examples that are positive, how many did we find? The
Precision reads the first column: among the examples that we predicted positive,
how many are really positive? A search engine returning a single, relevant page
has a perfect Precision but a poor Recall; one returning the whole web has a
perfect Recall but a poor Precision.

Other performance measures Konukoglu and Ganz (2014); Branco et al. (2016)
based on the confusion matrix of h are given below:

TN N
Hue Negative Rate = m, False Negative Rate == FN + TP’

FP TN
False Positive Rate = TPTTN Negative Predictive Value = TN+ FN’
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Such measures can be seen as complementary to the Precision and the Recall. Note
that the True Negative Rate is also known as Specificity, and that False Positive Rate =
1 — Specificity and False Negative Rate = 1 — Recall. As shown before, the choice of the
metric depends on the user’s preferences Torgo and Ribeiro (2007); Torgo and Lopes
(2011).

In imbalanced settings, such as fraud detection, it is important to take into account
both the Precision and the Recall of the model. This is the goal of the F-measure,
introduced in the seventies Rijsbergen (1979).

A Versatile Measure: the F-measure The F-measure is a good performance mea-
sure when a user wants to focus on the behavior of a model on a minority class. It
is widely used in information retrieval Sanderson (1994) and, of course, in fraud and
anomaly detection Gee (2014); Bahnsen et al. (2014); Bolton and Hand (2002). It is
defined as a weighted harmonic mean of the Precision and the Recall, and depends on
a parameter § > 0. Denoting by P = T'P + F'N the number of positive examples, it
reads:

(1 + B?) Precision x Recall
32 x Precision + Recall
_ (1+83H)TP _ (1+p8%)(P—-FN)
- (1+p)TP+B2FN+FP  (1+B2)P—-FN+FP’

Fg =

An illustration of the F-measure is given in Figure 52. The F-measure is a flexible
measure: by modifying the value of 3, the user controls the relative importance of the
Precision and the Recall. If g = 1, the same weight is given to both. If the user wants
to give more importance to the Recall, they can choose a value of 8 greater than one;
by choosing 8 < 1, they give more importance to the Precision.

level lines of F; concave in FN convex in FP
1.00

- FP =0 — FN =0
= FP =50 = FN =20
FP =250 0.75 — FN =40

0.50

0.25

20 40 0 200 400
FN FP

Figure 52: The F-measure F; as a function of the numbers of false negatives (FN) and false
positives (FP), with 50 positive and 500 negative examples. Left: map of F; with some of its
level lines, which are straight lines. Middle: sections at a fixed FP, which are concave functions
of FN. Right: sections at a fixed FN, which are convex functions of FP. The F-measure is
therefore neither convex nor concave in the entries of the confusion matrix. [code:
make_figures_ch06.py: figfchOfomeasure]

Example 7.4. Let us consider a sample of 1000 instances in which the minority class
represents 1% of the data, so that we have 10 positive examples for 990 negative ones.
Let us also consider two hypotheses, h1 and ho, with the following confusion matrices:
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Predicted positive

Predicted negative

h1  Actual positive

TP =3

FN=7

Actual negative

FP=0

Predicted positive

TN = 990

Predicted negative

ho  Actual positive

TP =9

FN=1

FP=6

TN =984

Actual negative

Both classifiers have the same error rate, 7/1000 = 0.7%, which is less than 1%.
The first classifier, k1, has a Precision equal to 1 and a Recall equal to 0.3, while for the
second classifier, ho, these two values are respectively equal to 9/15 = 0.6 and 0.9. These
two classifiers lead to very different F-measures (with § = 1): 2x0.3/1.3 &~ 0.46 for the
first hypothesis and 2x0.54/1.5 = 0.72 for the second one. Despite the perfect Precision
reached by the first classifier, its F-measure remains lower than the one achieved by hs.

Despite its usefulness in imbalanced scenarios, the F-measure remains, compared
to the Accuracy, hard to optimize. It presents two main drawbacks: (i) it is non-linear
in the entries of the confusion matrix and (ii) it is neither convex nor concave in these
entries, as depicted in Figure 52: for a fixed FP, it is a concave function of FN, while for
a fixed FN, it is a convex function of FP. Because of (i), the F-measure cannot be written
as an average of losses over the examples, which makes it hard to derive generalization
guarantees for it. Moreover, like the accuracy, it is computed from counts of errors and
is thus piecewise constant with respect to the parameters of the model, so standard
gradient descent algorithms cannot be used to optimize it directly. Because of (ii), the
optimization problems obtained when the F-measure is expressed as a function of the
parameters of the model are non-convex, and an optimization algorithm can get stuck
in local optima that may be far from the optimal solution. However, the literature offers
many studies and algorithms dealing with this task Zhao et al. (2013); Busa-Fekete et al.
(2015).

7.2.3 Other Performance Measures

The Class Weighted Accuracy, denoted by CW A and proposed by Cohen et al. (2006),
is similar in spirit to the F-measure. However, it no longer involves the Precision but the
Specificity instead, which, like the Precision, penalizes false positives. It is expressed
as a convex combination of the Sensitivity (i.e. the Recall) and the Specificity: for any
a € [0,1],

CW A = «a x Sensitivity + (1 — «) x Specificity.

As for the parameter § of the F-measure, the user chooses the value of the pa-
rameter o. With o = 1/2, it is called the balanced accuracy; the trivial classifier of the
example above then gets a score of only 0.5.

Another evaluation metric used in imbalanced scenarios is the G-mean. As for the
Class Weighted Accuracy, its expression depends on both Sensitivity and Specificity: it
is the square root of the product (i.e. the geometric mean) of these two quantities:

G-mean = /Specificity x Sensitivity.
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This measure is used in imbalanced scenarios because it takes into account the
performance on both classes, while giving the same importance to each class.

A last popular evaluation metric used in imbalanced scenarios is the AUC
ROC Metz (1978); Cortes and Mohri (2004), the “Area Under the Receiver Operating
Characteristic curve”. This metric is used when the learned model returns a score,
such as a confidence in its prediction, and an example is predicted positive when its
score exceeds a threshold. Each value of the threshold gives a pair (False Positive Rate,
Recall); the ROC curve is obtained by plotting the Recall (True Positive Rate) against
the False Positive Rate for all possible thresholds, i.e. for all the scores obtained by
the model on the examples (see Figure 54). The AUC is the area under this curve:
it equals 1 for a perfect ranking and 0.5 for a random one, and it can be interpreted
as the probability that a randomly drawn positive example gets a higher score than a
randomly drawn negative example. The closer to 1 the AUC, the better the model.

More precisely, let f(x) denote the score of the model, and let hy(x) = 1if f(x) > ¢
and —1 otherwise be the classifier obtained with the threshold ¢. Denoting by m4 and
m_ the numbers of positive and negative examples, the ROC curve is the set of points

1

(FPR(t), TPR(t)) = ( > 1f(xi) =], L
m_ 1 my

1 Yi=—

> Lf(x) Zt]) , teR.

iry;=1

When t decreases from +o0o to —oo, more and more examples are predicted positive,
and the point moves from (0,0) (everything is predicted negative) to (1,1) (everything
is predicted positive), as illustrated in Figure 53. Each positive example that passes
the threshold moves the curve up by 1/m, and each negative example moves it right
by 1/m_: the curve is therefore a staircase, and it only depends on the ranking of the
examples induced by the scores, not on the values of the scores themselves. Counting,
for each positive example, the proportion of negative examples with a lower score, one
obtains the equivalent expression

- > > M) > f(x)))

(ties being counted for 1/2), which is exactly the probabilistic interpretation given
above Fawcett (2006).

Historical note ROC curves come from signal detection theory, developed dur-
ing the Second World War to analyze radar signals: an operator had to decide
whether a blip on the screen was an enemy aircraft (a “signal”) or noise, and the
curve described the trade-off between detections and false alarms, hence the name
Receiver Operating Characteristic. They were then adopted in psychology and
in medical diagnosis Metz (1978), before becoming a standard tool in machine
learning Fawcett (2006).

Compared to the previous measures, the ROC curve allows us to visualize the
performance of the model for all thresholds at once. Furthermore, it is often used to
choose the appropriate threshold for the task at hand. It also makes it possible to plot
several models on a single graph and to choose the one best suited to a given purpose.
The ideal model is the one that achieves a True Positive Rate equal to 1 while the False
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Score distributions and three thresholds Resulting ROC curve
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Figure 53: Construction of a ROC curve. Left: distribution of the scores of the negative and
positive examples. A threshold t predicts positive every example on its right; the proportion of
positive (resp. negative) examples on its right is the True (resp. False) Positive Rate. Right:
each threshold gives one point of the ROC curve; a high threshold t3 gives few false positives
but a low recall, a low threshold t; the opposite. The more the two distributions overlap, the

closer the curve to the diagonal. :c()(l(‘: make_figures_chO06.py: fig_chOS_roc_construction]
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Figure 54: ROC curves and AUC of two classifiers evaluated on the same 300 examples. The
curve of classifier A (red) lies above that of classifier B (blue) almost everywhere, hence a larger
AUC. The dotted diagonal corresponds to a random ranking, the dashed line to a perfect one.

[code: make_figures_ch06.py:

fig_ch06_roc_two_models]

126 - Statistical Supervised Machine Learning



Positive Rate remains equal to 0, i.e. a model for which all the examples of the minority
class have a greater score than the examples of the majority class.

There exist other measures used in imbalanced scenarios, such as the Average
Precision, the H-measure or the Precision-Recall curve, to cite a few Frery et al. (2017);
Ferri et al. (2009); Jeni et al. (2013); Branco et al. (2016); Behl et al. (2014). Although
most of them were designed for imbalanced tasks, they can also be used to evaluate
performance in standard contexts. The Precision-Recall curve is built exactly like the
ROC curve, by moving the threshold ¢, but it plots the Precision against the Recall; the
area under this curve is usually estimated by the Average Precision (AP).

Pitfall: a ROC curve can hide a poor Precision The True and False Posi-
tive Rates are each computed within one class, so the ROC curve and the AUC do
not depend on the class proportions. This is a strength when comparing models
across datasets, but it can be misleading in a strongly imbalanced setting: a False
Positive Rate of 5% looks small, yet with 99 negatives for each positive it means
about five false alarms for each positive example of the dataset. The Precision,
on the contrary, involves both classes and directly reveals this problem. In Fig-
ure 55, the scores of each class have the same distribution in both datasets: the
ROC curves are identical, whereas the Precision-Recall curves are very different.
When the positive class is rare, the Precision-Recall curve is therefore more infor-
mative Davis and Goadrich (2006); Saito and Rehmsmeier (2015). Note also that
the curve of a random classifier is the diagonal in ROC space, but a horizontal
line at the proportion of positives in Precision-Recall space.

ROC curves Precision-Recall curves

= 1.0 1.0 4
<
3
x 0.8 A 0.8 A
9 o

- o -
Eg 0.6 = 0.6
o : s
2 0.4 - AUC =0.93 (balanced) 204
-45'; AUC =0.93 (imbalanced) A
£ 0.2- 0.2 -
(] .
g
E O'O - IA T T T T 0'0 _I T T T I.

0.0 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

False Positive Rate Recall
—— balanced (50% positives) —— imbalanced (1% positives) - random classifier

Figure 55: ROC curves (left) and Precision-Recall curves (right) of the same scoring function
on a balanced dataset (500 positives, 500 negatives) and on an imbalanced one (500 positives,
49,500 negatives). The AUC is unchanged, but the Average Precision drops from 0.93 to 0.30.
The dotted horizontal lines give the Precision of a random classifier, i.e. the proportion of
positives. [code: make_figures_ch06.py: fig_ch06_roc_vs_pr|

Multi-class setting. The Accuracy and the Error rate extend directly to ¢ > 2
classes, as the proportions of well-classified and misclassified examples, and the confusion
matrix becomes a ¢ X ¢ table. The other measures (Recall, Precision, F-measure, ...)
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are computed for each class ¢ by considering ¢ as the positive class and all the other
classes as the negative one (one-versus-rest); the ¢ values obtained are then averaged,
either with equal weights (macro-averaging) or by first summing the TP, FP and FN
counts over the classes (micro-averaging).

Now that we have explained how to learn, tune and evaluate a model in general,
it is time to present some fundamental algorithms of supervised Machine Learning.

To remember from Section 7

e The parameters are learned on the learning set, the hyper-parameters are
chosen on a validation set (or by k-fold cross-validation on the training set),
and the test set is used once, at the end, to estimate the performance of
the final model.

o Validation and learning curves compare the training and validation scores
to diagnose under-fitting (both are poor) and over-fitting (large gap).

o Any step estimated from the data (scaling, imputation, feature selection,
resampling) belongs to the learning procedure and must be fitted on the
learning data only; otherwise, there is a data leakage and the evaluation is
optimistic.

e In regression, the MSE penalizes large errors much more than the MAE,
which is more robust to outliers.

o In classification, the accuracy is misleading on imbalanced data; the Recall
(row of the confusion matrix), the Precision (column), the Fz-measure, the
balanced accuracy or the G-mean focus on the minority class.

e The ROC curve is obtained by moving the threshold of a scoring function;
its area is the probability that a positive example is ranked above a negative
one. When positives are rare, the Precision-Recall curve is more informative.

Check your understanding

Short questions to test yourself; the answers are in Appendix A (click on the number of a question
to see its answer).

How to train and tune a Model
Q7.1. Why must the hyper-parameters never be chosen on the test set?

Q7.2. After a 10-fold cross-validation has selected A
set?

which model is evaluated on the test

Tmax ?

Q7.3. A model reaches 99% of accuracy on the learning set and 70% on the validation set.
What is your diagnosis, and what could you try?

Q7.4. What is wrong with standardizing the features of the whole dataset and then running a
cross-validation?

Q7.5. Two hyper-parameters are tuned on a grid of 4 x 3 values by 5-fold cross-validation. How
many models are learned, including the final one?

Q7.6. True or false? Leave-one-out cross-validation is always the best choice, since each model
is learned on m — 1 examples.
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Q7.7. On a learning curve, the training and validation accuracies are both around 65% and are
almost flat for the largest learning sets. Will collecting more data help?

Q7.8. Why is the best average score obtained during a cross-validated grid search not a reliable
estimate of the performance of the selected model?

Synthesis of the section

Q7.9. On a dataset with 1% of positives, what are the accuracy, the Recall and the balanced
accuracy of the classifier that always predicts the negative class?

Q7.10. A model has an AUC of 0.5. What does it mean? Why can a model with an AUC of
0.95 still be useless when positives are very rare?

Q7.11. The residuals of a regression model on four examples are 2, —2,0,0. Compute its MSE,
RMSE and MAE.

Q7.12. True or false? The coefficient R? of a model computed on a test set always lies in [0, 1].

Q7.13. A classifier gives TP =40, FN = 10, F'P = 20 and TN = 930. Compute its accuracy,
Recall, Precision and Fj.

Q7.14. True or false? The Fj-measure always lies between the Precision and the Recall.
Q7.15. What does Fg become when 8 — 0 and when § — +o0?

Q7.16. What happens to the ROC curve and to the AUC if all the scores f(x;) are replaced
by exp(f(xi))? By —f(x:)?
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8 Supervised Algorithms

About this section

Guiding question. Given a labeled sample, which classical algorithms can we use, what
do they optimize, and how do their hyperparameters control their behavior?

In this section you will learn to:

o explain why convex surrogate losses replace the 0-1 loss, and recognize the hinge,
logistic and exponential losses;

o use the k-NN rule, and anticipate the effect of k, of the scaling of the features and
of the dimension;

o derive the hard and soft margin SVM problems and their dual, and use the kernel
trick to obtain nonlinear classifiers;

o fit linear, logistic and multinomial logistic regression models, with L1 or Lo regu-
larization;

o build a kernel regression estimator and a decision tree, and relate their hyperpa-
rameters (bandwidth, depth) to the bias-variance trade-off.

8.1 Surrogate losses

In Section 6, generalization bounds based on uniform deviations were presented for
a loss function ¢ taking its values in [0,1], typically the 0-1 loss in the context of
classification. However, as we have already pointed out, this loss is hard to optimize from
an algorithmic point of view because it is neither convex nor differentiable. We therefore
rather use convex (and sometimes differentiable) relaxations of it, called surrogate losses,
to learn our hypothesis h(-, ), whose two arguments are respectively the parameters w
of the model and an input x. When the parameters are clear from the context, we simply
write h(x). The 0-1 loss and some of its surrogates are represented in Figure 56; they
are all written as functions of the quantity yh(x), which is positive when the prediction
is correct and negative otherwise.

Among these surrogates, the hinge loss is the one used to train a Support Vector
Machine Boser et al. (1992); Vapnik and Cortes (1995). It is used for classification tasks
and is defined by

f(h(W,X), y) = [1 - yh(W, X)]-i-
= max(0,1 — yh(w,x)).

Another well-known surrogate is the exponential loss, which is widely used in the
context of boosting Friedman et al. (2000):

((h(w,x),y) = exp(—yh(w, x)).
Compared to the hinge loss, the exponential loss penalizes errors much more heavily
(the penalty grows exponentially with the size of the error) and it never equals 0.

Finally, the logistic loss, used to train a logistic regression model Mohri et al.
(2012), is defined by

In (1 + exp(—yh(w,x)))..
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The constant 1/1In(2) is only a normalization ensuring that the loss equals 1 when
yh(w,x) = 0, as the 0-1 loss does; it is often omitted. Note that this definition holds
when y € {—1,1} and h(w,x) € R. There is another, equivalent, definition when we
focus on the probability of belonging to one class or the other, i.e. when y € {0,1} and
the score h(w,x) € R is turned into a probability o(h(w,x)) € [0, 1] with the logistic
function o(t) = 1/(1 + exp(—t)). This variant Cox (1958), also called the cross-entropy
loss, is defined by

1h(w0.) =~ exp<1h<w,x>>) ~0-om (1 exp<1h<w,x>>> |

One can check that, up to the constant 1/1n(2), both definitions coincide when the label
y € {0,1} is mapped to 2y — 1 € {—1,1}: for y = 1 the loss is In(1 + exp(—h(w, x))),
and for y = 0 it is In(1 4 exp(h(w, x))).

3.0 1 wrong, sign right sign
2.5 1 = hinge max(0,1—t)
= logistic log, (1 +e7")
2.0 —— exponential e~
7]
§ 1.5 = 0-1loss 1{;<¢}
1.0
0.5 A
0.0 1, , —e

margin ¢ =yh(x)

Figure 56: Examples of loss functions used for classification tasks, as functions of the margin
t = yh(x): the 0-1 loss, the hinge loss (used by the SVM algorithm), the normalized logistic loss
(used for logistic regression) and the exponential loss (used in the context of boosting). All the
surrogates upper bound the 0-1 loss and are convex. [code: make_figures_chO7.py: fig_losses]

We now present the main algorithms used in supervised learning.

8.2 k-Nearest Neighbors

A description of the algorithm The k-Nearest Neighbors algorithm (k-NN) Cover
and Hart (1967) is a nonparametric method: it does not make any assumption on
the underlying distribution of the data. To predict the label of a new instance x’, it
computes the “distances” between this new query x’ and all the samples x; € S. Then,
for a chosen value of k, it looks for the k nearest neighbors of x’ and predicts the label
of x’ by a majority vote, i.e.
§(x') = arg max @,
yeY k

where k, denotes the number of neighbors of x’, among the k nearest ones, whose label
is y. In other words, the predicted label §(x’) is the most represented class in the
k-neighborhood of the new query x’.
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Example 8.1. An example of the use of the k-NN algorithm is depicted in Figure 57. It
shows how much the prediction for a new instance depends on the choice of k. In this
example, the new point is close to points of both classes, which is why its prediction
varies with k: it is predicted “red” (class —1) when k is equal to 3 or 5, “blue” (class
+1) when k£ =9, and “red” again when k = 11.
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Figure 57: Illustration of the k-NN algorithm with the Euclidean distance. Left: a query x’
(white disc) and the training points of the two classes; the dashed circles contain its k nearest
neighbors. Right: number of votes for each class and predicted label. The prediction depends
on the value of k. [code: make_figures_chO7.py: fig_knn_vote]

For small values of k, for instance k = 1, the algorithm assigns to the new example
x’ the label of its closest example in the training set: similar examples are assumed to
share the same label. This rule is the simplest one, and it has been shown Cover and
Hart (1967) that, when m tends to infinity, its error rate is at most twice the Bayes
error, i.e. the smallest error that can be achieved given the distribution of the data.
Conversely, when we increase the value of k, the decision becomes smoother. When
k is very large (typically when k = m), the label given to any new example is simply
the majority class of the dataset. This raises an important question: which value of k
should we choose? In practice, we usually rely on a cross-validation procedure to select
the best value of k.

In a nutshell The k-NN rule is a “tell me who your neighbors are” principle,
and k is its complexity knob, as shown in Figure 58. With k£ = 1, the decision
regions follow every training point, including the noisy ones: the training error is
0 but the boundary is very irregular (low bias, high variance, overfitting). With
a very large k, each prediction averages over a large part of the sample: the
boundary becomes almost straight and misses the curved structure of the classes
(high bias, low variance, underfitting). An intermediate value achieves the best
test error. Note that, contrary to most models, the complexity decreases when
the hyperparameter k increases.
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k=1 k=15 k=100
train 0%, test 16% train 12%, test 11% train 18%, test 17%

Figure 58: Decision regions of the k-NN rule on a noisy two-moons dataset (m = 200) for k = 1,
15 and 100. The training error increases with k, while the test error (estimated on 5000 new
points) is the smallest for the intermediate value. [code: make_figures_chO7.py: fig_knn_k]

Some problems The dimension d of the data and the choice of the distance are also
important for this algorithm. Indeed, when dealing with high-dimensional data, some
features (or attributes), possibly non-informative ones, can have a huge impact on the
computation of the distance. This leads to a classification based on irrelevant features
and to poor performance. Furthermore, some features can weigh more in the distance
computation simply because they take larger values than the other ones. Most of the
time, the distance we use is the Euclidean one, i.e. for x,x’ € R%:

d

d3(x,x) = |lx = x| = Y _(x; — a}).
j=1

Ezxample 8.2. Let us consider the following dataset, described by three features:
Ly [ o | 2 [ o]

1103 1]0.89] 232

-1 1-0.1] 0.23 | 652

-1 02| 07 | 122

1103 ]-08]232

If we compute the Euclidean distance between the first and the second examples,
we get,

d3(x1,%2) = ||x1 — X213

d
= (1) — x95)°
j=1

= (0.34+0.1)2 4 (0.89 — 0.23)2 + (232 — 652)?
~ (232 — 652)°.

The first two features have almost no impact on the computed distance, which
only depends on the third one.

To overcome this issue, we can change the distance we use. We can, for instance,
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use the Manhattan distance (associated with the Li-norm)?, i.e. for x,x’ € R%:

d

di(x,x) =[x = x|s = Y |z — |-
j=1

We can also give a weight w; to each feature, according to the influence we want
it to have. For instance, if a feature is known to be noisy, we can give it a weight close
to 0, whereas if it is known to be informative, we can give it a weight close to 1; the
weighted Euclidean distance is then \/ Z;-lzl wj(zj — %)% The choice of the weights can
be guided by domain knowledge.

Finally, another method consists in rescaling the data, so that all the features take
their values in the same range or have the same mean and variance. The most common
transformations are the following:

o Standardization (also called normalization or z-score): for each feature
vector v;, we compute
Vi — L
\Zm -2 'UJ,
gj
where p; and o; are respectively the mean and the standard deviation of the
feature vector v;.

+ Rescaling to the hypercube [—1,1]% for each feature vector vj, we compute

Vj — min Vj

Vj(—2>< — 1.

max Vj — min Vj

+ Rescaling to the hypercube [0,1]¢ (also called min-max normalization):
for each feature vector v;, we compute

Vj — min Vj

\Z - .
max Vj — min Vj

The first transformation centers and scales the data, so that each feature has zero
mean and unit variance, i.e. for all j € [1,d], the empirical mean of v; is 0 and its
empirical variance is 1 (note that it does not make the data normally distributed: it only
fixes the first two moments). The second and third transformations are very similar:
they simply shift and rescale the values of each feature so that they lie in the interval
[—1,1] or [0, 1], respectively.

With the first transformation, all the features have the same variance and thus
the same weight in the distance (implicitly, they are all considered as carrying the same
quantity of information). This is not the case when we only rescale the features to a
hypercube.

9Note that all these distances are particular cases of the distance induced by the Lp-norm, defined
for all p > 1 and all x,x’ € R? by
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Algorithm 2: k-Nearest Neighbors
Input: training set S = {(x;,v;)},~,; an example x’ to classify; the number k&
of nearest neighbors
Output: the predicted label §(x’)
fori=1,...,m do
L compute the distance d(x;, x');

N =

sort the distances in increasing order;

keep the k nearest neighbors of x’ in S;

count the number of occurrences of each class among these k neighbors;
set §(x’) to the most frequent class;

[ B N

Ezxample 8.3. Let us consider the data of Example 8.2 and apply the first transformation
(standardization, on the left, using the unbiased estimate of the standard deviation) and
the third one (min-max normalization, on the right) to this dataset.

[y o [ 22 [ 25 | lyl @ [@ [ a3 |
11066 | 0.84 | -0.33 1] 1] 1 |02
1| -1.45 | -0.03 | 1.46 T 0 061 1
1013 | 059 | 0.0 1075089 0
1066 | -1.40 | -0.33 1 1] 0 |02

After either transformation, the three features contribute to the distance on a
comparable scale.

Pitfall: forgetting to scale, or scaling with the test set This last suggestion
applies to all the algorithms based on a distance or on an inner product (k-
NN, SVM, kernel methods, regularized regressions, neural networks): rescaling
the data with one of the above methods can be done before using any other
learning algorithm. In practice, data normalization or scaling is almost always
performed, so keep it in mind when you run experiments. It generally improves
the performance of the algorithms when no expert is available to tell us how
important the features are. On a practical level, it also makes it easier to compare
algorithms with one another.

Be careful, however: the quantities yp;, oj, minv; and maxv; must be com-
puted on the training set only, and then applied unchanged to the validation and
test examples (and, within a cross-validation, recomputed on each training fold).
Computing them on the whole dataset lets information about the test set leak
into the model and gives over-optimistic performance estimates (see Section 7).
Decision trees, on the other hand, are insensitive to such monotone rescalings of
the features, since their splits only depend on the order of the values.

Algorithm and complexity The k-NN procedure is described in Algorithm 2. As
the reader may notice, to predict the class of a new instance x’, we need to keep the
whole training set in memory and to compute the distance between the new example
and every training instance.

As a consequence, the prediction of a single example costs O(md) operations to
compute the distances, plus O(mlogm) operations to sort them (or only O(mk) if we
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Algorithm 3: Condensed Nearest Neighbor
Input: training set S = {(x;,vi)}.-,
Output: a smaller sample S’ C S

15« 0

2 select an example of S at random, remove it from S and add it to S’;
3 repeat

4 foreach ezample (x;,y;) € S do

5 if x; is misclassified by the 1-NN rule based on S’ then

6 ‘ add (x;,y;) to S’ and remove it from S;

7 else

8 L keep (x;,y;) in S,

9 until no example has been added to S’ during a full pass over S;

simply extract the k smallest distances). Furthermore, the memory required by the
algorithm is in O(md), since the whole training set must be stored. This short analysis
shows that this algorithm is not well suited to large datasets.

Pitfall: the curse of dimensionality The k-NN rule relies on the idea that a
query has close neighbors in the training set. This idea breaks down when the
dimension d grows, a phenomenon called the curse of dimensionality Bellman
(1961). Consider data uniformly distributed in the unit hypercube [0, 1]¢, and
a small hypercube around a query containing a fraction r of the data. Its edge
length is r1/%: to capture only 1% of the data, we need an edge of length 0.01'/2 =
0.1 in dimension 2, but 0.01Y/° ~ .63 in dimension 10 and 0.01%/1%0 ~ .95 in
dimension 100 Hastie et al. (2009). The “neighborhood” then covers almost the
whole range of every feature and is no longer local. Moreover, in high dimension,
the distances from a query to its nearest and to its farthest neighbors tend to
become similar Beyer et al. (1999), so that the notion of nearest neighbor loses
its meaning. Feature selection, dimensionality reduction or metric learning are
then needed before applying k-NN.

Refinements of the algorithm As we have seen, one drawback of this algorithm is
that it needs to store the entire dataset and to compute the distances to all the training
samples to predict the label of a new one. However, we can reduce the computation
time and the memory footprint with approaches based on the triangle inequality Elkan
(2003), on structured partitions of the space such as k-d trees Bentley (1975), or by
selecting the most relevant instances of the training set, as in the Condensed Nearest
Neighbor algorithm Hart (1968) presented in Algorithm 3. This algorithm selects a
subset S’ of the training set S such that the 1-NN rule based on S’ classifies the examples
almost as accurately as the 1-NN rule based on the whole dataset S.

Other refinements of the k-NN algorithm exist; the most common one is the
weighted k-Nearest Neighbors algorithm Dudani (1976). The idea is simple and consists
in assigning a weight to each neighbor in the vote. A standard choice is the inverse of
the distance to the query Liu and Chawla (2011): in this way, we give less importance
to the examples that are far from the tested one.

136 - Statistical Supervised Machine Learning



Example 8.4. Let us consider an example x’ that we aim to classify with the 3-NN rule,
its three nearest neighbors being (x1,91), (X2,%2) and (x3,y3). Their labels and their
distances to x’ are given below:

Example ‘ X1 ‘ X9 ‘ X3

Label 1 110
Distance | 3 | 4 1

If we follow the classical decision rule of this algorithm, we predict that x’ belongs
to class 1, since two of its three nearest neighbors belong to this class. This corresponds
to the case where every neighbor has the same weight in the decision.

Let us now give each neighbor a weight equal to the inverse of its distance to x’.
In this case, the sum of the weights associated with the label 0 is equal to 1, whereas
it is only % + % = 1—72 < 1 for the label 1. Once the weights of the voters are taken into
account'’, the new example x’ is therefore given the label 0.

Such a decision rule can be relevant when some regions of the space are sparse
and some points are isolated. Another possibility is to learn a new representation of the
data, by projecting them into a (better) latent space He and Wang (2008); Weinberger
and Saul (2009), as done by Metric Learning algorithms.

An interesting reference von Luxburg and Bousquet (2004) draws a link between
the nearest neighbor algorithm (the 1-NN) and the next algorithm we study, the Support
Vector Machine (SVM).

8.3 Support Vector Machine

The Support Vector Machine (SVM) is probably one of the best known and most widely
used algorithms for binary classification in Machine Learning Vapnik and Cortes (1995).
Its derivation relies on the tools of constrained optimization (Lagrangian, dual problem
and Karush-Kuhn-Tucker conditions) presented in Section 4.5.

Historical note The idea of a maximal margin linear separator (the “generalized
portrait”) goes back to the work of Vapnik and Chervonenkis in the 1960s. It be-
came the modern SVM in two steps: Boser et al. (1992) combined it with the ker-
nel trick to obtain nonlinear classifiers, and Vapnik and Cortes (1995) introduced
the soft margin, with slack variables, to handle non-separable data. Together with
its theoretical grounding in statistical learning theory, this made kernel SVMs one
of the reference methods of the late 1990s and 2000s; see Scholkopf and Smola
(2001) for a comprehensive treatment.

Linear SVM The SVM algorithm outputs a hypothesis A which returns the label of
an example x. This hypothesis is defined by an (affine) hyperplane which splits the
space into two half-spaces, associated with the two labels {—1,+1}, as follows:

-1 if (w,x)+b<0,

‘ (8.1)
+1 if (w,x)+b>0.

h(x) = sign ((w,x) + b) = {

10T his notion of (weighted) majority vote is very common in Machine Learning, especially in PAC-
Bayesian learning. We will see that majority votes are involved in many algorithms, such as boosting,
presented in Section 10.
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When the two classes can be perfectly separated, there are many hyperplanes, 7.e.
many values of (w,b), which separate the data well. The idea developed by Boser et al.
(1992) is to choose the one with the largest margin. But why? Let us have a look at
Figure 59 to understand it.

Figure 59: Different linear separators for a classification task. The separator shown as a solid
line is the solution of the SVM algorithm, which maximizes the margin (the circled points are
the closest ones to it). The two other separators, shown as dashed lines, achieve the same (zero)
error on the training data, but pass very close to some training points. [code:

make_figures_chO7.py: fig_svm_separators|

To understand why, we simply need to remember our main goal in Machine Learn-
ing: finding a classifier which generalizes as well as possible to new data. If we focus
on the two dotted lines, we see that they are really close to the examples of one of the
classes. At test time, this increases the risk that a new example, drawn from the same
distribution, falls on the wrong side of the separator. Thus, to avoid this problem and
to select the separator which is likely to generalize best to new data, we choose the one
with the largest margin.

In Figure 60, the margin v is defined as the distance between the two hyperplanes
of equations (w,x) + b = £p. Note that, by rescaling (w,b), we can always rewrite
these equations as (w,x) + b = %1, which we assume from now on. Let us denote
f(x) = (w,x) + b the score whose sign gives the prediction, and let us consider two
points x4 and x_ lying respectively on the hyperplanes f(x) = +1 and f(x) = —1 (see
Figure 60). Each of these vectors can be decomposed as x = xV + XWJ_, where xV is
collinear with w and x% is orthogonal to w. This leads to the following relations:

f(x4) = f(x-) =
<W,X+> +b— ((W’X*> +
+

(W, xW) 4+ (w, XV ) + b — ((w,x™) + (w,x™)

(w,x¥) — (w,xV) =2. (8.2)
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Furthermore, the margin -, i.e. the distance between the two hyperplanes, is the
A%

length of the projection of the vector x4 — x_ onto the unit vector ———, i.e.

[[wll2
v = <X+ - X_,W>
[[wl]2

Thus, we have:

=
[[wll2
1
" & W
1 w w
= ||WH <W7X+> - <W7X7>
8.2
2
v =
[[wll2
N class +1

Figure 60: Illustration of the (hard margin) SVM algorithm when the problem is linearly sep-
arable, with f(x) = (w,x) + b. The circled points are the support vectors; x; and x_ lie on
the hyperplanes f(x) = 41 and f(x) = —1 (dashed lines), and the distance between these two
hyperplanes is the margin v = 2/ ||w||,. The vector w is orthogonal to the separator. [code:

make_figures_chO7.py: fig_svm_margin]

Wil
2

Maximizing the margin «y is thus equivalent to minimizing , or equivalently

2
[wllz

, which is easier to handle since it is differentiable. The minimization problem

associated with the hard margin SVM is the following.
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Definition 8.1: Hard Margin SVM problem

Let S = {(x;,yi)}I™, be a sample of size m. The best linear separator in the sense
of the SVM algorithm is the solution of the following optimization problem:

. 1, o
widn,., 5 Wiz

s.t. yi((w,x;) +b)>1, foralli=1,...,m,

where the inequality constraints are a compact way of writing that every training

example is correctly classified by the rule (8.1), and lies outside the margin.
G J

For the moment, we do not focus on how to solve such an optimization prob-
lem (which is a convex constrained optimization problem, more precisely a quadratic
program). We will see that, in practice, solvers are available to solve these problems
without having to deal with all the mathematical aspects and difficulties.

The problem studied so far corresponds to an ideal situation, where the data are
linearly separable. However, in most real cases, the two classes are not linearly separable
(see Figure 61), and some points violate the constraint y;((w,x;) +b) > 1. This means
that such a point is either on the wrong side of the hyperplane, or on the right side of
it but inside the margin.

We therefore need a relaxation of the optimization problem which takes this
kind of errors into account. These errors are measured by a vector of slack variables
&= (&,...,&n), which is included in the optimization problem. This leads to a new op-
timization problem, called the soft margin SVM, whose aim is to find the right balance
between margin maximization and training errors.

Definition 8.2: Soft Margin SVM problem

Let S = {(x;,yi)}I", be a sample of size m and let us denote by & = (&1,...,&m)
the vector of slack variables. The best linear separator in the sense of the SVM
algorithm is the solution of the following optimization problem:

. 1 2 C&
§eRm,?vlvl,Ibl)eRd+1 3 [wll3 + . ;& 53
s.t. yi((w,x;) +0) >1-¢&, foralli=1,...,m, '
& >0, foralli=1,...,m.
. J

C
Compared to Definition 8.1, a term — > & has been added, which represents

the cost of violating the constraints. In the first constraint, we allow some violations by
subtracting the slack variable &;, which is constrained to be nonnegative: &; measures
how much the example x; violates the margin constraint. The balance between the two
terms of the objective is controlled by a hyperparameter C' > 0 that has to be tuned
during the learning process: the larger C, the more the violations are penalized.
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class +1

class —1

€y

Figure 61: Illustration of the soft margin SVM algorithm when the problem is not linearly
separable, with f(x) = (w,x) +b. The circled points are the support vectors. The dashed lines
are the hyperplanes f(x) = +1; the orange segments show the examples that violate the margin
constraint, whose slack variable &; is proportional to the length of the segment (§; > 1 for a
misclassified example). [code: make_figures_chO7.py: fig_svm_soft]

Proposition 8.1: Equivalent Formulation of the Soft Margin SVM

Let S = {(x;,y:) }i"; be a sample of size m. Eliminating the slack variables £ with
the help of the constraints, the optimization problem (8.3) can be rewritten as

Wl + 23 11— (w i) D)

min —
(W,b)ERd+l 2 i=1

where [z], = max(0, ), i.e. the second term is the average hinge loss on S.
\ J

Proof. Let us fix (w,b) and minimize the objective with respect to & only. The objective
is increasing in each &;, and the two constraints on £; can be summarized as & > 0 and
& > 1—yi((w,x;) +b). Hence, the optimal value of each slack variable is the smallest
value satisfying both constraints: it is equal to zero if y;({(w,x;) + b) > 1, and to the
gap 1 — y;((w, x;) + b) otherwise, i.e.

if 1 —y((w,x;) +0) <0,
Vi=1,....m, &:{0 i1 —yi((w,xi) +6) < 0

1 —y;i((w,x;) +b) otherwise.
This can be summarized as
Vizlv"'ama 612[1_y2(<waxz>+b)]+

Plugging these values into the objective gives the announced problem. O
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However, this problem is not so easy to optimize: even though it is convex, it is
not smooth (the hinge loss is not differentiable at 1). Furthermore, when the dimension
of the data is high, standard (second-order) methods applied to the primal problem
have a complexity in O(d?) in general Chapelle (2007). We therefore usually solve the
so-called dual formulation of the problem (see Section 4.5 for the notions of Lagrangian
and dual problem): its number of variables is the number m of examples instead of the
dimension d, its constraints are very simple, and, as we will see, it only involves the
data through inner products.

Proposition 8.2: Dual Problem of the SVM

Let S = {(x;,yi)}1, be a sample of size m. The dual formulation of the soft
margin SVM described in Definition 8.2 is

1 m m m
max —— Z Z a;045YiY5 (X, Xj) + Z o
acR™ % ¢ X :
i=1j=1 i=1
C
st. 0<aq; < —, foralli=1,...,m, (8.4)
. m
Z yia; = 0.

The vector « is the vector of Lagrange multipliers, also called dual variables.
S J

Proof. We are dealing with a constrained optimization problem. To derive its dual
formulation, we use the Lagrangian of this problem:

C m m m
L(w,b,& a,B) = % Iwll3 + - DG ai(l—&—yi((w,xi) +b) — > Bii,
i=1 i=1 =1

where a > 0 and B8 > 0 are the vectors of dual variables associated respectively with the
first and the second constraints. The dual function is obtained by minimizing £ with
respect to the primal variables (w,b,&). Since £ is convex and differentiable in these
variables, its minimum, when it is finite, is reached at the points where its gradient
vanishes:

oL oL oL

%(W7b7£7a713)207 %(W7b7£7a7/3)207 a‘nd 87€(W7b7£7a718)20‘
These conditions allow us to express the primal variable w as a function of the dual
ones (o and B), and they give constraints on the dual variables. Remember that
these stationarity conditions are part of the Karush-Kuhn-Tucker (KKT) conditions
(Section 4.5). We respectively have:

oL m m

%(W,b,&aﬁ) =0 <~ W_;yiaixizo = W:;yioﬁxi, (8.5)
%( bgaﬂ)—O@i i =0 (8.6)
b w,0,§, &, = i:1azyz— s .
oL C C
a*&(wabf,aﬁ)—o = —-a-fi=0 = fi=_——a (8.7)
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(If (8.6) or (8.7) is not satisfied, £ is affine and non-constant in b or in §;, and its
infimum is —oo.) We now plug these results into the expression of the Lagrangian:

L(w,b,€ 0. B) = wa\|2+ Zmzaz(l—ez yi ((w,xi) +)) = zﬁ,@

8.5
m m C m
zfzz(y?/]ozasz X;) +Z§Z — — o — B +Zai
i=1j=1 m P
m m
_ Zaiyz<2y1a Xj,Xi) bzaiyi
=1 J=1 =
8.6 8.7
1 m m
25223/1%0%%(3%39 +Z§z ><0—|-z:aZ
i=1j=1 =1 =
m m
- Z Zyiyjala] (xj,%;) —bx 0
i=1j=1

= -3 yly]alaj Xz,X] "‘ § Q.

The dual problem consists in maximizing this dual function with respect to the dual
variables. Finally, the constraints of the dual problem come from Equation (8.6), and
from Equation (8.7) combined with the nonnegativity of the multipliers: «; > 0 and
ﬁZ:%—alZO,ZG()éOéZS% OJ

Note that the dual problem is a concave maximization problem with respect to
the dual variables (a convex quadratic program). Indeed, the constraints are linear,
hence define a convex set. As for the objective function, it can be rewritten using a
quadratic form:

1 ol
max — -o’ Ga + oy,

where G is the matrix defined by G;; = yy; (xi,xj>. This matrix is the Gram ma-
trix of the vectors y1X1, ..., YmXm, and it is therefore positive semi-definite: a’ Ga =
1>, aiinng > 0. Moreover, since the primal problem is convex with affine con-
straints and is feasible, strong duality holds (see Section 4.5): the optimal values of
the primal and dual problems coincide. Note however that G is in general not positive
definite (it has rank at most d), so the dual objective is not strictly concave and the
optimal a need not be unique; the optimal vector w, on the other hand, is unique since
the primal objective is strictly convex in w.

Remarks. The dual problem looks for a solution in a different space: we work in
the space of the examples (one variable «; per example) rather than in the space of
the parameters. Furthermore, once the dual problem is solved, Equation (8.5) gives
the primal solution w. The value of the offset b does not appear in the stationarity
conditions, but it can be recovered from the complementary slackness conditions, as we
will see below.
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Although the dual formulation leads to a problem that is easier to solve when the
number of examples is small, it does not solve the problem of data that are not linearly
separable. To tackle this issue, we use what is commonly called the kernel trick.

In a nutshell Consider the one-dimensional data of Figure 62: the positive
examples lie on both sides of the negative ones, so no threshold on x, 7.e. no linear
classifier in R, can separate them. If we map each example to ®(x) = (z,2?) € R?,
the two classes become separable by the horizontal line 22 = ¢, i.e. by the linear
classifier of R? with w = (0,1) and b = —c. Back in the input space, this linear
classifier is the nonlinear rule “predict +1 if || > /¢”. The SVM only needs the
inner products (®(x), ®(z')) = za’ + 2222, which can be computed directly from
xz and z’: this function is a kernel, and the map ® never has to be computed
explicitly.

Input space R: no threshold works Feature space R?: a line works
10.0 1~
o y=+1 m oy=-1 .
NH 7.5 T . ..
[ ’-. K
-0 oG  EEEN NI I G — B
B : o
S " f z?=c
2.5 A - —
.y -
0.0 1 e L
-2 0 2 -2 0 2
x Dy (x)=2x

Figure 62: The idea behind the kernel trick. Left: one-dimensional data that are not linearly
separable. Right: after the mapping ®(x) = (x,2?), a line separates the two classes; it corre-
sponds to the nonlinear rule |x| > /c in the input space. [code: make_figures_chO7.py:
fig_kernel_lift|

Kernel SVM Instead of using the standard inner product between two examples, we
define a function K(-,-) which takes two vectors as input and returns a real number.
Such a function K is called a (positive semi-definite) kernel when it is (i) symmetric
and (ii) positive semi-definite, in the sense that every matrix K built from it on a finite
sample is positive semi-definite:

(i) for all (x,x’) € R? x R, we have K(x,x') = K(x/,x);

(ii) for all m > 1, all x1,...,%, € R? and all ¢ € R™, we have c/Kc =
iy ity ciciK(x4,%;) > 0, where K is the matrix of general term K;; =
K(Xi,Xj).

These properties of the function K (or of the matrices K) play a key role and lead
to the following result due to Mercer Mercer (1909).
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Theorem 8.3: Mercer Theorem

Let X be a compact subset of R? and let K be a continuous, symmetric, positive
semi-definite function, 7.e. a kernel. Then, there exist an orthonormal family of
functions (®;);>1 of L?(X) and a sequence ()\j);>1 of nonnegative real numbers
such that

Kead) = 3 2, (x)8(x) = ((x), (),
=1

where ®(x) = (VA1 ®1(x),...,/A;P;(x),...) is the representation of x in a new

space.
\ J

The kernel trick thus says that there is no need to know the transformation ®
explicitly: the knowledge of K is enough, since the dual problem and the predictions
only involve inner products between examples. Furthermore, it makes it possible to
(implicitly) project the data into a higher-dimensional space, called the feature space
(possibly of infinite dimension), in which the classes may become linearly separable.

Introducing the kernel K into the optimization problem (8.4) leads to the following
dual formulation:

1 m m m
max _§ZzaiajyiyjK(Xian) +> oy
e i=1 j=1 i=1

st. 0< ;< 9, foralli=1,...,m, (8.8)
m

m
Z YO0y = 0.
i=1

There exists a large number of kernel functions (see Genton (2002) for a more
complete list), among which the most widely used are:

o Linear kernel: K(x,x’) = (x,x), which is the standard inner product.

o Polynomial kernel: K(x,x’) = ((x,x') +¢), where ¢ > 0 is a constant and
p € N* is the degree.

Clx=x5
202
rameter that needs to be tuned. It controls how fast the similarity between two
instances decreases with their distance. The larger o, the slower this decrease:
distant examples are then still considered as similar, and all the examples of the
dataset play a more uniform role, which leads to smoother decision boundaries.

o Gaussian kernel: K(x,x') = exp , where ¢ > 0 is a hyperpa-

Ezxample 8.5. Let us consider two 2-dimensional vectors x and z and the polynomial
kernel of degree 2. We aim to write this kernel as an inner product, 7.e. to find a
mapping function ® such that K(x,z) = ®(x)7 ®(z):

K(x,z) = (z121 + 2222 + ¢)?

=+ ﬁzf + x%zg 4+ 2x121T920 + 2cx121 + 2¢T029

T
= (c, a3, v3, V2129, V2e1, \/%xg) (c, 23, 25, V/221 20,V 2¢21, \/%22)
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= ®(x)" ®(2),
where ¢ : x — (c, 22, 23, V2z129,V 2¢21, \/%x2> Using this kernel, we thus implicitly

project the data into a 6-dimensional space.

As an exercise, apply the same process to show that, for a 3-dimensional dataset
and a polynomial kernel of degree 2 with ¢ = 0, the data are projected into a space of
dimension 6.

Let us now show why the Gaussian kernel projects the data into a space of infinite
dimension. Let us consider two instances x and z in R% and recall that

2 2 2
1% = zllz = lIxll; + [z — 2{x,2).

Thus, we can write'!

2
K(x,z) = exp <—HX — ZH2>

202

2 2
- 58] () ()
X (x,z)k
= c(x)c(z) Z <k:' 02>k
k=0

[e.e]
C S (e, ),
oo \Vkl ok VL o*
Hence K(x,z) = (®(x),®(z)), where ®(x) is the infinite sequence obtained by con-
catenating the vectors %X@)k for k = 0,1,2,...: the feature space associated with
the Gaussian kernel contains all the monomials of all degrees, and is thus of infinite
dimension.

Figure 63 illustrates the use of a linear and of a Gaussian kernel. Do you think
that a polynomial kernel of degree 2 would be enough, in this case, to separate the two
classes?

Tuning the Gaussian kernel SVM A Gaussian kernel SVM has two hyperparam-
eters, which must be tuned jointly (typically by a grid search with cross-validation, on
a logarithmic grid). In software such as scikit-learn, the Gaussian kernel is param-
eterized as K (x,x') = exp(—y[x — X'||3), i.e. ¥ = 1/(20%), and the cost parameter
multiplies the sum of the slack variables, so that it corresponds to our C/m. Figure 64
shows their effect:

o a large 7 (small o) makes the similarity very local: each example only influences
its immediate neighborhood, and the boundary can wrap around individual points
(overfitting); a small v gives a smooth, almost linear, boundary;

11GQee the development here for further details.
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training error 40% training error 0%

i)

Figure 63: Ilustration of the kernel SVM algorithm when the problem is not linearly separable
(linear kernel on the left, Gaussian kernel on the right). Blue points represent the positive class
and red points the negative class. The colored areas represent the decision regions of the learned
hypothesis. [code: make_figures_chO7.py: fig_kernel_svm]

e a small C favors a large margin at the price of many margin violations, so that
many examples are support vectors; a large C forces the classifier to fit the training
data more closely.

Prediction phase With the linear SVM (hard or soft margin), to predict the label
of a new instance x’, we compute

h(x") = sign ((w,x) +b) .

With the kernelized version, using Equation (8.5) in the feature space, the hypothesis
(or classifier) takes the following form:

h(x') = sign <Z i K (%', %;) + b) .
i=1

Note that, in this case, we need to compute the similarity between the new example
and the training examples. However, both hypotheses are linear: they simply work in
different spaces (the input space for the former, the feature space for the latter).

A more detailed analysis of the dual formulation We now take advantage of
the dual formulation presented above to study its link with the primal solution, and to
explain why this model is called a Support Vector Machine.

For the first point, we write the full set of KKT conditions (please refer to Sec-
tion 4.5, and more precisely to Section 4.5, for further details on how to obtain them)
for the soft margin SVM problem (see Definition 8.2), using the previous notation:

o Stationarity conditions:

gifl(wa b?é’a’ﬁ) =0 <= w= Zyia’ixia (89)
i=1
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v=0.1, C=0.1 y=1,C=0.1 v=30, C=0.1
106 SV, test 19% 88 SV, test 10% 120 SV, test 9%

¥=0.1, C=100 y=1, C=100 =30, C=100
36 SV, test 8% 18 SV, test 7% 81 SV, test 10%

Figure 64: Gaussian kernel SVM (scikit-learn parameterization) on a two-moons dataset
(m = 120), for three bandwidths v (columns) and two costs C (rows). Solid line: decision
boundary f(x) = 0; dotted lines: f(x) = £1; circled points: support vectors. The titles give

the number of support vectors and the test error. [code: make_figures_chO7.py: fig_svm_rbf]
oL m
%(Wa b)éaam@) =0 << Zalyz = 07 (810)
=1
oL C ,
aié(wvbygaamg) =0 = 057,+B12 %, VZ: s ,m. (811)

e Primal feasibility:

1-& —vyi((w,x;) +b) <0, Vi=1,...,m, (8.12)
&>0, Yi=1,...,m. (8.13)
e Dual feasibility:
a; >0, Vi=1,...,m, 8.14
Bi >0, Vi=1,...,m 8.15)

o Complementary slackness:

a; (1 =& —yi((w,x;) +b)) =0, Vi=1,...,m, (8.16)
Bigi =0, Vi=1,...,m. (8.17)

Equation (8.9) immediately gives an expression of w in terms of the dual variables.
It remains to find an expression of the offset b to fully recover the primal solution.
The stationarity conditions do not provide it, but, as we will see, the complementary
slackness conditions do.

Let us now focus on the support vectors, i.e. the training examples x; for which
a; > 0. We will see that they are points which lie on the margin, inside it, or on the
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wrong side of the hyperplane (the circled points in Figures 60 and 61), and that they
are the only points needed to define our separator. We will also describe the role of all
the other points.

To do so, we focus on the complementary slackness conditions (8.16) and (8.17),

C
which hold for every instance i = 1,...,m. Since 0 < a; < — foralli=1,...,m, there
m

are three possible cases for «;:

C
i) if a; = 0, then Equation (8.11) implies f; = — > 0, and thus & = 0 by Equa-
m
tion (8.17). Using the primal feasibility condition (8.12), we then get y;((w,x;) +
b) > 1. So the point x; is correctly classified and lies outside the margin
(or on its boundary).

C
ii) if oy = —, then Equation (8.11) implies ; = 0, so Equation (8.17) only tells us
m
that & > 0. Equation (8.16) then gives y;((w,x;) +b) =1 — & < 1. So the point
x; lies on the margin (if {;, = 0), inside the margin (if 0 < & < 1), or is
misclassified (if & > 1).

C C
iii) finally, if 0 < a; < g then Equation (8.11) implies 0 < 3; < g and thus & =0
by Equation (8.17). Equation (8.16) then gives y;({(w,x;) + b) = 1. So the point
x; lies exactly on the margin.

c

The last case gives us the value of the offset: for any index 7 such that 0 < a; < oo

since y; € {—1,1}, we have

m
b=y — (W, xi) =yi — > oy;(xj,Xq),
j=1
where the inner product is replaced by K(x;,x%;) in the kernel case. In practice, to
obtain a numerically more stable value, we average this quantity over all the support
vectors lying exactly on the margin.

If we combine this analysis with the fact that w = 3" | a;y;X;, we note that the
points lying strictly outside the margin (o; = 0) do not contribute to the definition
of the hyperplane at alll Only the support vectors matter, hence the name of the
algorithm. This is important from a computational point of view: we do not need to
use all the training points in the prediction phase, i.e. there is no need to compute the
similarities between a new example and all the training examples, but only with the
support vectors.

It is also possible to speed up the learning phase of the (kernel) SVM, for instance
by using a low-rank approximation of the kernel matrix; we do not go into these details
here.

The next algorithm we study can be used for both regression and classification
tasks, depending on the nature of the output.

8.4 Linear Regression and Logistic Regression

The support vector machine was a first example of a linear model. In this section,
we present the well-known linear regression model and its counterpart for classification
tasks, logistic regression.
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Linear Regression Linear regression is mainly used when we aim to predict a real
value, e.g. the price of a house or the score obtained at a given exam, as illustrated in
Figure 65.

score

" _*
fitted line h(z)=94.7— 0.64z \,
764 ° data \

18 20 22 24 26 28 30
age

Figure 65: Example of a linear regression, where the aim is to predict the score of a person
according to his or her age. The solution obtained by linear regression is represented in red.

[ code: make_figures_chO7.py: fig_linear_score ]

As for the linear SVM, the learned model is affine: in its simplest form (a single in-
put variable), it is a straight line, and a hyperplane in general. Given S = {(x;,v;)};~; C
R? x R, we aim to find the hyperplane which best approximates the scatter plot, i.e. to
learn a hypothesis i of the form

h(O,X) =0y + 011 + O2x0 + ... + Ogx4.

To learn the parameters 6 = (6p,...,0,) of the model, we minimize a loss, as for the
SVM. For regression tasks, as stated in Section 7.2, we usually minimize the Mean
Squared Error (MSE).

Proposition 8.4: Linear Regression

We consider the following probabilistic model for our data:
Y=0+6X1+...4+604X4+c¢,

where Y is the variable to predict, X = (Xj,..., Xy) is the vector of variables used
for the prediction, and ¢ is a centered random noise representing the error of the
model. We consider a hypothesis h of the form

h(O,X) =0y + 011 + O2x0 + ... + O4x4.

Given a set S of m examples, let X € R™*(4+1) be the design matrix whose i-th
row is (1,x}), and let y = (y1, 92, - - -, ¥m)? . If XTX is invertible, then the solution
of the Mean Squared Error problem

m

o - 2 o L ) 2
ity =i = it p s — @)

where h(6,X) = X80 is the vector of predictions, is given by
6= (XTX)"'XTy.
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Proof. The objective function F(0) = ||y — X8|3 is convex, since its Hessian matrix
2XTX is positive semi-definite. Its minimizers are thus the points where its gradient
vanishes:

VF(0) = —2XT(y —X0) =0 «— X'X9 = X"y,
and these normal equations have the unique solution 0 when XTX is invertible. This
is exactly the proof studied in the course on linear models. O

This first model is quite simple, and an analytical solution is available: no iterative
optimization procedure is needed to learn the model'?.

Let us now place ourselves in a slightly different context and consider the following
example.

Ezxample 8.6. We are trying to build a regression model able to determine whether or
not an individual has an infection, according to his or her lymphocyte count. The
variable to predict can take two values: 1 if the person has an infection and 0 otherwise.

At first sight, nothing prevents us from learning a linear model, by least squares,
to fit this new point cloud, as illustrated in panel (a) of Figure 66. We then simply
have to choose a threshold on the values taken by the hypothesis A, above which an
individual is considered as sick: e.g. we consider that an example x belongs to the
positive class when h(x) is greater than 0.5 (i.e. the prediction is negative on the left
of the vertical dotted line and positive on its right). In this example, it works well.

Let us now consider another dataset, in which the number of lymphocytes can be
extremely high, meaning that the infection is serious. This new dataset is represented
in panel (b) of Figure 66. This time, we see that if we use the same threshold, we
miss some positive instances, i.e. some infected people: the few very large values have
“pulled” the line and shifted the threshold to the right (from 3 to about 4.4), so that
the patient with a count of 4 is now predicted healthy.

(a) least squares (b) with large counts (c) an S-shaped curve

=

o
1
°
®
°

infection y / h(z)
o o
o w
|
| |
|

z=3.0 r=4.4

0 5 0 20 40 0 20 40
lymphocyte count lymphocyte count lymphocyte count

Figure 66: Predicting an infection (y = 1, blue) from the lymphocyte count. (a) A least squares
line and the threshold h(z) = 0.5 separate the two classes. (b) Adding a few patients with
very large counts pulls the line and moves the threshold to the right: a sick patient is now
misclassified. (¢) An S-shaped curve with values in [0, 1] is not affected by these extreme values.

[code: make_figures_chO7.py: fig_logistic_motivation]|

This example shows that the linear model is not well suited to this problem: we
need a different shape, i.e. a curve which is better adapted to the structure of our data,

12For more information on linear regression, and especially on its statistical aspects, the reader can
consult the course on Linear Models given by Stéphane Chrétien, available here.
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such as the S-shaped curve of panel (c) of Figure 66. Such a model takes its values
in [0,1], and we can thus interpret it as an estimate of the probability of having an
infection. To transform the values predicted by a linear model into probabilities, we use
the logistic function, i.e. we compute

1
1+ exp(—h(x))

We then talk about (linear) logistic regression.

Logistic Regression The logistic regression model, also called the logit model, was
introduced in the middle of the 20" century Cox (1958), but the use of logit functions
dates back to the 19" century Cramer (2003).

This model is close to the SVM in the sense that it also learns a linear sepa-
rator between two classes. However, it differs from the SVM in that it estimates the
probability that an example belongs to a given class, for instance the positive class:
n(x) = Pr(Y = 1| X = x). More precisely, logistic regression models the logarithm
of the odds, i.e. of the ratio between the probabilities of the two classes, with a linear

model:
(PT(y =1[x)
Pr(y=0]x)

Thus, once the parameters of the model are learned, we can compute the probability of
belonging to class 1:

) = h(w,b,x) = b+ (w,x).

B _exp(h(w,b,x)) 1
Prio =119 = 1 o (h(w, b))~ 1+ exp(—hiw, b X))’

This function of h is called the logistic function (or sigmoid function), and it takes its
values in [0, 1]. An example x is (usually) assigned to class 1 if Pr(y =1 | x) > 0.5, i.e.
if h(w,b,x) > 0. Depending on the task and on the objective, we can choose to modify
this threshold, as we will see later.

To estimate the parameters of the model, we maximize the likelihood £(w,b,S)
of the data, where S is a set of m examples with labels y; € {0,1}, assumed to be
independent:

m

Lw,b,8) = [[Pr(Y =ui | X =x;)
i=1

= ] Priv=1|X=x)x [[ Pr(Y =0| X =x;)
1y =1 2:y;=0
m 1 Yi 1 Ly
=11 (1+exp(—h(w, b,xi))) 8 <1+exp(h(w, b,xi))> '

=1

We usually prefer to minimize the negative log-likelihood of the data, which turns the
product into a sum:

lw,b,S)= —In(L(w,b,9))

152 - Statistical Supervised Machine Learning



= - i ly’ In <1 + exp (—(1W>Xi> * b)))

=1
1
+(1—y)n (1 T 1+ exp (—((w,x) + b))> ]

In this way, we recover the logistic loss (in its version with labels in {0, 1}) intro-
duced at the beginning of this section. In the following, for the sake of simplicity, we

set g(w,b,x) = T+ exp (—((w. %) D)) The optimization problem then becomes

m

min - o > [yiln (g(w, b, %)) + (1 = i) In (1 = g(w, b, xy))]
i=1

(w,b)€RA+1 m <

We divide the loss by m in order to be consistent with the notion of empirical risk
defined previously; this does not change the minimizer.

SVMs and logistic regression models are similar from a geometric point of view
(they both learn a hyperplane) and both minimize a (regularized) empirical risk with
a convex surrogate of the 0-1 loss. A closer look at their loss functions (Figure 56)
nevertheless reveals some differences, which can lead to different solutions:

o the hinge loss is equal to zero as soon as yh(x) > 1, so the SVM solution only
depends on the support vectors, whereas the logistic loss never vanishes, so every
training example (even a well-classified one far from the separator) has an influence
on the logistic regression solution;

e both losses grow linearly for badly misclassified points, so they have a comparable
sensitivity to outliers; this is not the case of the exponential loss used in boosting,
which penalizes errors exponentially and is thus much more sensitive to outliers
and label noise;

o logistic regression directly provides an estimate of the probability Pr(y =1 | x),
whereas the SVM only provides a score whose sign gives the class.

Compared to linear regression for real-valued outputs, there is no analytical so-
lution here. However, the problem is convex, so we can use a gradient-based algorithm
to find a solution.

Pitfall: separable data in logistic regression Convexity does not guarantee
that a minimizer exists. If the training data are linearly separable by (w,b), i.e.
(2y; — 1)((w,x;) +b) > 0 for all 4, then replacing (w,b) by (tw,tb) and letting
t — +o00 makes every predicted probability tend to the true label, and the neg-
ative log-likelihood tends to 0 without ever reaching it: the maximum likelihood
estimate does not exist Albert and Anderson (1984). In practice, the norm of
the parameters keeps growing along the iterations, the estimated probabilities
become (over-confident) 0’s and 1’s, and the software may report convergence
warnings. Adding a regularization term X ||w]|3, as described below, prevents the
weights from diverging: the regularized objective is strictly convex in w and tends
to 400 when ||w||, — 0o, so that its minimizer exists.
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Learning procedure To simplify the notation and avoid handling the offset b sep-
arately, we append a constant coordinate equal to 1 to each input and include b in
the vector of parameters, i.e. we write x <+ (1,x) € R and w < (b,w) € R,
so that (w,x) + b becomes (w,x) and g(w,x) 1/(1 + exp(—(w,x))). We con-
sider the negative log-likelihood ¢(w,S) without the factor % Using the fact that
the logistic function o(t) = 1/(1 4 exp(—t)) satisfies o’(t) = o(t)(1 — o(t)), we have
Vwlng(w,x) = (1 — g(w,x))x and VyIn(1l — g(w,x)) = —g(w,x)x. We can thus
compute the gradient of ¢ with respect to w:

(.

Vi(w,S)

1
T+ exp(—

m
R ).
% (v~ ) -
Each example thus contributes proportionally to its “residual” y; — g(w, x;), i.e. to the
difference between its label and its predicted probability.

We can then apply the gradient descent algorithm, using the above expression of
the gradient of the negative log-likelihood (which plays the role of our loss function in
this case):

wi ) = wlh) —g vew,5), k=012,

where 77 > 0 is the learning rate.

In practice, we often use the Newton-Raphson method to minimize the loss
function, i.e. we replace the learning rate n by the inverse of the Hessian matrix of £ in
the update. This Hessian matrix is given by

00 0*¢

0°L 0°¢
Y- 75 ,S
V2€(W, S) = 6w28w1 (W ) 81U28wd+1 W )
o 02
TR w, ) ol (w,S)

and a direct computation, using again o’ = (1 — o), gives

Vi(w,S) = Zg(w,xi) (1—g(w,x;)) x;x?.
i=1

We can express the Hessian matrix in a more compact form:

Vi(w,S) = XTGX,
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where X € R™*(@+1) is the design matrix (i.e. the matrix whose rows are the examples
x/) and G € R™*™ is the diagonal matrix defined by

g(w,x1) (1 = g(w,x1)) 0 0
o 0 g(w,x2) (1= glw,x2) '

: e : 0

0 = 0 g(w,xm) (1 —g(W,Xm))
Note that, with the first expression, the Hessian matrix is a nonnegative linear combi-
nation of the rank-one positive semi-definite matrices x;x!, and is thus itself positive
semi-definite: this proves that £ is convex. The Newton-Raphson algorithm then reads

wht) = wh (V2w 5)) " vew®, ),

which converges much faster (quadratically, near the solution) than the standard gradi-
ent descent algorithm with a constant step size, at the price of solving a linear system
of size d+ 1 at each iteration. In the context of logistic regression, this algorithm is also
known as Iteratively Reweighted Least Squares (IRLS).

Let us now say a few words about regularization, which is commonly used in both
regression and SVM models'?.

Regularization In order to avoid overfitting, a regularization term of the form A ||w||
(or X||w||*), where A > 0 is a hyperparameter, is usually added to the objective, in re-
gression as well as in classification tasks. The optimization problem of logistic regression
can then be rewritten as

m

1 2
. - zl ,b, i 1-— 11 1— 7b, i A .
BB 2 e In (9w, b36)) o (L= ) I (1= g(ww.x0)] + A ]

For linear regression, it can be written as

m

: o 2 2 . L )2 2
o, Iy = 1O 01+ AO1° = min, = (s = 0,%)° + A 61

Note that the offset (b or 6p) is usually not penalized.

In the two expressions above, the norm is not specified, but two norms are very
often encountered: the Ly norm ||-||; and the (squared) Ly norm ||-||5. The choice has an
important impact on the model, and especially on the parameters it learns (see Hastie
et al. (2009) for a detailed discussion):

e The L; norm is notably used to induce sparsity in the learned hypothesis, i.e.
when we want the learned hypothesis to depend on as few parameters as possible.
When we use this regularization term in linear regression, we talk about Lasso
regression. This type of regularization is particularly useful for high-dimensional
models, with many variables, as is the case in genetics: it highlights the most

131f you look at the soft margin SVM problem, the data-fitting term is the mean value of the slack
variables (i.e. the average hinge loss), and the Lo regularization term is related to the inverse of the
margin of the model.
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important variables for the prediction task. However, it has an important draw-
back: it is not differentiable at the points where some coordinates are equal to 0,
and there is no closed-form solution in general, so specific optimization algorithms
(e.g. subgradient or proximal methods) are required.

e The squared Lo norm is used to prevent some parameters from taking too large
values compared to the other parameters of the model. In this case, we talk about
Ridge regression. The objective remains differentiable and, for linear regression, a
closed-form solution is still available: 8 = (XTX + AI)"'X Ty, where the matrix
to invert is always invertible when A > 0 (for simplicity, this formula also penalizes
the offset ).

Ridge regression was introduced by Hoerl and Kennard (1970) to stabilize least squares
when the features are strongly correlated, and the Lasso by Tibshirani (1996).

In a nutshell: why does the L; norm produce sparse solutions? By La-
grangian duality (Section 4.5), minimizing the empirical risk plus A ||@| amounts
to minimizing the empirical risk over a ball {6 : ||@] < t}, for some radius ¢
depending on A. The solution is the first point where the level sets of the risk
(ellipses, for least squares) touch this ball, as shown in Figure 67. The Lo ball
is round, so the contact point generally has all its coordinates nonzero: Ridge
shrinks all the coefficients. The L ball is a diamond (a cross-polytope in dimen-
sion d) whose corners lie on the axes, and the ellipses very often touch it first at
a corner, where some coordinates are exactly zero: the Lasso selects variables.

L, ball (Ridge) L; ball (Lasso)

Figure 67: Geometry of Ridge (left) and Lasso (right) regularization in dimension 2. The red
ellipses are level sets of the least squares objective, centered at the unregularized solution éLS;
the regularized solution (dark dot) is the point of the ball reached by the smallest level set. The
corners of the L ball lie on the axes, which produces exact zeros.

Before moving on to another algorithm, we extend binary logistic regression to
multi-class classification.

8.5 Multinomial Logistic Regression

The previous classification algorithm was presented in the context of binary classifi-
cation, and we may wonder how to adapt this procedure to multi-class classification
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tasks, i.e. how to define a multinomial logistic regression Engel (1988). To this aim,

let us assume that the set of labels is now {1,2,...,q}, where ¢ > 2. As before, we
include the offset in the vector of parameters, w = (wp,ws,...,wy), and we write
x = (1,21,...,2q).

In the binary case, we have built a linear model to estimate the logarithm of the
ratio between the probability of belonging to class 1 and the probability of belonging to
class 0 (also called a logit). We now have to do something similar with more than two
classes: we select one class as a reference class, say class ¢, and we build the following

models:
(P =11%Y _ o
(Fr=arn) =
L(Prly=21%)) _ @
(Fr=atn) =

) Priy=q—1|x) — (wl D x
! ( Pr(y =q|x) ) < i

From this set of equations, we can recover the value of Pr(y = k | x) for all
k=1,...,q. Indeed, if we take the exponential of each equation, sum all of them, and
~1
use the fact that Y7_) Pr(y=k|x) =1— Pr(y =q| x), we get

1—P7‘(?J=(1!X)7q_1ex w®
Pr(y=q|x) _kz::l p((w®,)

and thus ,

1+ Zz;ll exp ((wlk) x)) '
Using this equality, we immediately obtain, for all k € [1,q — 1],

e (69,5
1+ Z?:_II exp ((w), x)) '

Pr(y =q|x)

Priy =k |x) =

Let us make a few remarks about this model:

o the probabilities defined above sum to 1;

e the number of parameters to learn is equal to the number of parameters of a single
binary logistic regression times the number of classes minus one, i.e. (¢g—1)x(d+1);

o the way the model is built depends on the choice of the reference class: if we change
it, the parameters have no reason to remain the same (although the modeled
probabilities can be the same).

A simple way to learn this model is to fit ¢ — 1 binary logistic regressions, the k-th
one opposing class k to the reference class ¢ (on the examples of these two classes only),
which gives a simple approximation of the joint estimate; the parameters can also be
estimated jointly, by maximizing the multinomial likelihood described below. At the
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prediction step, we compute all the probabilities Pr(y = k | x), k =1,...,q, and a new
example x is assigned to the class with the highest probability, i.e.

9 = arg max Pr(y =k | x).
kell,q]

The above procedure has the advantage of reusing the tools presented in the
binary setting. However, it requires learning ¢ — 1 models which depend on a reference
class. To address this last issue, and make our model independent of the reference class
q, we can consider a parameter vector w*) for every class and define the probabilities
by

exp ((w(k),x))

iy exp (W, x))’
This function is known as the softmax function (it can be seen as a generalization of
the logistic function), and the probabilities still sum to one. Note that adding the same
vector to all the w*) does not change these probabilities: the parameters are thus only
defined up to such a shift. Setting w(? = 0 gives back the model with reference class g,
while adding a regularization term is another common way to remove this indeterminacy.
For ¢ = 2, the softmax reduces to the logistic function applied to <W(1) - W(2),X>.

Priy=Fk|x) = Vk=1,...,q

It remains to explain the word multinomial in the name of the model. In the binary
case, we have assumed that the label is drawn according to a Bernoulli distribution
(i.e. a binomial distribution with n = 1). With ¢ classes, the label of an example
x now follows a categorical distribution (i.e. a multinomial distribution with n = 1)
whose parameters are the ¢ probabilities Pr(y = k | x), k = 1,...,q. Denoting by
W = (w(l), - ,w(q)) the matrix of all the parameters, the likelihood £ of our data is
therefore based on the multinomial distribution and defined by

m

q
W, 8) = [T Priy =k [x)
Tgy.—
ﬁ ﬁ exp ((W(k),xi>) {y;=k}
i \ 2 exp (W, x5) '
The negative log-likelihood /, also called the cross-entropy loss, can then be written as

i i exp ((w(k),xi)) ( )
— l¢,.—21n . 8.18
i=1k=1 =ty Z?:1 exp (<W(l)7 X))

The estimation of the parameters works exactly as in the binary case: there is no
analytical solution to the minimization of (8.18), and we usually use a gradient descent
or a Newton-Raphson algorithm. It is thus necessary to compute the gradient (and the
Hessian matrix) of £ with respect to all the parameters. Denoting by pg(x;) the softmax
probability of class k for the example x;, the gradient with respect to w*) takes a form
very similar to the binary case:

V) C(W,S) Z (]]-{yi:k} —pk(xi)) X, Vk=1,...,q.
1=1

In the next section, we focus on a nonparametric counterpart of regression, called
kernel regression.
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8.6 Kernel Regression

The linear and logistic regression models presented in the previous sections are both
parametric models, i.e. we need to learn (or estimate) a fixed number of parameters,
which determine the shape of the model, in order to make predictions.

There also exist nonparametric models, which do not rely on a fixed set of
parameters. The prediction for a new instance is then directly based on the training
instances and, more precisely, on those which are the most similar to it. The k-NN
algorithm is an example of such a model.

Let us consider the problem of estimating the value of y given the value of x; for
the illustration, x is a real number. The data, together with the linear regression model
learned from them, are represented in Figure 68.

—— least squares line

Figure 68: Representation of the data and of the linear model learned to fit them. This model
is not appropriate, and it seems that we should use a nonlinear one. [code: make_figures_ch07.py:
fig_linreg]|

Using a linear model to estimate the values of y does not seem appropriate here.
How would a nonparametric model perform in this case?

Let us introduce a first simple model. To estimate the value y(x) associated with
x, we simply compute the mean of the values y; = y(x;) of the neighbors of x, i.e. of
the training examples lying at a distance at most A from x. The estimator h is thus
given by
h(X) _ Z:%nl KA(X> Xi)yi’
Zizl Ky (Xv Xi)

where, in this case, K, (x,x;) = 1 if the distance ||x —x;|| between x and x; is lower than
or equal to A, and 0 otherwise. This estimator is a local average, but it has two draw-
backs: it is discontinuous (a training point suddenly enters or leaves the neighborhood
when x moves), and it is not defined when no training point lies within distance A\ of
x. A natural idea is to replace this “all-or-nothing” weight by a weight which decreases
smoothly with the distance. This leads to the following definition, due independently
to Nadaraya (1964) and Watson (1964).
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Definition 8.3: Kernel regression (Nadaraya-Watson estimator)

Let S = {(x;,%:)}™; C R? x R be a sample of size m, let A\ > 0 be a bandwidth,
and let K)(x,x') =D (@), where D : Ry — Ry is a nonincreasing function.
The kernel regression estimator is defined, for all x such that the denominator is
positive, by

K)\(Xa XZ)
;’;1 K)\(Xa Xj)

K T (3
h(X) E’L 1 >\ X, Xy y sz

0 (6, ;) X))y, with w;(x) =

The prediction is thus a weighted average of the training outputs, whose weights
w;(x) are nonnegative, sum to one, and are larger for the training points close to x.
Equivalently, h(x) is the constant ¢ which minimizes the locally weighted squared error

M K(x,%;)(yi — ¢)?: kernel regression fits a constant model locally, around each
query point (see Hastie et al. (2009) for extensions such as local linear regression).
Common choices for D are the “box” function D(t) = 1<}, which gives back the
first estimator, and the Gaussian function D(t) = exp(—t2/2), which gives Ky (x,x;) =

12
exp (—Hx—;;i) (multiplicative constants do not matter since they cancel out in the
ratio).

The bandwidth A\ plays the same role as k in the k-NN algorithm and controls
the bias-variance trade-off:

e when A is small, only the very close points are taken into account: the estima-
tor follows the data closely and is very wiggly (low bias, high variance, risk of
overfitting);

e when X is large, all the points receive almost the same weight: the estimator
becomes almost constant, close to the mean of the y;’s (high bias, low variance,
risk of underfitting).

As usual, A is selected by cross-validation. Note that, like the k-NN algorithm, kernel
regression requires storing the whole training set and computing m distances for each
prediction.

Ezample 8.7. Let us consider the four training points (1,1), (2,3), (3,2) and (4, 6), and
let us predict the output at x = 2.5.

e With the box kernel and A = 1, only the points 2 = 2 and z3 = 3 are within
distance 1 of z, so h(2.5) = 22 = 2.5,

e With the box kernel and A = 2, all four points are taken into account, and
h(2.5) = 34246 — 3 the global mean.

« With the Gaussian kernel and A = 1, the weights are exp(—1.52/2) ~ 0.32 for z;
and 4, and exp(—0.52/2) ~ 0.88 for zo and z3, so
032x1+088x34+088x24+0.32x%x6

2.5) ~ ~ 2.77.
7(2:5) 2x0.32+2 x 0.88 m

All the points contribute to the Gaussian estimate, but the closest ones contribute more.
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Figure 69 shows the estimators obtained with these two kernels on the data of
Figure 68: both follow the nonlinear trend of the data, and the Gaussian kernel gives
a much smoother curve than the box kernel. Its right panel illustrates the role of the
bandwidth: a very small A gives an irregular estimator that follows the noise, while a
very large A gives an almost constant one.

(a) box kernel, A\=5 (b) Gaussian kernel, A\=3 (c) Gaussian kernel
o o o o

A=0.7 =— A=3 — =25

Figure 69: Kernel regression (Nadaraya-Watson) estimators on the data of Figure 68:
(a) box kernel Kx(x,%;) = ILyx—x,<a} With A = 5; (b) Gaussian kernel Ky(x,x;) =
exp (=[x — x;[?/(2A?)) with A = 3; (c) Gaussian kernel with a too small (A = 0.7, overfit-
ting), a reasonable (A = 3) and a too large (A = 25, underfitting) bandwidth. [code:

make_figures_chO7.py: fig_kernel_regression]

The next algorithm we present can be used for both regression and classification
tasks. It can return the probability of belonging to a given class, like logistic regression,
or directly assign a label, like the SVM or the k-NN algorithm.

8.7 Decision Trees (classification and regression)

Two classical families of decision tree algorithms coexist: the Classification and Re-
gression Trees (CART) algorithm introduced by Breiman et al. (1984), which is the
version most widely used today, and the ID3 algorithm (and its successors) introduced
by Quinlan (1986).

A decision tree consists of a series of rules which are successively applied to the
dataset in order to split the data into two or more groups. Here, we only focus on binary
decision trees, i.e. trees in which each decision rule splits the dataset into exactly two
subsets.

The nature of the tree depends on the output space Y:

e when Y C R, we talk about a regression tree;

o when Y is a finite set of classes, e.g. Y = {—1,1}, we talk about a classification
tree.

An example of classification tree is provided in Figure 70 on a toy dataset, in
which we aim to separate two classes (male and female) using two descriptors (age and
height) and a set of rules. The initial dataset is composed of 4 females and 3 males. The
first decision rule, Age< 25, divides the initial dataset into two groups: one composed
of two females, and the other one of 3 males and 2 females. The group on the left is
pure, since it only contains females, so we no longer need to split it. We then apply a
second decision rule, Height< 170, which separates the remaining males and females.
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To predict the label of a new example, we simply follow the rules from the root to a
leaf, and predict the majority class of that leaf (the proportion of each class in the leaf
can also be used as an estimate of the class probabilities).

T ¢ —_—
oy datase AT 3M

Age Height Sex \Age <257

20 175 F
32 180 M
40 175 M
28 172 M
22 165 F
40 169 F
70 170 F

J

no

2F 3M
Height < 1707

Figure 70: An example of classification tree learned on the toy dataset on the left (F: female,
M: male). Each internal node shows its class counts and its decision rule; the three leaves are
pure.

Such an algorithm is able to separate complex (not linearly separable) datasets
by using a large number of decision rules. To choose the decision rules, we define a
criterion to optimize.

For this purpose, we need two tools: a metric which evaluates the quality (or
impurity) of a node, and a measure of the improvement obtained after a split, called
the gain Safavian and Landgrebe (1991); Rokach and Maimon (2005).

The metric depends on the type of tree we are dealing with. A list of such metrics
is provided by Rokach and Maimon (2005), among which:

e the variance, used for regression trees:

where my denotes the number of examples in the node N and y the average value
of the y;’s in this node;

e the entropy, a notion also used in physics to quantify the disorder of a system,
defined by Enty = — Zle pjlogy(p;) (with the convention 0logy 0 = 0), where
p; is the proportion of examples of class j in the node N and L is the number of
classes;

o the Gini impurity, used for classification trees. It measures the impurity of a node
from the proportions of the different classes present in the node. For instance, in
binary classification'?, the Gini impurity G of a node N is defined by

Gn= Y. pi(l—pj)=2p(1—p), (8.19)
je{_lvl}

where p; denotes the proportion of examples of class j in the node.

14The definition can be extended to L classes: the Gini impurity is then defined by Gy = Zjl.‘:l p;i(1—

pj)=1-— Zle p?, where p; is the proportion of examples of class j in the node N.
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In the binary setting, the Gini impurity is a real number which belongs to [0, 0.5].
A value of 0 means that the node is pure, i.e. it only contains examples from one class.
A value of 0.5 means that the node contains the same number of examples from both
classes. Similarly, the binary entropy belongs to [0, 1], with the same interpretation of
its extreme values.

Let us now illustrate this notion. In the previous example (Figure 70), the Gini

4 4 24
impurity of the root is Groot = 2 X - (1 — 7) =19 ~ (.49, while it is equal to 0 and
2
% respectively in the two nodes obtained after the first split. We have already said

that the node on the left is pure, because it only contains examples from one class; its
Gini impurity therefore cannot be improved.

The next step consists in choosing the optimal rule to split a node into two child
nodes. This rule is chosen so as to decrease the impurity as much as possible. For this
purpose, we define the Gini gain I" of a split of a node N (here the root) into two nodes
Ny, and Npg as follows:

[N

T = Groot — (o1
" <NL+!NR|

|NR| )
Gy, + ————G
Y INL]+ [N
where |Np| and |Npg| denote the numbers of examples in the left and right nodes,
and Gy, and Gy, their Gini impurities. In our example, the first split has a gain
r= % — g X % = 36 ~ (.15 (with the entropy instead of the Gini impurity, the gain

245 —
would be 0.985 — 2 x 0.971 ~ 0.29).
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0.0 0.2 0.4 0.6 0.8 1.0

proportion p of females in the node

— Gini impurity 2p(1—p) @ children N;, Nz — Gini gain T
-- entropy /2 @® root O weighted average

Figure 71: Illustration of the Gini gain using the first split of the example presented in Figure 70,
as a function of the proportion p of females in a node. The root (p = 4/7) is split into N, (p = 1)
and Ngr (p = 2/5); the weighted average of the impurities of the children lies on the green chord,
and the red arrow represents the Gini gain I'. The (halved) entropy has a very similar shape.
[code: make_figures_chO07.py: fig_gini]

Figure 71 illustrates the use of the Gini impurity as a metric to build our decision
tree on this example. The red arrow represents the Gini gain I'. This figure also shows
that the Gini impurity is a concave function of the proportion p;. Since the proportion
of a class in the parent node is the weighted average of its proportions in the two child
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nodes, this concavity ensures, by Jensen’s inequality Jensen (1906) (Proposition 1.3 in
Section 1), that the gain is always nonnegative: a split never increases the (weighted)
impurity. Note, however, that a split does not necessarily decrease the classification error
of the tree, which is precisely why a concave impurity measure is used instead of the
error rate. At each step, we choose the feature and the corresponding threshold which
maximize the gain I'. The decision rule is then applied, and the nodes are recursively
split until pure leaves are obtained.

In practice, it is always possible to obtain such perfect leaves (unless two identical
inputs have different labels). However, such trees tend to overfit and to generalize
poorly. To overcome this issue, we usually restrict the growth of the tree (pre-pruning)
using hyperparameters such as:

o the maximal size/depth of the tree;

e the size of a node: the minimum number of examples required in a node to split
it;

o the size of a leaf: the minimum number of examples in each of the two leaves after
a split;

e a threshold on the gain: the minimum value of the gain required to make a new
split.

Another strategy (post-pruning) consists in growing a full tree and then removing the
branches which do not improve the performance enough, as done in the cost-complexity
pruning of CART Breiman et al. (1984).

Geometrically, each decision rule of the form x; < s cuts a region of the input
space into two by a hyperplane orthogonal to the j-th axis: a tree thus partitions the
space into axis-aligned rectangles Ry,..., Ry, one per leaf, and predicts a constant (a
class or a value) in each of them, as shown in Figure 72.

Pitfall: deep trees overfit and are unstable A fully grown tree reaches a zero
training error (when no two identical inputs have different labels), but, as in the
right panel of Figure 72, it does so by creating tiny leaves around noisy examples:
its test error is much larger than its training error. Deep trees also have a high
variance in another sense: a small change in the training set can change the first
split, and hence the whole tree. Therefore, never select the depth of a tree on
the training error; tune the pruning hyperparameters by cross-validation. This
instability is also what ensemble methods such as bagging and random forests
exploit by averaging many trees (Section 10).

The gain defined above can be used with any impurity measure: entropy, Gini
impurity, variance, or any other measure you may want to define.

Before moving on to another topic, let us consider another example with the same
dataset, where we now aim to predict the age of a person from his or her height, using
a regression tree. We first compute the variance at the root of the tree; in our case, it
is equal to Varyeot =~ 245.71. We now have to find the binary split for which the gain,
defined by

N, N,
VL Vary, + Vg

I'=Varigot — | ———— —————Varn, |,
<1NL|+|NR| v U INL| + [Ng] )
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3 leaves The tree Fully grown: 30 leaves

test error 11% [blue / red counts] test error 18%
(1) § §
o . . ‘c. no o (] L4 'o.
5° o . O yes 6% o O 0% ¢
o s ’ Jd -. ..(2) o ®e ’ :. .-. -.,
&? 0 ﬁ} - "" o : o o . ”'o o
S
. .;-: .' . -." ] R2 R3 .:.;,: .‘ . -.-. .
N [56/8]] [[2/25]] |*. "o b .0
Z1 T

Figure 72: Left and middle: a small classification tree (three leaves) learned on 160 points of
[0,1]%, 10% of whose labels have been flipped, and the corresponding partition of the input space
into axis-aligned rectangles; (1) and (2) mark the two splits. Right: the fully grown tree has
pure leaves, isolates the noisy points in small rectangles and has a larger test error. [code:
make_figures_chO7.py: fig_tree_partition]

is the highest. For this purpose, we test the possible thresholds on the variable height
and compute the associated values of I'. The results of these computations are provided
in Table 3 and show that, among the three tested splits, the best one is obtained with
a threshold equal to 170. In a regression tree, the prediction associated with a leaf is
the average output of the training examples it contains.

Threshold | [Ny| | [Ng| | Vary, | Vary, | T

169 2 ) 81 297.6 10
170 3 4 392 52 48
172 4 3 342 67.56 | 21.33

Table 3: Values of the gain I', in terms of variance, for three different thresholds. An instance
whose height is lower than or equal to the threshold is put in the left node, and in the right one
otherwise.

Later in this document, we will see how decision trees can be combined to build
stronger algorithms.

Summary Table 4 summarizes the main features of the algorithms presented in this
section. There is no universally best algorithm: the choice depends on the size and
dimension of the data, on the need for probabilities or for an interpretable model, and
on the computational budget, and it should be validated experimentally (e.g. by cross-
validation).

We conclude the presentation of the standard algorithms with Neural Networks,
in the next section.
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Algorithm [ Task Parametric [ Output [ Main hyperparameters

k-NN classif. /regression no label k, distance
SVM classification yes™ label (score) C, kernel
Linear regression regression yes real value regularization A
Logistic regression classification yes probability regularization A
Kernel regression regression no real value bandwidth A, kernel
Decision tree classif. /regression no label /prob. /value depth, leaf size

*

with a nonlinear kernel, the number of dual parameters grows with m.

Table 4: Summary of the supervised algorithms presented in this section.

To remember from Section 8

o The 0-1 loss is replaced by convex surrogates (hinge, logistic, exponential),
written as functions of the margin yh(x).

e k-NN is a nonparametric, memory-based rule; k controls the bias-variance
trade-off, and the method requires scaled features and suffers from the curse
of dimensionality.

o The SVM maximizes the margin 2/ ||w/||,; its soft margin version minimizes
a regularized hinge loss. The dual only involves inner products, which the
kernel trick replaces by a kernel K; the solution only depends on the support
vectors (a; > 0).

e Linear regression has a closed-form solution; logistic regression models the
log-odds linearly, is fitted by maximum likelihood (gradient descent or New-
ton/IRLS), and extends to ¢ classes with the softmax. Lo regularization
shrinks the coefficients, L regularization sets some of them to zero.

o Kernel regression is a locally weighted average whose bandwidth A plays the
role of k.

e Decision trees recursively split the space into axis-aligned rectangles by max-
imizing an impurity gain (Gini, entropy, variance); they are interpretable
but overfit when grown fully, hence pruning.

o In all cases, the hyperparameters (k, C, v or o, A, depth) are selected by
cross-validation.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

k-Nearest Neighbors
Q8.1. What is the training error of the 1-NN rule, and what does it tell us about its test error?

Q8.2. In binary classification, why is an odd value of k usually preferred? What happens with
k = 4 when the vote is 2 against 27

Q8.3. Data are uniform in [0, 1]>. What is the edge length of a small hypercube around a query
that contains 10% of the data? Comment.

Support Vector Machine
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Q8.4. In the soft margin SVM, which training examples have «; = 0, and what is their influence
on the classifier?

Q8.5. A linear SVM returns w = (3,4). What is the width of its margin ~?

Q8.6. True or false: increasing the hyperparameter C of the soft margin SVM can only widen
the margin. Justify.

Q8.7. What happens to a Gaussian kernel SVM when o becomes very small (i.e. v very large)?
Multinomial Logistic Regression

Q8.8. Why does the Lasso produce exact zeros in the coefficients, whereas Ridge regression
does not?

Q8.9. A logistic regression model gives the score h(w,b,x) = In 3 for an example x. What is
the estimated probability that y = 17 What are the odds?

Q8.10. How many parameters does a multinomial logistic regression with a reference class have
for images of 28 x 28 pixels and ¢ = 10 classes? And the softmax version with one vector
per class?

Synthesis of the section
Q8.11. Why do we minimize a surrogate loss rather than the 0-1 loss itself?
Q8.12. Which algorithm of this section is insensitive to a rescaling of the features, and why?

Q8.13. What does the Nadaraya-Watson estimator with a Gaussian kernel become when A —
+00? And when A — 07

Q8.14. What is the Gini impurity of a node containing the same number of examples of 3
classes? Is it the maximal value for 3 classes?

Q8.15. A node contains 80 examples of class 1 and 20 of class —1. It is split into a pure node
(50 examples of class 1) and a node with 30 examples of class 1 and 20 of class —1. What
is the decrease of the misclassification error? Why do trees use the Gini impurity or the
entropy instead?

Q8.16. Which algorithms of this section must keep (part of) the training set in memory to
make predictions?
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9 Neural Networks

Neural networks are the last family of models presented in this part. They can be used
for classification and for regression, but also, as we will see at the end of the section, in
unsupervised learning (dimensionality reduction, generative models). They are at the
heart of what is now called deep learning, which has driven most of the recent progress in
computer vision, speech recognition and natural language processing. A neural network
is nothing more than a parametric function obtained by composing simple operations
(affine maps and non-linear functions), whose parameters are learned by minimizing an
empirical risk with a gradient-based method. The main ideas of this section are thus
already familiar: a model, a loss and an optimization algorithm, see Sections 6 and 3.
The reference textbook on the topic is the book of Goodfellow et al. (2016).

About this section

We start from the perceptron, the ancestor of all neural networks, and understand why it
has to be stacked into several layers (Section 9.1). We then study the ingredients of a mul-
tilayer perceptron: activation functions (Section 9.2), its expressive power (Section 9.3)
and the losses used to train it (Section 9.4). The core of the section is the backpropagation
algorithm (Section 9.5) and the optimization and regularization techniques that make the
training of deep networks possible (Sections 9.6 and 9.7). We finally present the main
architectures: convolutional networks (Section 9.8), recurrent networks (Section 9.9) and
a few others (Section 9.10), before giving some practical advice (Section 9.11).

9.1 From the perceptron to the multilayer perceptron

Foundations. Neural networks are (very freely) inspired by nature, and more pre-
cisely by neuroscience and models of synapses. The first traces of neural networks can
be found in works from the middle of the 20th century: McCulloch and Pitts (1943) pro-
posed the first mathematical model of a neuron, a unit that “fires” when the weighted
sum of its inputs exceeds a threshold. A few years later, Rosenblatt (1958) proposed a
way to learn the weights of such a unit from examples: this is the perceptron, represented
in Fig. 73.

inputs
w1 b
z
@
w3

activation output

weighted sum
wetghts

Figure 73: A perceptron with an input space of dimension 3. Each feature x; is multiplied by

a weight w; and a bias b is added: z = 2?21 wjx; + b. This weighted sum then goes through

an activation function fac to give the output yous = fact(2)-
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The perceptron. A perceptron takes a vector x € R% as input and depends on a
parameter (w,b) € R? x R, where w is the vector of weights and b the bias. Historically,
its output h(x) is the sign of the inner product between x and w, to which the bias b
is added, i.e.

d
h(x) = sign ((w,x) + b) = sign (Z w;x; + b) .
j=1
This first model was thus designed for binary classification. It computes an affine
function of the input (linear if b = 0), to which an activation function is applied to
return the predicted class. With labels in {0, 1}, the prediction reads

if b
h(x) = 0 if(w,x)+b<0,
1 otherwise,

and the activation function is the Heaviside (or step) function H(z) = 1,0, represented
in Fig. 77 (left). Note that this decision rule is exactly the one of the linear SVM seen
in Section 8: the perceptron is a linear classifier, and only the way its parameters are
learned differs. In the rest of this paragraph, we use labels in {—1,+1} and h(x) =
sign({w, x) + b), which makes the formulas shorter.

The perceptron learning rule. The first algorithm used to learn the parameters w
and b is inspired by the rule of the neuropsychologist Hebb (“neurons that fire together
wire together”). Its principle is simple: the examples are visited one after the other,
and the parameters are only modified when the current example is misclassified, 7.e.
when y;((w,x;) +b) < 0. In this case, we update

w<—wrayx; and b+ b+ ay,

where a > 0 is the learning rate. Such an update moves the hyperplane in the right
direction for the example (x;,;), since the new score satisfies

yi (W -+ ayixi, i) + b+ ai) = ys ((w,33) + )+ a ([Ix|* + 1) > g ((w, %) +).

The procedure is repeated until no example is misclassified, or stops after a given number
of passes over the data (called epochs). The procedure is summarized in Algorithm 4.
A classical result states that it stops after a finite number of updates when the data are
linearly separable.

Theorem 9.1: Convergence of the perceptron (Novikoff, 1962)

Let S = {(x;,v:)}™; be a training set with ||x;|| < R for all i. Assume that the
data are linearly separable with a margin v > 0, 7.e. there exists w* with ||w*|| =1
such that y;(w*,x;) >« for all i (no bias here, see the remark below). Then the
perceptron (without bias, starting from w = 0, with any a > 0) makes at most

R?/~% updates.
\ J

Proof. Let wy, be the weight vector after k& updates, and let (x;,y;) be the example that
triggers the (k + 1)-th update, so that y;(wg,x;) < 0. On the one hand, the projection
on w* increases at each update:

(Wrt1, W) = (W, W*) + ay; (x;, w") > (Wi, w") + ay, hence (wg,w") > kay.
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Algorithm 4: Perceptron learning rule (Rosenblatt, 1958)

Input: training set S = {(x;,v;)}/%; with y; € {—1,+1}, learning rate a > 0,
maximal number of epochs T
Output: parameters (w,b) of the linear classifier h(x) = sign({(w,x) + b)
1w+ 0,0« 0;
2 fort=1,...,7T do
3 fori=1,...,m do

4 if y; ((w,x;) +b) <0 then
5 W< W+ ayx; and b+ b+ ay;;
6 if no update has been made during the epoch then stop;

On the other hand, the norm does not increase too fast:

Wit |* = [lwiel*+20ys (wie, x:) +0? [xi|* < [lwe|*+0®R?, hence [lwy|* < ka®R%.
—_———

<0

Combining both inequalities with the Cauchy—Schwarz inequality gives kay <
(Wi, w*) < |[wi| < VEaR, ie. k< R?/y% O

Remark The bias can be handled by adding a constant feature equal to 1 to
each input: X = (x,1) and w = (w,b). Note also that the number of updates
does not depend on the dimension d nor on the number of examples m, but only
on the geometry of the problem through the ratio R/~. The margin ~ is the same
notion as the one maximized by the SVM. However, the perceptron returns one
separating hyperplane, not the one with maximal margin, and it never stops (it
cycles) when the data are not linearly separable.

The Widrow—Hoff rule. Another rule to learn the parameters of a perceptron, called
the Widrow-Hoff rule (or delta rule), works in a similar manner but takes into account
the error made on the current example:

w<— w+a(y, —h(x;))x; and b+ b+ a(y; — h(x;)).

This rule can be used with the sign function, but it is usually combined with the

hyperbolic tangent tanh, which can be seen as a smooth version of the sign function

(see Fig. 77), or with the sigmoid function, a smooth version of the Heaviside function.

Smooth activation functions have a major advantage: the derivative of the Heaviside

function is equal to 0 almost everywhere, so that it does not provide any information

to a gradient descent algorithm, whereas smooth functions do. When £ is the identity,
1

the Widrow-Hoff rule is exactly a stochastic gradient step on the squared loss 5(y; —

(w,x;) — b)?, a point of view that we will generalize to any network in Section 9.5.

The limits of the perceptron: the XOR problem. The previous algorithms work
well when the problem is linearly separable. This situation is rarely met in practice,
and we need more flexible models to achieve good performance on non-linear problems.
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For instance, the perceptron can perfectly classify the OR and AND datasets,
since a linear model is enough to separate the two classes, but it cannot solve the XOR
(exclusive or) problem. These three problems are illustrated in Fig. 74: no line can
separate the two classes of the third dataset. This simple observation, formalized by
Minsky and Papert (1969), contributed to a significant decline of research on neural
networks in the 1970s. To solve the problem, we need a more complex model, one
that learns another representation of the data in which the problem becomes linearly
separable.

Z2 T2 Z2

I z1 I

Figure 74: The OR, AND and XOR classification datasets (from left to right) in a two-
dimensional space. A coordinate x; equal to 0 means that the corresponding entry is FALSE; it
is equal to 1 if the entry is TRUE. The color of a point gives its label, determined by the logical
operator: TRUE or FALSE. A line separates the classes of the first two datasets, but no line
can separate those of the XOR dataset.

To this end, we are again inspired by the architecture of the brain, where many
neurons are connected to each other: this is what we call a neural network. Before
describing the general architecture, let us go back to our example and see how the
XOR problem can be solved. Consider the following transformation of the axes:

1 1 Axy and xo < a1V X9,

which gives the following new representation of the data (the XOR dataset on the left,
its new representation on the right):

) 1V Zo

T 1 N\ To

With this transformation, the two red points are mapped to the same point of the new
space, because exactly one of their two entries is TRUFE. The blue points stay where
they are, since their two entries are equal. In this new representation, the problem is
linearly separable, and such a representation can be learned by a neural network, more
precisely by a multilayer perceptron.
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Function Weights Bias Output

1 N\ To (AND) wi=wy=1 b=-1.5 H(w1+a;2— 1.5)
xr1V T9 (OR) wy=wy=1 b=-0.5 H($1 + 20 — 05)
z (NOT) w=—1 b=0.5 H(—xz+0.5)

Table 5: The elementary logical functions are perceptrons with the Heaviside activation H(z) =
1.>0 and inputs in {0,1}.

To find a suitable architecture, let us first rewrite the XOR function. This func-
tion is TRUF if and only if exactly one of its inputs is TRUFE. In other words,

XOR($1,1‘2) = (1‘1 V xg) A (.7}1 A xg) .

It is now enough to translate this expression with several perceptrons using the Heaviside
activation H: the elementary logical functions are all perceptrons, as shown in Table 5.
Composing them gives the network of Fig. 75, whose hidden layer computes the new
representation (z1 V x2,x; A x2) and whose output unit computes “x; V x3 and not
x1 A\ 29

input layer hidden layer output layer

OR, b= —0.5
@
b=-05
1 1
>@—> XOR(z1,x2)
1 -2
@
AND, b=-1.5

Figure 75: A multilayer perceptron with Heaviside activations solving the XOR. prob-
lem. The hidden units compute x; V xzo and x; A xo; the output unit computes
H ((x1 V z2) — 2(z1 A z2) — 0.5), which is equal to 1 if and only if exactly one input is equal
to 1.

The multilayer perceptron. A multilayer perceptron (MLP) is represented in
Fig. 76. The first layer is called the input layer. Its size is equal to the dimension
of the input space, and we add another unit whose value is always equal to 1 and
which represents the bias term. The intermediate layers are called hidden layers: their
number and their sizes are chosen by the user according to the problem at hand. To
each hidden layer, we can also associate a bias that is used to compute the values of
the next layer. The last layer is called the output layer, and its size depends on the
output space. For regression or binary classification, the output is of dimension 1. For
multi-class classification, the output layer has as many units as there are classes in the
dataset.

The network of Fig. 76 is said to be fully connected: every unit of a layer is con-
nected to every unit of the next layer. It is possible to remove some of the connections,
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Input Hidden Hidden Output
layer layer 1 layer 2 layer

Zo \ h((]l)

‘/

i)

Z1

€2
r3 ——

Figure 76: A multilayer perceptron. In this example, the input space is of dimension 3 and
there are two hidden layers, of size 3 and 2 respectively. The output space is of dimension 1.
The units labeled 1 represent the biases.

by setting the corresponding weights to 0, and we could also imagine connections be-
tween two non-consecutive layers (this is the idea of residual networks, see Section 9.8).
Let us formalize the model.

Definition 9.1: Multilayer perceptron

Let L > 1 be the number of layers (the input layer is not counted) and dy =
d,dq,...,d;, their sizes. A multilayer perceptron is a function fg : R? — R%
defined by h©® = x and, for £ =1,..., L,

al® = WORED L b  and h® =g, (a(f)> ’

and fo(x) = h(®), where
e WO ¢ RAxde—1 j5 the weight matrix and b(®) € R the bias vector of layer
¢
e 07 : R — R is the activation function of layer ¢, applied componentwise (o7,

can be the identity or the softmax function, see Section 9.4);

o a® is called the pre-activation and h'¥) the activation (or hidden represen-
tation) of layer /.
The parameter of the network is 8 = (W(l),b(l), e ,W(L),b(L)). A network is

called deep when it has several hidden layers.
N J

In other words, a multilayer perceptron is the composition fg = oy 0 A oop_10
Aj_10---0010 Ay, where Ay : h — W®h + b is an affine map. Each hidden layer
computes a new representation of the data, and the last layer is a linear (or logistic)
model applied to the last representation h(“=1: the network learns the representation

in which the final problem becomes simple, as we did by hand for the XOR. problem.
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Number of parameters. Since each unit of layer ¢ is connected to all the units of
layer £ — 1 plus a bias unit, the number of parameters of a fully connected network is

L
Zd( X (dg_l + 1).
(=1

In the example of Fig. 76, we have dy = 3, di = 3, do = 2 and d3 = 1. There
are (3 + 1) x 3 = 12 parameters between the input layer and the first hidden layer,
(34+1) x 2 = 8 parameters between the two hidden layers, and (241) x 1 = 3 parameters
between the second hidden layer and the output layer, i.e. a total of 23 parameters.
The network below has (3 + 1) x 3 x 3 = 36 parameters:

Input Hidden Hidden Output
layer layer 1 layer 2 layer

Zo

It has three outputs and can be used for multi-class classification with three classes;
we explain how in Section 9.4. Modern networks have millions, or even billions, of
parameters, often many more than the number of training examples.

9.2 Activation functions

Why do we need non-linear activations? Without activation functions (or with
linear ones), a multilayer perceptron is useless, whatever its depth.

Proposition 9.2: Composition of affine maps

If all the activation functions o1, ..., o, are the identity, then the multilayer per-

ceptron of Definition 9.1 is an affine function of its input: there exist W € Rz x4
and b € R such that fg(x) = Wx + b for all x.

Proof. By induction on L: the result is clear for L = 1, and if (‘=1 = W’x 4+ b/, then
h(") = WO (W'x + b') + b)) = (WEOW)x + (WED 4 b)), O

A deep linear network thus has exactly the same expressive power as a linear
model: it cannot solve the XOR problem. The non-linearity of the activations is what
makes the depth useful. Since the networks are trained with gradient-based methods,
we also want activation functions that are differentiable (at least almost everywhere)
with non-zero derivatives. The most common activation functions are given in Table 6
and represented in Fig. 77.
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Name o(z) o'(2) Range

Heaviside 1.50 0 (for z #0) {0,1}
Sigmoid (logistic) T +le_z o(z) (1 —0o(z)) (0,1)

e* —e %
Hyperbolic tangent tanh(z) = prap— 1 — tanh?(2) (-1,1)
ReLU max(0, z) 1,50 (for z #£0) [0, +00)
Leaky ReLU max(B8z,2), 0 < B < 1 1ifz>0,8if2<0 R
ELU zif z >0, e — 1 otherwise 1 if z > 0, * otherwise (—1,+00)

Table 6: Common activation functions and their derivatives.

Activation functions o(z) Derivatives o/(z)

- - - Heaviside

- sigmoid H
tanh

—— ReLU

---------- leaky ReLU (8 =0.1)

| T T T T
—4 -2 0 2 4
z z

Figure 77: Graphs of the activation functions of Table 6 (left) and of their derivatives (right).
The derivative of the sigmoid is at most 1/4 and those of the sigmoid and of tanh vanish when
|z| is large (saturation), whereas the derivative of the ReLU is equal to 1 on the whole positive
half-line.

Sigmoid and hyperbolic tangent. The sigmoid o(z) = 1/(1+e?) was the standard
activation function until the 2000s. Its values lie in (0, 1), so that it can be interpreted
as a probability, which is why it is still used on the output layer for binary classification
(Section 9.4). The hyperbolic tangent is a rescaled sigmoid, tanh(z) = 20(2z) — 1,
whose outputs are centered around 0, which usually makes the optimization easier.
Both functions saturate: their derivatives tend to 0 when |z| — 400, and the derivative
of the sigmoid is bounded by 1/4. We will see in Section 9.5 that this causes the
gradients to vanish in deep networks.

ReLU and its variants. The Rectified Linear Unit ReLU(z) = max(0, z) is now
the default choice for hidden layers. It is very cheap to compute, it does not saturate
for positive inputs (its derivative is equal to 1), and it produces sparse representations
(many units are exactly equal to 0). It is not differentiable at 0, but this is not a problem
in practice: we simply use 0 (or 1) as the derivative at this point. Its main drawback
is that a unit whose pre-activation is negative for all the training examples has a zero
gradient and no longer learns (a “dead” unit). The leaky ReLU and the ELU avoid this
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issue by allowing a small non-zero slope for negative inputs. Smooth variants such as
GELU or SiLU (z +— z0(z)) are popular in recent architectures.

The softmax function. The last activation function is not applied componentwise:
it transforms a vector of scores into a probability distribution, and it is used on the
output layer for multi-class classification.

Definition 9.2: Softmax function

The softmax function softmax : R? = A, = {p € [0,1]%,>"; pr = 1} is defined by

e’k
SOftHlaX(Z)k = m, = ]., . ,q
0 soft
Its Jacobian matrix is sog—ax(z)k = pi (Lg=; — p1), where p = softmax(z), i.e.
2
J = diag(p) —pp .
. J

The name comes from the fact that softmax(z) is a smooth approximation of
the indicator vector of arg maxy, z;. It is invariant to the addition of a constant to
all the scores, softmax(z + c¢1) = softmax(z), a property that is used in practice to
avoid numerical overflows: we compute softmax(z — maxy, z;1). For ¢ = 2, the softmax
reduces to the sigmoid: softmax(z); = o(z1 — 2z2). We recover the multinomial logistic
regression model of Section 8.

9.3 Expressive power: the universal approximation theorem

We have seen that a network with one hidden layer can represent the XOR function.
In fact, a network with one hidden layer can approximate any continuous function,
provided that the hidden layer is large enough.

Theorem 9.3: Universal approximation (Cybenko, 1989; Hornik, 1991;

Leshno et al., 1993)

Let 0 : R — R be a continuous function which is not a polynomial (e.g. the
sigmoid, tanh or ReLU), let K C R? be a compact set and let f* : K — R
be a continuous function. Then, for every ¢ > 0, there exist an integer N and
parameters w; € R¢, bj,v;i € R (j =1,...,N) such that the network with one
hidden layer of N units

N
f(x) = Zvj o ((wj,x) +b;) satisfies sup |f(x)— f"(x)] <e.
j=1 xeEK

The proof relies on functional analysis (Hahn-Banach and Riesz representation
theorems for Cybenko’s version) and is beyond the scope of these notes, but the intuition
is easy to grasp in dimension one. With a sigmoid, the difference o(k(z—a))—o(k(z—b))
of two hidden units is a “bump” that is close to the indicator function of [a,b] when k
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is large. A continuous function on [0, 1] can be approximated by a piecewise constant
function, 7.e. by a weighted sum of such bumps, and thus by a network with one hidden
layer, see Fig. 78.

o(k(x —0.4)) —o(k(x —0.6)) Approximation by a sum of bumps
1.0 A k=10 = target f*
— k=30 6 bumps (12 units)
0.8 1 —_— =200 — 20 bumps (40 units)
0.6 11
0.4 1
0 -
0.2
0.0 A -1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
X €T

Figure 78: Intuition behind the universal approximation theorem. Left: the difference of two
steep sigmoids is close to the indicator function of an interval. Right: a weighted sum of
such bumps, i.e. a network with one hidden layer, approximates a continuous function; the
approximation improves as the number of hidden units grows. [code: make_figures_nn.py:

fig_nn_universal]

This result must be read with care.

e It is an existence result: it says nothing about how to find the parameters, and
gradient descent on a non-convex objective is not guaranteed to find them.

e The required number of hidden units N can be huge: in the construction above,
it grows like (1/£)9, exponentially with the dimension.

e It says nothing about generalization: a model able to approximate any func-
tion is also able to fit the noise of the training set (see Section 6 on the estima-
tion/approximation trade-off).

In practice, deep networks are preferred to wide and shallow ones: some functions can be
represented by a deep network with a number of units that is exponentially smaller than
the number required by a shallow network, and depth favors the learning of hierarchical
representations (edges, then textures, then parts of objects, then objects for images).
Figure 79 illustrates the effect of the size of the hidden layer on a two-dimensional
problem.

9.4 Loss functions

Given a training set S = {(x;,vi)}/", the parameters of a network are learned by
minimizing the (possibly regularized) empirical risk

Es(0) = 30 (o)),

=1
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1 hidden unit 3 hidden units 30 hidden units
(train accuracy 86%) (train accuracy 99%) (train accuracy 100%)

Figure 79: Decision boundaries of networks with one hidden layer (tanh activation, sigmoid
output) trained on the same “two moons” dataset. With one hidden unit, the model is essentially
a logistic regression; three units are enough to separate the two moons; with 30 units, the
boundary starts to fit the noise of the training set. [code: make_figures_nn.py: fig_nn_capacity]

as in Section 6. The choice of the loss £ goes together with the choice of the activation of
the output layer. In each case below, we give the derivative of the loss with respect to the
pre-activation of the output layer al)| which is the starting point of the backpropagation
algorithm. We will see that it always takes the simple form “prediction minus target”.

Regression. For regression (Y = R?), the output layer is linear (o7 = id, so that
fo(x) = all)) and we use the squared loss

(o), ¥) = 5 IfoG) ¥, hemce =205 = o)~y

As for linear regression, minimizing this loss amounts to maximizing the likelihood of
the model y = fg(x) + ¢ with a Gaussian noise € ~ N(0, sI). The absolute loss or the
Huber loss can be used when the data contain outliers.

Binary classification. For ) = {0,1}, the output layer has one unit with a sigmoid
activation, and p = fo(x) = o(alP)) is interpreted as an estimate of P(y = 1 | x). The
negative log-likelihood of the Bernoulli model is the binary cross-entropy

ov
U(p,y) = —ylnp — (1 —y)In(1 - p), hence  ——=p—y,

da(l)
where we used ¢/ = o(1 — ¢). Written as a function of the score a(%) and with labels
g =2y —1 € {—1,+1}, this is exactly the logistic loss In(1 + e_g“(m) of Section 8.
In particular, a network without hidden layer, with a sigmoid output and the cross-
entropy loss, is a logistic regression: an MLP is a logistic regression applied to a learned
representation h(£=1 of the data.

Multi-class classification. For J = {1,...,q}, the output layer has ¢ units and a
softmax activation, and pj, = softmax(a"); estimates P(y = k | x). We encode the
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label y by its one-hot vector e, € {0,1}9 (the y-th vector of the canonical basis) and
use the cross-entropy loss, i.e. the negative log-likelihood of the categorical model:

q

{(p,y) =—Inp, = — Z(ey)k In py.
k=1

This is the multinomial logistic regression model of Section 8, applied to the last hidden
representation.

Proposition 9.4: Gradient of the softmax cross-entropy

Let z € RY, p = softmax(z) and y € {1,...,q}. Then

q
Bz—lnpy:—zeranezl and V.l =p—ey.
1=1

Proof. By definition of the softmax,

ey
E = — ln Zl o7
q
= —2zy —I—anezl.
=1
Differentiating with respect to zp,
or ek
= — _1._ _—
0z hey + > er
= pr — (ey)k- O

The function z — In)_;e* (called log-sum-exp) is convex, so that the cross-
entropy is a convex function of the scores. However, the scores all) are themselves
non-linear functions of the parameters, and the empirical risk of a network with at least
one hidden layer is not convex in 6. The optimization algorithms of Section 3 are thus
only guaranteed to find stationary points, and the result of the training depends on
the initialization. Surprisingly, in large networks, the local minima found by gradient
methods are usually good enough.

Pitfall Never compute the cross-entropy by first computing p = softmax(z)
and then Inp,: if p, is rounded to 0, the loss is infinite. Use the expression
—zy +1In) ; e* with the “max trick” of the previous section. This is what deep
learning libraries do when the loss is fed with the scores (the logits) rather than
with the probabilities.

9.5 Training: forward pass and backpropagation

A first example with the chain rule. To minimize f/g(H) with a gradient method,
we need its gradient with respect to all the parameters of the network. Let us start
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with a very simple network made of three layers with a single unit each, and a one-
dimensional input'®:

1 Y2
r —— : b—— Ys

oy 0y

Here w; and f; respectively denote the parameter and the function computed by the i-th
layer, and y; = f;(yi—1,w;) its output, with yo = z. The training alternates two steps.
The forward step feeds the network with data, one example at a time (stochastic)
or a small subset of the data (a mini-batch), and computes the successive outputs
Y1, Y2, ys and the value of the loss. The backward step computes the gradient of the
loss with respect to each parameter and updates the parameters. The main difficulty
is to propagate the error through the whole network: the parameter of the last layer is
directly linked to the output, but this is not the case for the parameters of the first layers,
whose influence on the output goes through all the following layers. The derivatives are
obtained with the chain rule: if g is differentiable at x and f is differentiable at g(x),
then

(fog)(z)=f"(9(x)) x g'(2).
For the sake of simplicity, we compute the derivatives of the output y3 with respect to

w1, wy and ws; the derivatives of the loss ¢(y3,y) are obtained by multiplying them by
0l /dys.

e Derivative with respect to ws:

Oys _ Ofs

aw3 - 8w3 (y2’ ’LU3).

o Derivative with respect to we (which influences y3 through y, only):

05 _ OFs 1 gy x 92
8w2 8y2 28 8w2
df3 df2

= Tm(yz,w3) X Tw(ylaw2)-

o Derivative with respect to wy (which influences y3 through yi, then y):

s _ %( ws) )
w  dyg 2 By,
8f3 33/1

dfa
= L2 (yg, w3) X == (y1, W) X ——
) (2 ) oy (1, w2) owy

15This example is taken from the PhD thesis of Damien Fourure.
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Two observations are essential. First, the derivatives involve the intermediate values
Y1, y2: they must be computed and stored during the forward step. Second, the term
underlined in blue, dys/0y1, also appears (partially) in the computation of dys/dws:
if we compute the derivatives from the output to the input, each product can reuse the
previous one. Updating the weights by computing the derivatives backward, layer by
layer, with the chain rule is called backpropagation (Rumelhart et al., 1986).

Backpropagation for a multilayer perceptron. Let us now derive the algorithm
for the general multilayer perceptron of Definition 9.1, in matrix form. We consider a
single example (x,y) and denote by J = ¢ (fg(x),y) its loss (we use the letter J since
¢ is used here as a layer index); the gradient of the empirical risk is the average of the
gradients over the examples. The key quantity is the gradient of the loss with respect
to the pre-activations of layer ¢ (the “error” of the layer):

aJ

0) __ d

We denote by ® the componentwise (Hadamard) product of two vectors.

Proposition 9.5: Backpropagation equations

For a multilayer perceptron with componentwise activations on the hidden layers,

1. output layer: 6(5) = V. d, e.g. 0) = fg(x) —y for the three pairs (output
activation, loss) of Section 9.4;

2. fort=L—1,....,1: ¥ =g (a(€)> ® (W(Z'H)T(S(Z-H));

0 s p@-DT ¢ Rlexde—s ang 27 _ 50

3. for{=1,...,L: W@ ob®)

Proof. Point 1 was established in Section 9.4. For point 2, J depends on ay) only

through h§g) = O'g(ay)), which in turn influences all the pre-activations of the next

layer, al(fﬂ) =2 W]gffrl)hg) + b,(fﬂ). Hence

50 8J o9y 8a§f+1) 8h§-€>

T T 5w a ad)

Gt (41) 1o, (6+1) )
= Z 0y, ij 0'2 (aj )
k=1

= o) (a?) (W(z+1)T5(£+1))j_
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Algorithm 5: Training of a multilayer perceptron with backpropagation and
mini-batch gradient descent

Input: training set S = {(x;,y:)}™;, architecture (dy, o)L, learning rate 7,
batch size B, number of epochs T'

Output: parameters 6 = (W(z), b(g))eL:1

Initialize the weights randomly (Section 9.6) and the biases to 0;

fort=1,...,7T do

1
2
3 Shuffle S and split it into mini-batches of size B;
4 for each mini-batch B do
5 for each (x,y) € B do
// forward pass: compute and store the activations
6 h© « x;
7 for ¢=1,...,L do
L al) « WORED 4 b® and h® « gy(al®);
// backward pass: propagate the errors
9 o) Vam E(h(L),y);
10 for{=1L,...,1do
11 gwo (x) «— SOhEDT and gy o) (x) + 6@
12 if £>1then 6V « o) (a D)o (W(’Z)Ta(@);
// update of the parameters
13 for /=1,...,L do
14 WO — w® ]B\ Z gw (x) and b®) \B\ Z gpo (x
| xeB xeB
p=1)

For point 3, the weight W(k) only influences a = W Wj(,i, + bg-g), so that

)
oJ B oJ 861]- _5(4)}1](6@,1) and o0J _6(5)

0 l 0 7
owl)  8al? owl) onth)

J

The error is thus propagated backward through the transposed weight matrices,
which gives its name to the algorithm. The gradient with respect to a weight is the
product of the error at its “output end” and of the activation at its “input end”. The
complete training procedure with mini-batch gradient descent is given in Algorithm 5
For a mini-batch B of examples, the vectors h(®) and 6(Y) become matrices of size dy x | B|
(one column per example), and all the operations are matrix products, which run very
efficiently on GPUs.

Ezample 9.1 (One step of backpropagation by hand). Consider a network with d = 2
inputs, one hidden layer of 2 ReLU units and a linear output unit, trained with the
squared loss £ = ( f —y)? on the single example x = (1,2)7, ¥ = 2. The parameters

are
(1) 1 @ — (05 2 _ 2 _
W (05 0) _<_1>, W _(1 2), b2 = 0.

Forward pass. a) = Wx + b)) = (1 -2405, 05+1—1)T = (=05, 0.5)7,
soh(l)—ReLU( MWy = (0, 0.5)T. Thenf—a<2>—1x0+2x05+0—1and
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{=1(1-2)2=05.
Backward pass. For the output layer, 62 = f —y = —1, hence
ol ot
_Y _s@QpMT = _ N
Fw@ =0 T = (0, ~05) and oo = 1.

For the hidden layer, W T§() = (-1, —2)T and ReLU’(aV)) = (0, 1), hence () =

(0, —2)T and
or 0 O ol 0
7 s T A
owm — 9 X = (—2 —4) and =y = (—2) '

1 -1

. _ . w@
Update with n = 0.05: W «+ (0,6 0.7

)7 b «— (0.5, —0.9)", W + (1, 2.025)

and b2 «+ 0.05.

New forward pass. al) = (—0.5, 1.1)T, h®® = (0, 1.1)T and f = 2.025 x 1.1 +
0.05 = 2.2775: the loss decreased from 0.5 to £(0.2775)% & 0.039. Note that the first
hidden unit is inactive (agl) < 0): its incoming weights receive a zero gradient and are

not modified. If this happens for all the examples, the unit is “dead”.

Computational cost. The forward pass of a fully connected network costs about
> ¢ dedy—1 multiplications per example, i.e. of the order of the number of parameters P.
The backward pass requires two matrix products per layer (one for 5“1 one for the
gradient of W(e)), so its cost is about twice the cost of the forward pass. Computing the
full gradient thus costs O(P) operations per example, the same order as evaluating the

a0 . U(O+ee;)—£(0)
€

network. Compare with a finite-difference approximation 90, , which re-

quires one forward pass per parameter, i.e. O(P?) operations: backpropagation is what
makes the training of large networks possible. The price to pay is memory, since all
the activations of the forward pass must be stored until the backward pass. Backprop-
agation is a particular case of reverse-mode automatic differentiation: modern libraries
(PyTorch, TensorFlow, JAX) build the computational graph of any function made of
elementary operations and compute its gradient automatically, so that we never have
to derive the backpropagation equations by hand in practice. Finite differences remain
useful to check a hand-written gradient (gradient checking).

Vanishing and exploding gradients. Unrolling the recursion of Proposition 9.5
shows that the error at layer ¢ is a product of L — £ terms:

50 = pOWEDT pErDWEDT | pL-Dyw(D)T 5(L),

with D) = diag (az(a(k))), so that

6] < 1 (JW®] maxioh o) 5]

If the factors are smaller than 1, the gradient of the first layers decreases exponen-
tially fast with the depth: this is the vanishing gradient problem, and the first layers
barely learn. With the sigmoid, |o/| < 1/4, and this is precisely what happens unless
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the weights are large. Conversely, if the factors are larger than 1, the gradients can
grow exponentially (exploding gradients) and the training diverges. This phenomenon,
identified by Bengio et al. (1994) for recurrent networks, long prevented the training of
deep networks. The remedies, presented in the next subsections, are: non-saturating
activations (ReLU), a careful initialization, normalization layers, residual connections
and, for exploding gradients, gradient clipping (rescaling the gradient when its norm
exceeds a threshold).

9.6 Optimization

Stochastic and mini-batch gradient descent. The empirical risk is an average
over m examples, and m can be of the order of millions. Computing the full gradient
v£5(9) at each iteration, as in the gradient descent of Section 3, is too costly. Stochastic
gradient descent (SGD) replaces it by the gradient on one example i; drawn uniformly
at random:

0111 =0 — 1 Vol (fo,(xi,), Vi) -

This direction is an unbiased estimate of the full gradient, E;, [Vol(fo,(xi,),vi,)] =
vﬁs(ot), but it is noisy. In practice, we use mini-batch gradient descent: the gradient
is averaged over a small batch B; of B examples (typically B € {32,...,512}), which
divides the variance of the estimate by B and exploits the parallelism of GPUs (Algo-
rithm 5). One pass over the whole training set is called an epoch. For convex problems,
SGD converges if the step sizes satisfy 3,7 = +o0o0 and >, n? < +oo (e.g. nm o< 1/t).
For neural networks, the noise of SGD is also believed to help escape saddle points and
poor local minima.

Momentum. When the objective is ill-conditioned (a narrow valley), gradient descent
oscillates across the valley and progresses slowly along it. The momentum method
(Polyak, 1964) (or “heavy ball”) accumulates the past gradients in a velocity v:

Viy1 = BVe + 8, 0111 =0 —nvi,

where g; is the (stochastic) gradient at 8, and 8 € [0, 1) (typically 0.9). The oscillating
components of the gradient cancel out in the average, while the consistent ones add up.
The Nesterov variant evaluates the gradient at the “look-ahead” point 6; — nS5v;.

Adaptive methods: RMSProp and Adam. Different parameters may require
different step sizes. RMSProp divides the step of each coordinate by a running average
of the squared gradients:

n
St+1=pst+ (1 —p) g © 8¢, Orp1 =0 — — Og,
( ) \/St+1 T €
where the square root and the division are componentwise, p ~ 0.9 and € ~ 10~® avoids
divisions by zero. Adam (Kingma and Ba, 2015) combines momentum and RMSProp,
with a bias correction for the first iterations (the averages are initialized at 0):

my
1—pt

St
11—

m; = fimy—1 + (1 — B1)gy, m; =

st = Posi—1 + (1 — B2)gt © g, St =
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1y
(VR
with the default values 81 = 0.9, B2 = 0.999, n = 1073, Adam is the default optimizer of
many practitioners because it is robust to the choice of n, although well-tuned SGD with

momentum sometimes generalizes better. The behavior of these methods is illustrated
in Fig. 80.

0, =0, 1—

Trajectories on f(w) =1 (w{ + 25w3) Objective value (log scale)

24 —

1073

-2 T T T T T T T T
-4 =2 0 2 4 0 25 50

wy iteration ¢
—e— GD (n=0.075) —e— Momentum (n=0.02, 3=0.8) —e— Adam (n=0.3)

Figure 80: Gradient descent, momentum and Adam on an ill-conditioned quadratic function
(deterministic gradients, 60 iterations from the same starting point). Gradient descent oscil-
lates along the steep direction and progresses slowly along the flat one; momentum damps the
oscillations; Adam normalizes the step of each coordinate and quickly reaches a neighborhood
of the minimum, but with a constant learning rate it keeps oscillating around it. [code:

make_figures_nn.py: fig_nn_optimizers]

Learning-rate schedules. The learning rate n is the most important hyperparam-

eter. Too large, the training diverges; too small, it is very slow. In practice, the

learning rate is decreased during the training: step decay (divide n by 10 every few

epochs), exponential decay n; = 197!, inverse decay n; = n9/(1 + kt), or cosine an-
— M

nealing 7; = & (1 + cos(wt/T)). Large models are often trained with a short warm-up

phase, during which 7 increases linearly from 0 to 7.

Weight initialization. The initialization matters for a non-convex problem. The
weights cannot be initialized to 0 (or to any common value): all the units of a layer would
then compute the same function and receive the same gradient, and they would remain
identical forever. The weights are thus initialized randomly to break the symmetry, and
their scale is chosen so that the variance of the activations (and of the gradients) is
preserved from one layer to the next. Consider a unit a; = >°;™", Wj,hy, where the Wy
are independent, centered, with variance v, and independent of the inputs hx, which
have variance Var(h) and zero mean. Then

Tlin

Var(a;) = Z Var(Wjihy) = nin v Var(h).
k=1
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Keeping Var(aj) = Var(h) requires v = 1/ni, (for an activation close to the identity
around 0, such as tanh), while the same reasoning on the backward pass requires v =
1/nout. This leads to the following classical choices.

o Xavier/Glorot initialization (Glorot and Bengio, 2010), for tanh or sigmoid: v =
2

[ — Ry _ 6 6
Nin + Nout ) €9 ij Z/[ |: \/nin“l‘nout ) \/nin"!‘nout:| '

2
e He initialization (He et al., 2015), for ReLU: v = —, e.g. Wji ~ N(0,2/ni,);
n:
the factor 2 compensates for the fact that the ReLU sets half of its inputs to 0.

The biases are usually initialized to 0.

9.7 Regularization

Neural networks have many parameters and can easily overfit the training set (see
Fig. 79). Besides collecting more data, several regularization techniques are available.

2
Weight decay. As for ridge regression, we add the penalty %Ze HW(Z)HI to the

empirical risk (the biases are usually not penalized). The gradient step becomes
W WO —p (Vwmﬁs + AW(€)> = (1 =AW =9V Ls,

i.e. the weights are shrunk by a factor (1 — n)) at each step, hence the name weight
decay.

Early stopping. During the training, the training loss decreases while the validation
loss first decreases, then increases when the network starts to overfit (Fig. 81). Farly
stopping monitors the validation loss after each epoch and returns the parameters with
the lowest validation loss; the training is stopped when this loss has not improved for
a given number of epochs (the patience). It is simple, cheap and very effective: the
number of epochs acts as a regularization hyperparameter, and for a quadratic loss,
early stopping can be shown to be closely related to ¢ regularization.

Dropout. Dropout (Srivastava et al., 2014) randomly “switches off” units during the
training. At each forward pass and for each hidden unit independently, the activation is
multiplied by a Bernoulli variable r; ~ B(1 — p), where p is the dropout rate (typically
p € [0.1,0.5]). In the “inverted dropout” implementation, the kept activations are
divided by 1 — p, so that E[rjh;/(1 — p)] = hj, and nothing has to be changed at test
time, when all the units are kept. Dropout prevents the units from co-adapting, since a
unit cannot rely on the presence of the others, and it can be interpreted as training an
ensemble of exponentially many sub-networks sharing their weights (see the ensemble
methods of Section 10). For a linear model trained with the squared loss, dropout on
the inputs is, in expectation, equivalent to an ¢s penalty; more generally, it acts as an
adaptive, data-dependent regularization (Wager et al., 2013).
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Figure 81: Training and validation losses of an over-parameterized network (60 hidden units, 60
noisy training examples). The validation loss reaches its minimum after about 150 epochs, then
increases while the training loss keeps decreasing: the network overfits. [code:

make_figures_nn.py: fig_nn_early_stopping]

Data augmentation. The best regularization is more data. When the task is invari-
ant to some transformations, we can create new training examples by applying them to
the existing ones: for images, random crops, horizontal flips, small rotations, changes of
color or contrast; for sounds, time shifts or added noise. This encodes prior knowledge
about the problem, and it is essential to train large vision models.

Batch normalization. Batch normalization (Ioffe and Szegedy, 2015) normalizes the
pre-activations of a layer over the current mini-batch B. For each unit j,

“ aj; — KB, ~ ~

= »J o~ .

a; = 5 ) aj = ;a5 + Bj,
,/SBJ-—FE

where pp j and 3%7 ; are the empirical mean and variance of a;j over the mini-batch, and
7j, B; are learned parameters (which allow the network to recover the original activation
if needed). At test time, the batch statistics are replaced by running averages computed
during the training. Batch normalization stabilizes and accelerates the training, allows
larger learning rates, makes the network less sensitive to the initialization and has a
slight regularizing effect. Its variant layer normalization, which normalizes over the units
of a layer rather than over the examples, is used in recurrent networks and transformers.

9.8 Convolutional neural networks

Motivation. Fully connected networks are not suited to images. A color image of
size 224 x 224 has 224 x 224 x 3 ~ 150000 entries: a single fully connected layer of
1000 units would already have 150 million parameters. Moreover, such a layer ignores
the structure of the image: the pixels are treated as an unordered set of features, and
an object must be learned again at each position in the image. Convolutional neural
networks (CNNs) (LeCun et al., 1998) exploit two properties of images:

o locality: the relevant patterns (edges, corners, textures) are local, so that each
unit only needs to look at a small neighborhood of pixels (its receptive field);
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e translation invariance: a pattern has the same meaning wherever it appears, so
that the same weights can be used at every position (weight sharing).

The convolution operation. Let I € R"*" be an input image (one channel) and K €
RF>k a filter (or kernel), with k small (typically 3 or 5). The (discrete) convolution'®
produces the feature map
E ok
I*xK);; = Z Z Iivu1,j10-1 Kup +0,
u=1v=1

i.e. the filter slides over the image, and at each position we compute the inner product
between the filter and the patch of the image it covers, see Fig. 82. A convolution layer
is thus a linear layer with a very particular weight matrix: sparse (locality) and with
many shared entries (weight sharing). It is followed by a non-linear activation, usually
a ReLU. A filter acts as a pattern detector: the feature map takes large values where
the image looks like the filter. In classical image processing, filters are designed by hand
(e.g. the Sobel filter of Fig. 83 detects vertical edges); in a CNN, they are learned by
backpropagation.

11201
10 |-1
ARREY R e e e R 2
211,010 —1/-1
1[0 [-1 1]
11012
input I filter K feature map
(4x4) (3 x3) (2 x2)

Figure 82: A convolution without padding and with stride 1. The highlighted output is the
inner product between the filter and the highlighted 3 x 3 patch: (1+0+2) x 14+ (24+1+1) x
0+ (04+3+0)x (—1) = 0. This filter responds to vertical transitions from bright (left) to dark
(right).

Channels, padding and stride. A color image has C' = 3 channels (red, green,
blue), and the output of a convolution layer has as many channels as filters. A filter of
a layer with Cj, input channels is thus a tensor of size k x k x Ci,, and a layer with
Cout filters has (k?Ciy, + 1) Couy parameters, independently of the size of the image. Two
other hyperparameters control the size of the output:

e the padding p: we add p rows and columns of zeros around the input, e.g. to
preserve the spatial size (with p = (k—1)/2 for an odd k) and to treat the border
pixels like the others;

e the stride s: the filter moves by s pixels at a time, which reduces the size of the
output.

For an input of size n x n, the output of a convolution with a k£ x k filter, padding p
and stride s is of size n’ x n’ with

, {n+2p—k
n S —

[ 1
S

16Strictly speaking, this operation is a cross-correlation: the mathematical convolution flips the kernel.
Since the kernel is learned, the distinction does not matter.
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Figure 83: A convolution with the 3 x 3 Sobel filter G, a classical hand-designed filter that
detects vertical edges. Each pixel of the output (destination pixel) is the inner product of the
filter with the neighborhood of the corresponding input pixel (source pixel).

For instance, in Fig. 82, n’ = (44+0—-3)/1+1=2.

Pooling. A pooling layer reduces the spatial size of the feature maps by summarizing
each window (typically 2 x 2 with stride 2) by its maximum (maz pooling) or its average
(average pooling), independently on each channel, see Fig. 84. It has no parameters.
Pooling reduces the computational cost of the next layers, increases the receptive field
of the units, and makes the representation robust to small translations of the input.
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feature map (4 x 4)

Figure 84: Max pooling (top) and average pooling (bottom) with a 2 x 2 window and stride 2:
each colored block of the feature map is summarized by a single value.

A typical architecture. A classical CNN for image classification alternates blocks
of the form [convolution — ReLU] x n — pooling. Along the network, the spatial
size of the feature maps decreases while the number of channels increases: the first
layers detect simple patterns (edges, colors), and the deeper layers combine them into
increasingly abstract patterns (textures, parts of objects, objects). The last feature
maps are then flattened into a vector and fed to a few fully connected layers ending
with a softmax. The first successful CNN, LeNet-5 (LeCun et al., 1998), recognized
handwritten digits with two convolution layers; the victory of AlexNet at the ImageNet
competition in 2012 marked the beginning of the deep learning era. Since then, the
architectures have become deeper and deeper (VGG, Inception, ...), which was made
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possible by the residual connections of ResNet (He et al., 2016): a block computes
h — h + F(h) instead of F(h), so that the gradient can flow directly through the
identity path, which greatly alleviates the vanishing gradient problem and allows the
training of networks with more than 100 layers. Figure 85 summarizes this evolution
(Khan et al., 2020). CNNs are also used for other tasks than classification, such as
object detection or semantic segmentation, where a class must be predicted for each
pixel of the image (Fig. 86).
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Figure 85: A taxonomy of the main CNN architectures, from the Neocognitron (1979) and LeNet
(1998) to the architectures of 2018; figure from Khan et al. (2020).

Figure 86: Semantic segmentation of a street scene: a convolutional network predicts the class
of each pixel (car, pedestrian, road, sidewalk, vegetation, sign, ...). Result obtained with the
GridNet architecture (Fourure et al., 2017).
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9.9 Recurrent neural networks

Sequential data. Many data are sequences of variable length: texts (sequences of
words), speech, time series, DNA sequences, user logs. A recurrent neural network
(RNN) processes a sequence Xi, ..., Xy one element at a time, and maintains a hidden
state h; that summarizes the past:

h; = tanh (Wh;_; + Ux; + b), y: = Vh; +c,

with hg = 0. The same parameters (W, U, b, V| c) are used at every time step (weight
sharing through time), so that the model can process sequences of any length. Depend-
ing on the task, we use all the outputs y1,...,¥7 (e.g. tagging each word of a sentence)
or only the last one (e.g. classifying the sentiment of a review). Figure 87 shows that
an RNN wunrolled through time is a deep feedforward network with shared weights. Its
gradient is thus computed by backpropagation on the unrolled network, an algorithm
called backpropagation through time (BPTT).

b &

Figure 87: A recurrent neural network (left) and its unrolled version (right): the block A
receives the current input x; and the previous hidden state h; i, computes the new hidden
state hy = tanh(Wh;_; + Ux; + b) and the output y; = Vh; + c. The same parameters are
used in every copy of A.

Long-term dependencies. The gradient of the loss at time 7' with respect to the
hidden state at time ¢ involves the product of T —t Jacobian matrices diag(tanh’(-))W,
with the same matrix W. As explained in Section 9.5, this product vanishes or explodes
exponentially fast with T'—¢, depending on the spectral norm of W (Bengio et al., 1994).
In practice, a simple RNN is unable to learn dependencies that span more than a few
dozen time steps. Gated architectures solve this issue.

LSTM. The Long Short-Term Memory network (Hochreiter and Schmidhuber, 1997)
adds a cell state ¢, a memory updated in an additive way and controlled by three gates
with values in (0,1), see Fig. 88:

fi = o (Wrhyy +Upx; +by) (

it =0 (Wiht—l + Uixt + bz) (

o =0 (Wyhi_1 + Upyx; + by) (output gate)

ét = tanh (Wcht—l + UcXt + bc) (

;=1 Oci_1+i; © ¢y, h; = o; ® tanh(cy).

forget gate)
input gate)

candidate memory)

The forget gate decides what to erase from the memory, the input gate what to write
in it, and the output gate what to read from it. When f; ~ 1 and i; &= 0, the memory
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is copied unchanged and the gradient flows through time without vanishing, as in a
residual connection.

( )
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Figure 88: An LSTM cell. The thick upper line carries the cell state c;, which is only modified
by a multiplication (forget gate f;) and an addition (input gate i; times the candidate €;); the
output gate o; controls what is read from the memory to produce h;. The yellow boxes are
layers with their own parameters, the red circles are componentwise operations.

GRU. The Gated Recurrent Unit (Cho et al., 2014) is a simplified version of the
LSTM, with two gates and no separate cell state, see Fig. 89:

zi =0 (W,h; 1 +U,x;+ b,) (update gate)
r, =0 (W,hi—1 + U,x; + b,) (reset gate)
hy = tanh (W, (r; ® hy_1) + Upx; + by,) (candidate state)

hy=(1—-2)0h_;+2 Oh,.

It has fewer parameters than an LSTM and often performs similarly.

9.10 Other architectures

The building blocks presented so far can be assembled in many ways. We briefly present
a few important architectures; see Goodfellow et al. (2016) for more details.

Autoencoders. An autoencoder is trained to reproduce its input: an encoder g4 maps
X to a code z = gg(x) of small dimension, and a decoder fg reconstructs X = fg(z) from
it, see Fig. 90. The two networks are trained jointly by minimizing the reconstruc-
tion error Y, ||x; — fo(g9s(x:)) |?, which does not require any label: this is unsupervised
learning. The bottleneck forces the network to keep only the most important infor-
mation: an autoencoder performs a non-linear dimensionality reduction (Hinton and
Salakhutdinov, 2006), and a linear autoencoder with the squared loss recovers the sub-
space of principal component analysis. Autoencoders are also used for denoising (the
network reconstructs x from a corrupted version) and for anomaly detection (anomalies
are poorly reconstructed).
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Figure 89: A GRU cell: the update gate z; interpolates between the previous state h;_; (upper
line) and the candidate state flt; the reset gate r; controls how much of the past is used to
compute the candidate. The yellow boxes are layers with their own parameters, the red circles
are componentwise operations.
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Figure 90: An autoencoder: the encoder compresses the input x into a low-dimensional code z,
and the decoder reconstructs X =~ x from the code.

Siamese networks. A siamese network (Bromley et al., 1994; Chopra et al., 2005)
applies the same network (same weights) to two inputs x and x’ and compares their
embeddings z = gg(x) and z’ = g4(x’), e.g. with the Euclidean distance. It is trained
so that the embeddings of similar pairs are close and those of dissimilar pairs are far
apart, for instance with the contrastive loss y ||z — 2'||> + (1 — y) [u — ||z — ZIH]i, where
y = 1 for a similar pair and g > 0 is a margin. The network thus learns a metric, which
is useful for verification tasks (is this the same person, the same signature?) and when
many classes have few examples (face recognition), see Fig. 91.

Generative adversarial networks. A generative adversarial network (GAN)
(Goodfellow et al., 2014) learns to generate new data similar to the training data.
A generator G transforms a random noise z ~ p, into a fake example G(z), and a
discriminator D outputs the probability that its input is a real example, see Fig. 92.
The two networks play a two-player game:
i E [InD E [In(1—- DG .
minmax B D)+ E _[in (1 D(G()))
The discriminator is trained to distinguish the real examples from the fake ones (a
binary cross-entropy), and the generator to fool the discriminator. At the equilibrium,
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Figure 91: A siamese network: the same network g4 (for images, a CNN) maps each input to an
embedding, and the network is trained so that the embeddings of similar inputs are close and
those of dissimilar inputs are far apart.

the distribution of G(z) equals the data distribution.
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Figure 92: A generative adversarial network: the generator G turns a random noise z into a
fake example G(z), and the discriminator D tries to distinguish the fake examples from the real
examples of the training set. D is trained to classify correctly, G to fool D.

Attention and transformers. Recurrent networks process sequences sequentially,
which is slow and makes long-range dependencies hard to learn. The attention mecha-
nism lets each element of a sequence directly look at all the others. Given queries Q,
keys K and values V (matrices whose rows are linear projections of the elements of the
sequence), it computes

V.

where the softmax is applied row by row: the output for each element is a weighted
average of the values, with weights given by the similarity between its query and the keys.
The transformer (Vaswani et al., 2017) stacks attention layers, fully connected layers,
residual connections and layer normalization, without any recurrence. Its computations
are highly parallel, and it has become the standard architecture for natural language
processing (large language models are transformers trained to predict the next word),
and increasingly for images, sounds and other modalities.

KT
Attention(Q, K, V) = softmax <Q> V,
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9.11 Practical advice

Training a neural network involves many choices. Here are a few guidelines that work
well in most cases.

o Preprocess the data. Standardize the input features (zero mean, unit variance);
for images, rescale the pixel values. Networks are very sensitive to the scale of the
inputs.

e Start simple. Begin with a small architecture and a standard configuration
(ReLU, He initialization, Adam with n = 1073, mini-batches of size 32 to 256),
and use a known architecture (or a pre-trained model) for images and texts.

e Check that the network can overfit. Before tuning the regularization, make
sure that the network reaches a near-zero training loss on a small subset of the
data; otherwise, there is a bug or the model is too small.

e Monitor the training. Plot the training and validation losses after each epoch.
If the training loss does not decrease, decrease the learning rate; if it explodes or
becomes NaN, decrease the learning rate or clip the gradients; if the validation loss
increases, regularize (early stopping, weight decay, dropout, data augmentation).

e Tune the learning rate first. It is the most important hyperparameter; try
values on a logarithmic grid (1074,...,107!) and use a schedule.

e Use transfer learning. When few labeled data are available, start from a net-
work pre-trained on a large dataset (e.g. ImageNet for images) and fine-tune it
on the task at hand.

o Evaluate properly. The test set must only be used once, at the end; the hyper-
parameters (architecture, learning rate, regularization) are selected on a validation
set, as for any other model (Section 7).

¢ Be reproducible. Fix the random seeds and keep in mind that the result depends
on the initialization: report the mean and standard deviation over several runs.

To remember from Section 9

o A perceptron is a linear classifier; its learning rule converges on linearly
separable data (Novikoff), but it cannot solve the XOR. problem.

e A multilayer perceptron composes affine maps and non-linear activa-
tion functions (ReLU in the hidden layers); without non-linearity, it is a
linear model. Each layer learns a new representation of the data.

o With one large enough hidden layer, a network can approximate any con-
tinuous function (universal approximation), but this says nothing about
learning and generalization.

o The output activation and the loss go together: linear + squared loss (re-
gression), sigmoid + binary cross-entropy (binary classification, general-
izes logistic regression), softmax + cross-entropy (multi-class). In all cases

(L) = fo(x) —y.

e Backpropagation computes all the gradients in one backward pass
through the network, at a cost of the same order as the forward pass:

195 - Statistical Supervised Machine Learning



50 = o)(a®) © (WEDTERD) and 57/0WO = §OREDT,

o Deep networks suffer from vanishing/exploding gradients, alleviated by
ReLU, Xavier/He initialization, batch normalization and residual connec-
tions.

e Training uses mini-batch SGD with momentum or Adam and a learning-
rate schedule; regularization uses weight decay, early stopping, dropout
and data augmentation.

o CNNs (local filters, weight sharing, pooling) are suited to images, RINNs
(LSTM, GRU) to sequences, and transformers (attention) are now the
standard for texts.

Check your understanding

Short questions to test yourself; the answers are in Appendix A (click on the number of a question
to see its answer).

From the perceptron to the multilayer perceptron

Q9.1. True or false? When the data are linearly separable, the perceptron learning rule returns
the separating hyperplane with the largest margin.

Q9.2. The inputs satisfy ||x;|| < 2 and are separable with margin v = 0.1 (no bias). How many
updates can the perceptron make at most?

Q9.3. Why can a single perceptron not compute the XOR function, and what does the hidden
layer of Fig. 75 do?

Q9.4. How many parameters does a fully connected network with layer sizes 10-20-20-3 have
(biases included)?

Loss functions
Q9.5. What does a network with 10 hidden layers and identity activations compute?
Q9.6. Compute softmax(1,2,3) and softmax(101, 102, 103).

Q9.7. True or false? Since a network with one hidden layer is a universal approximator, deep
networks are useless.

Q9.8. A 3-class network outputs p = (0.7, 0.2, 0.1) on an example of class y = 2. What are
the loss and its gradient with respect to the scores z?

Regularization

Q9.9. A network has P = 10° parameters. Compare the cost of one gradient computed by
backpropagation with that of a finite-difference approximation.

Q9.10. Why can the weights of a network not all be initialized to 07

Q9.11. With inverted dropout and a dropout rate p = 0.2, by which factor are the kept activa-
tions multiplied during training? What is done at test time?

Q9.12. What is the standard deviation of the He initialization for a ReLU layer with n;, = 512
inputs?

Synthesis of the section

Q9.13. How many parameters does a convolution layer with 64 filters of size 3 x 3 applied to
32 input channels have? Does it depend on the size of the images?
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Q9.14. A 32 x 32 image goes through a 5 x 5 convolution without padding and with stride 1,
then through a 2 x 2 max pooling with stride 2. What is the spatial size of the output?

Q9.15. Why does the LSTM suffer less from vanishing gradients than a simple RNN?

Q9.16. In a GAN, what does the optimal discriminator output when the generator perfectly
reproduces the data distribution?
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Part 111

Advanced Supervised Machine Learning and
Implementation

The algorithms of Part II learn a single model. This part shows how to go further.
Section 10 comes back to statistical learning theory through the decomposition of the
error into approximation, estimation and optimization terms, and uses it to explain why
combining models works: bagging and random forests reduce the variance of unstable
learners, boosting and gradient boosting reduce the bias of weak ones, and stacking
learns how to combine heterogeneous models. The section ends with an introduction
to metric learning, which learns the representation of the data rather than the model.
Section 11 gathers practical advice to conduct a machine learning study from the raw
data to the final model. The theory of ensemble methods is developed further in Part I'V.
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10 Advanced Supervised Algorithms

About this section

In this section you will learn to:

o decompose the error of a predictor into bias, variance and noise, and relate it to
the approximation and estimation errors and to the Rademacher complexity;

o explain why averaging several models reduces the variance, and implement bagging
and random forests (with the out-of-bag error);

e run AdaBoost, prove that its training error decreases exponentially fast, and inter-
pret it as a coordinate descent on the exponential loss;

o derive gradient boosting as a gradient descent in function space, and understand
the second-order criterion of XGBoost;

o learn a Mahalanobis distance from labeled data (MMC, ITML, LMNN) to improve
distance-based methods.

10.1 Back to Statistical Learning Theory

In Section 6, we focused on the generalization error and discussed the over-fitting and
under-fitting of algorithms by looking at their errors. We have seen that, in practice,
we look for the parameters that minimize the error of our algorithm, but we never paid
attention to the value of this error itself. More precisely, what is the smallest value our
algorithm can possibly reach? If this value is reached, does it mean that the algorithm
is perfect? Is it really the best model we could have learned, or even the right class of
models?

10.1.1 Error Decomposition

In this part, we will see that the error can be decomposed into several terms, which
brings some answers to these questions. This decomposition of the error is also at the
origin of more complex models (such as combinations of models), which are designed to
reduce some of its components.

The examples of the regression setting presented previously have shown that a
simple model, such as a linear one, is sometimes not flexible enough to achieve good
performance, i.e. it presents a large bias. Conversely, a complex model, such as a high-
degree polynomial, has a low bias but may not generalize well: it has a high variance.

Let us show where these two terms come from by assuming that our data are
generated by the following model:

y=f(x)+e,

where ¢ is a random noise with zero mean, independent of x, which represents
the errors of measurement (or everything that x cannot explain). Using a sample
S = {(xi,¥i) }i~, generated by this model, we learn a hypothesis h, which is an estimator
of f. Because h is learned from the sample S, it is a random quantity. We are now
interested in the generalization capacities of h, measured with the mean squared error
E[(y — h(x))?] on a new example. More precisely, we study the different components of

199 - Statistical Supervised Machine Learning



this error at a fixed point x, the expectation being taken over the draw of the training
sample S and over the noise of the new observation y.

Proposition 10.1: Error Decomposition

We consider the data generation model

y=f(x) +e,

where E[e] = 0. Using a sample S = {(x;,¥;) };~; generated by this model, we learn
a hypothesis h, which is an estimator of f. Then, for any x, the generalization
error of h measured with the mean squared error can be written as:

E[(y — h(x))?] = (E[h(x)] - £(x))* + E [(E[h(x)] - h(x))*| + E[(y — f(x))?].

Proof. We will use the Konig-Huygens formula, which states that for any random vari-
able X with a finite second moment:

E (X - E[X))’| = E[X?] - E[X]2,

We also use the fact that the noise of the new observation y is independent of the
training sample S, hence of h(x), and that E[y] = f(x). We now expand the left-hand
side of our equation:

El(y — h(x))’] = E[y* - 2yh(x) + h(x)’],

= E[y?] — E[2yh(x)] + E[h(x)?],
~—~— —

=E[y]* +E {(!/ — E[y] )2} —2E[y] E[h(x)]
+muwﬁ+m“um—ﬁm@mﬂ,

= fG)2HE |(y— [(x)’] = 2/ (x) E[h(x)]
+E[h(x)] + E |(h(x) - E[h(x)])’],

= (E[h(x)] - f(x))* +E [(E[h(x)] - h(x))*| + El(y — f(x))7].

In this proposition, the terms on the right-hand side respectively represent:

e the squared bias of h: the difference between its mean value over the samples S
and the target value f(x);
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e the variance of h: how much h varies around its mean value when the sample S
changes. It represents the sensitivity of the model to the training data;

e the Bayes error, which is equal to the variance of the noise €. It does not depend
on the estimator, but only on the distribution of the data: no model can do better.

Ezxample 10.1. Let us consider the two class-conditional densities dy; and d_; repre-
sented in Figure 93, with equal class priors. The Bayes classifier predicts, at each point
x, the class whose density is the largest. The Bayes error is then related to the area of
the region lying under both curves (it is equal to half of this area, here R* ~ 0.224), i.e.
the region where no classifier is able to tell whether a point comes from one distribution
or from the other.

As an exercise, you can compute the Bayes error of a two-class problem with equal
priors whose class-conditional densities are:

§a:2+a: when 0 <z <1, 1 Whenggxgz,

di(r) =<2 and da(z) =
0 otherwise, 0 otherwise.
0.3 1 J Bayes classifier
+1 predict +1 predict —1
(class +1) :
> 0.2 1 d_, (class —1)
‘B
o
3
o
0.1 A
0.0 f . o . : .
-4 -2 0 2 4 6
T

overlap region under min(d,,,d_;): its area is twice the Bayes error

Figure 93: Two class-conditional densities with equal priors, dii(z) = (2 — z)(x + 4)/36 on
[—4,2] and d_1(z) = 6(5 — x)(x + 2)/343 on [—2,5]. The Bayes classifier predicts the class with
the largest density (dotted line). Even this optimal classifier errs on the points of the shaded
region, which lies under both curves: the Bayes error is half of its area, R* ~ 0.224. [code:
make_figures_ch09.py: fig_bayes_overlap]|

In view of the previous proposition, the quantity we actually aim to minimize is
the excess risk, that is:

El(y — h(x))*] — El(y — f(x))’].

Although this study has been conducted in the special case of regression with the
squared loss, a similar decomposition holds in the general case.

We now suppose, more generally, that the observations are sampled from a joint
distribution D over X x ), associated with a probability measure u. We also consider
a loss function £,
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which quantifies the cost incurred by a hypothesis h when it predicts h(x) while
the true value is y. The function, or hypothesis, h we are looking for is the one that
minimizes the expected error over D, i.e. the risk

R() = E_[wh00)] = [ h))dnlx.y).

Keep in mind that, in practice, the hypothesis A is learned from a finite sample.
We now assume that we minimize the risk over a function (or hypothesis) space H. If
we denote by R* the Bayes risk, i.e. the smallest risk achievable by any measurable
function, we can decompose the Bayes regret as:

R(h) —R*=(R(h)— inf R inf R(g) — R*.
()~ R* = (R(1) - inf Rig)) + inf, Rl

The first term is the excess risk of h with respect to the best function of the
hypothesis space H, also called the estimation error. The second term is the ap-
proximation error, i.e. the smallest excess risk we can achieve with a function of H.

This is a bias term: it does not depend on the data, but only on the hypothesis space
H.

We now draw the link with the generalization bounds presented in Section 6 and
go a little further by bounding the excess risk. Let us denote by A the hypothesis
obtained by minimizing the empirical risk over ‘H using a sample S:

h € arg min Rg(g).
gEH

We also denote by hy the minimizer of the risk R over the hypothesis space H
(we assume that it exists), i.e.

hy € arg min R(g).
geEH

The excess risk R(h) — in?f{ R(g) can be rewritten as the sum of three terms:
g€

R(h) = R(h3) = (R(h) = Rs(h)) + (Rs(h) — Rs(hw)) + (Rs(hy) — R(hu)),

where (R(h) — Rg(h)) is the difference between the true risk and the empirical
risk of the hypothesis h. This is precisely the quantity we are interested in when we study
the generalization of algorithms. The second term (Rgs(h) — Rs(hy)) is non-positive by
construction, since A minimizes the empirical risk. The third term (Rg(hy) — R(hy))
is easier to control, as it involves a fixed (deterministic) function to which the law of
large numbers applies.

However, the first term cannot be handled in the same way, because h depends
on the sample S. It can nevertheless be bounded as follows:
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R(h) = Rs(h) < sup
geEH

Since this quantity also bounds the third term, and since the second term is
non-positive, we immediately obtain:

R(h) — R(hy) < 281615
g

1
(X,END [e(g(x)7y)] - E gﬁ(g(xz) yz)

This last bound can be seen as a variance term, which increases with the size of
H. If H is large, we can achieve a low empirical risk; however, the true risk is then more
likely to be much higher than the empirical one.

A question naturally arises:
How can we define the size of the hypothesis space H?

When H contains a finite number of hypotheses, the answer is clear: its size is
simply the number of hypotheses in the set. But when it is infinite, there exist several
measures of the size of H, such as the Rademacher complexity.

The Rademacher complexity Bartlett and Mendelson (2003) has been introduced
to measure the complexity of a set of hypotheses Koltchinskii and Panchenko (2000).
Informally, it measures how well the set of hypotheses is able to fit random noise in the
dataset.

Definition 10.1: (Empirical) Rademacher complexity

Let H be a family of functions and S = {x;}", a fixed sample of size m. The
empirical Rademacher complexity of H with respect to S is defined as:

Re(H) = G[sup—zal xZ],

hEHmZ 1

where o = (01,...,0.) is a vector of independent Rademacher random variables,
i.e. random variables taking the values —1 and +1 with probability 1/2 each.
The Rademacher complexity is the expectation of the above quantity with respect
to the distribution D of the data:

R(H) = B [Rs(H)]

. J

This measure increases with the size of H and, for most classes of interest, de-
creases with the sample size m.

In a nutshell Draw random labels o; € {—1, 41} by tossing a coin for each point
of S, and look for the hypothesis of H that agrees best with these meaningless
labels. The quantity % > 0ih(x;) is the correlation between h and the noise:
MRs(H) is the best correlation that H can reach, on average over the coin tosses.
A class that contains a single function has a Rademacher complexity equal to 0,
whereas a class able to fit any labeling of the m points (it shatters S) reaches the
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maximal value 1 for functions with values in {—1,+1}. A class which can fit pure
noise can also fit the noise present in the data: this is exactly the over-fitting
phenomenon.

In the rest of this section, with a slight abuse of notation, we write R,,(H) for the
Rademacher complexity of the class of losses {(x,y) — £(g(x),y) : g € H} associated
with H (and, in the next few lines, with an absolute value inside the supremum). Using
this measure, we will show that

1 m
h)—R(hy) <2 E E [/ —— M/ ), Yi)ll,
B RO —RUI <2 B Jsup | B ()] = 2 Uatx) y>]
< AR, (H).
Therefore,

_R* < _ px )
o B, [R(W)] = R* < inf R(g) —R* + 4Rm(H)

This result illustrates, in a more general way, the bias-variance trade-off in risk

minimization: enlarging H decreases the approximation error but increases the com-
plexity term. It also makes explicit the link between complexity and sample size.

It remains to explain where the following inequality comes from:

E [lgx)9)] -~ tg(x)v:)

< 2R, (H).
(X,y) ~D m i=1

E |[sup

We prove it using the symmetrization technique, which introduces a ghost sample
S" = {(x},y})}™,, drawn from D™ independently of S. Concretely,

m 1’

Zf(g(XQ),yi)] — %Zf(g(xi%yi) :
=1

=1

1 m
E |su E (g(x), — = 0(g(xi), i
5B [0 | GG 0] = 20D g i) )

1
= E |sup| E —
S~D™ | gey |S'~D™ | m

S~D™ | ey |S'~D™ | M

where the last inequality uses Jensen’s inequality (| E[X]| < E[|X]]) and the fact
that the supremum of expectations is smaller than the expectation of the supremum.
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We now introduce our Rademacher variables o;, i = 1,...,m, and notice that, for any
fixed o € {—1,+1}"™,

INgE

3=

E sup
S,8'~D™ | g

(ﬂ(g( D i) — ﬁ(g(xz%yi))H

= E sup
S.5'~D™ | g

Zoz ). 4l) e<g<xz->,yi>>H |

This is due to the fact that the data are 7.7.d.: multiplying the i-th term by o; = —1
amounts to swapping (x;,y;) and (x},y;), which does not change the distribution of the
pair (9,5’). Since this equality holds for any choice of o, it also holds when we take
the expectation over a vector o of Rademacher variables. Finally, using the triangle
inequality,

Zgz yz e(g(xz)vyz))H s

E
S,S'~D™m o geH

sup | —

< ap | =S oy i E [sup 1 iaiag(x;),y;)],
R m & §nDmo |gep |m =

_2S~Dm 21615 mZU, @ ],

— 2R, (H).

There exist other measures of the capacity of a hypothesis space H, such as the
VC-dimension Vapnik and Chervonenkis (1971), which is easier to compute when we
deal with linear classifiers. We will not study this measure here; instead, we come back
to generalization bounds and derive a first bound based on the Rademacher complexity.

10.1.2 Back to Generalization Bounds

Using Definition 10.1, we can now state a first generalization bound, given in Theo-
rem 10.2.

Theorem 10.2: Rademacher Generalization Bound

Let H be our class of hypotheses and ¢ a loss function such that (x,y) — £(h(x),y)
takes its values in [0, 1] for every h € H. Then, for any § € (0, 1), with probability

at least 1 — § over the draw of an 4.7.d. sample S of size m, each of the following
bounds holds for all h € H:

R(K) < Res(h) + 28 (H) + |2/,
R(K) < Re(h) + 2s(H) + 3| B0,
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where the Rademacher complexities are those of the class of losses associated with

H.

Proof. Let us consider a sample S = {z;};",, with z; = (x;,¥;), drawn from D™, and
let us write ¢(h,z) = ¢(h(x),y) for short. For any h € H, we denote by Rg(h) =

it ¢(h,z;) the empirical risk of the hypothesis h.

The proof consists in applying McDiarmid’s inequality to the function @ defined
for any sample S by

®(5) = sup (R(h) —Rs(h)).
heH
Let us consider two samples S and S’ differing by exactly one point, say z,, =
(Xm, Ym) € S and z, = (x,,y,,) € S’. Since the difference of suprema does not exceed
the supremum of the difference, we have

B(5) - B(S") < sup (Rer(h) — R(h)) = sup “Zm) —tlhzm) 1
heH heH m m

1 1
Similarly, we obtain ®(S’) — ®(S) < —, so that |@(S’) — &(S)| < —. Then, by
m m

McDiarmid’s inequality, for any § € (0, 1), with probability at least 1 — §, the following
holds:

log(1/9)
P(SY< E [P —_— .
(5)< B [8(S)]+/ -5
Our next step consists in bounding the expectation on the right-hand side of the
previous inequality:

JE 2= E sup (R(h) — Rs(h))] ,
- 5, [sup (o5, Re00 - Rs0])|.

< S,S'IED"Z [216171_)[ (Rsi(h) — RS(h))] 5

1 & ,
= 5.5Em Ligg (me(h,zi)—é(h,zn))],

i=1

1 & ,
= g5 B [sup (m ; i (¢(h,z}) — £(h, zi))>1 :

heH

1 m
< E sup | — Y oil(h,z,
1 m
+ SNIbEm,a [Sup (m > (=oi)e(h, Zi))] ;

heH =
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1 m
=2 E - 3 5 Ly 5
B [ ()
— 2%, (H).

This proves the first bound. The reader has probably noticed that this step of the
proof is exactly the same as the one used when studying the excess risk.

For the second bound, we note that changing one point of S changes Rg(H) by
at most 1/m. Using McDiarmid’s inequality again, we get, with probability at least
1-4/2,

log(2/9)
< _—
Applying the first bound with 6/2 instead of § and combining the two inequalities

with a union bound, we obtain that, with probability at least 1 — §:

B(S) < 2Rg(H) + 3 logz(fn/é).

10.2 Ensemble Methods

In what we have seen so far, we only used one model to answer a given problem, e.g.
a linear regression to predict the price of a house given its characteristics, or a logistic
regression to predict whether someone is infected or not.

But why use only one model? Would it not be more interesting to use several
models to build a more powerful one?

The answer is indeed yes: it is often more interesting to do so, and combinations
of models are currently among the best-performing methods on many tasks.
But how can we create such a combination of models?

A naive rule Let us imagine that we want to create 7" models using a sample S =
{(xi, i)}~ of size m. We can train a hypothesis h¢, for ¢ from 1 to T', using the same
training sample S for each .

Then, we can combine the different hypotheses into a single one, denoted by Hyp,
by averaging them to take our final decision:

o for a regression task, the predicted value is the mean of the predictions made by
the hypotheses hy, i.c.

1 X
Hr(x) = T th(x).
t=1
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o for a (binary) classification task, we can apply the same rule. However, instead of
taking the mean value as the output of the combined classifier, we take the sign
of this mean value, i.e.

1 X
Hrp(x) = sign (T E ht(x)> .
t=1

When the hypotheses h; return a value in {—1,1}, the hypothesis Hr can then be
seen as a majority vote with equal weights. On the other hand, if the hypotheses
h: return real values, we can interpret Hp as a weighted majority vote, where the
weight of each vote is given by the confidence |h;(x)| of the hypothesis.

Although this rule is simple, it is not very useful in practice. Indeed, if the learning
problems we solve are convex, the hypotheses h; are very likely to be (almost) identical
when we use the same training set each time.

Varying the hyper-parameters One could then be tempted to diversify the hy-
potheses by imposing different hyper-parameter values, e.g. one could choose T different
hyper-parameter values in order to obtain T different models.

Again, this solution is not satisfactory. It may even lead to hypotheses with a
low predictive power. Moreover, such a process would conflict with the cross-validation
procedure presented earlier, which is precisely used to optimize the values of these
hyper-parameters.

We will see that, even if our algorithm does not depend on hyper-parameters, it
is possible to improve it using a single training set S. The two main methods to do
so are known as Bagging and Boosting. They act differently on the performance of
algorithms, or more precisely on the different components of their error. We will also
present a third, more general, method, which consists in learning how to combine several
algorithms. But before presenting these approaches, let us motivate the use of several
models.

A theoretical analysis We now explain why it is interesting to combine several
models. To do so, let us consider data (x,y) drawn from a distribution D, where x is
the feature vector and y is the response variable, i.e. the value to predict.

In a regression setting, we learn a hypothesis A which aims to predict the value y
from x. For the sake of simplicity, we suppose that there exists a true function r such
that r(x) = y for all (x,y) ~ D. We also consider a training set S of size m and recall
that we aim to learn a set of hypotheses hy, t = 1,...,7T. Thus, for any instance x and
any hypothesis Ay,

hi(x) = r(x) + e(x),

where £.(x) is the error between the value predicted by h; and the true value of
the function at x.

Keep in mind that, in a regression setting, the error we consider is the MSE,
i.e. the mean squared error. Thus, the generalization error of a single hypothesis h; is
defined by:
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E [(h(x)-rx)*] = E [a(x)?],

x~Dy x~Dy
where Dy denotes the marginal distribution of x. The generalization error of our

1
averaged hypothesis Hy = T Ethl he is

XNDX XNDX

o )
E [(Hr(x) —r(x)’] = E G;’”(X)_T(X)”’

_ T 9
= E — .
ERIE ) ]
i t=1
Let us now suppose that the errors ¢; are centered (with a mean value equal to

0) and uncorrelated. We can rewrite the previous expression as:

x~Dy x~Dx

L
E [(Hr(x) —r(x)’] = E (;g@))]

o 1
=5, (Ttlz_fh(")) (T tzzf”(x))]’
_ 1 E 2
_2;mmb®y

1[(1&
=7 (T 2, [&(Xﬂ)

This last equation shows that the generalization error of the combination of hy-
potheses is equal to the average error of the T hypotheses divided by T

Note that, in practice, the assumption of uncorrelated errors is essentially wrong,
because the hypotheses h; are learned using similar samples S;. However, we can still
show that the error of the averaged hypothesis is never larger than the average error of
the hypotheses h;. Indeed, the function u — u? is convex, so Jensen’s inequality gives,
for every x,

1 & f )
(T;Q(X)> ST;&}(X)-

Taking the expectation over x, we immediately obtain:

XNDX

T
E [(HT(X> — r(x))ﬂ < F}tz E {&}(x)z} .

Let us now go on with a first ensemble approach: the bagging procedure.
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10.2.1 Bagging and Random Forests

Bagging Bagging Breiman (1996) is a way to combine models that perform well on
the training set, i.e. models with a low bias. We have previously seen that we can
bound the expected Bayes regret by the sum of two terms:

E [R(h)]—R* < inf R(g) — R*+ 4R, (H).

Sopm [R(h)] = Jen (9) + 4R, (H)
Here, we are more precisely interested in the variance term of the error decompo-
sition. This term tells us how sensitive the algorithm is to variations of the training set:
if its value is low, our algorithm is only slightly affected by a change of the training set.

Let us illustrate this with a small example, depicted in Figure 94, for a regression
task (the situation is similar for classification tasks). We learn a polynomial regression
model of degree 15 on different datasets drawn from the same distribution, each training
set being of size 30. In total, we learn 10 different models, which are represented on the
left-hand graph. We note that the variance of the models is very large, i.e. for the same
value on the z-axis, the models return very different values on the y-axis: the models
are very sensitive to the training data.

On the other hand, if we average the predictions of the 10 models, we obtain the
right-hand graph. We notice that the combined model varies much less around the true
regression function. We have therefore succeeded in reducing the variance by combining
several models.

10 models h; (one sample each) their average Hr

0 T 2t 0 m 27
xT x
— hy, t=1,...,10 - average Hp —=- true function f

Figure 94: Illustration of the variance reduction obtained by combining models (polynomials
of degree 15, regression function f(x) = 5sin(z), Gaussian noise of variance 1). Left: the 10
models h; learned on 10 different datasets of size 30 drawn from the same distribution (red),
together with the regression function (dashed blue); right: the model Hr obtained by averaging
the 10 previous models. [code: make_figures_ch09.py: fig_bagging_variance]

With bagging, we wish to exploit the fact that the variance of a combination of
models is smaller than the variance of the individual models. Moreover, the combined
model retains a strong predictive power, i.e. it remains accurate.

In this example, the models are learned on different datasets. But, in practice, we
only have one training set S. We therefore have to find a way to create several training
sets Sy from this set S. This can be done using the bootstrap Efron (1979), a resampling
method based on random draws. How does it work in practice?
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Algorithm 6: Bagging

Inputs : Training set S = {(x;,¥;)};,, number of models T
Output: Hypothesis Hp

1 fort=1toT do

2 L create a bootstrap sample S; of size m from S,

3 learn a hypothesis h; using S;
1
4 set Hp = T ST hy (or its sign, or a majority vote, for classification):;

Let us consider a training set S of size m. To create a bootstrap sample S; of
the same size m, we simply draw m examples from S uniformly at random and with
replacement, i.e. each example of S has the same probability 1/m of being drawn at
each draw.

With this procedure, the same example may occur several times in the same
training set. Thus, in order to minimize its error, the algorithm has to pay more
attention to such an example and gives it more importance. This sampling method
therefore creates diversity among the learned models. Indeed, since the sets S; are
different, the hypotheses h; focus on different regions of the data space. Conversely,
some examples are never drawn: they are said to be out-of-bag for the hypothesis hy,
and we will see below that they can be used to estimate its error for free (see Figure 95).

5QOOOE® O @ wmwn-s
S 02Q@H 0@ O—

X2

SHONOROURORONONINO,
X3

X2

f oo

average

S D00QQ OO~y
X2

X2

O in the bootstrap sample (xk: drawn k times) (’ ) out-of-bag (never drawn)

Figure 95: Bagging with T' = 3 bootstrap samples of size m = 8. Each S; is obtained by
8 draws with replacement from S: some examples are drawn several times, others are never
drawn (dashed red circles) and are out-of-bag for hy. For instance, example 2 is out-of-bag for
hy only, so that its OOB prediction is made by h; alone, while the hypotheses hy and hs, which
have seen it, are not used.

The bagging procedure is summarized in Algorithm 6. As the reader may guess,
bagging stands for bootstrap aggregating: we generate several samples and hypotheses,
and then aggregate their predictions.

Before presenting one of the most famous models based on this process, the random
forest algorithm, let us see from a theoretical point of view why it is interesting to
combine these models.

Theoretical analysis of bagging We can conduct an analysis similar to the one

1
presented in the previous section. Let us denote by Hp = T Zthl h: our bagging
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hypothesis, used to estimate (for instance) the output y of a regression function, i.e.
Hrp(x) ~y. Then, the average error made by the set of hypotheses is equal to:

1 & 1 & 1L
E |=Y (x)-9)?= E 2oy = S " h(x)+ =Y Rh(x)?].
(x.4)~D lT ;( t(X) y)] (x.4)~D [y ythzl t(X) T; t(X)

1 2 1
Using Jensen’s inequality again, we have <T pOram ht(x)) < T ST hi(x)2, s0
that

Cey)~D [T ;( )= ] = yep |7 yT; t(x) (TZ il )>
i 2

1T
= E - = he(x
(x.9)~D (y Tt§:1 ( ))

= E (v~ Hr(x))*].

i

This last inequality shows that the error of the bagging hypothesis is always lower
than or equal to the average error of the individual hypotheses.

We can go a little further by studying the potential gain of the bagging hypothesis.
This gain is given by the expectation of the difference between the two sides of the
inequality

(;ihxx))z < ;ihxx)?,
that is,
LS i - (} iht<x>)2 S
& = =

which is the variance (or ambiguity Krogh and Vedelsby (1995)) of the predictions
of our set of hypotheses h; at the point x. If this variance is large, then the gain is large.
This shows that, to obtain a good bagging hypothesis, it is more interesting to use base
hypotheses with a high variance but a low bias, which is exactly the case of decision
trees. This is why it is interesting to combine them using this procedure, which leads
us to the random forest algorithm.'”

Random forests When we introduced decision trees, we said that the size of a tree,
i.e. its depth, depends on the data: the tree grows until we obtain pure leaves.

If we go back to our error decomposition, (deep) decision trees are thus hypotheses
with a low bias (their training error decreases with the depth) but with a high variance:

1"Note that a similar study can be conducted in the case of classification, but it is not presented here.
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Algorithm 7: Random Forests
Inputs : Training set S = {(x;,¥;)};~,, number of trees T', a sample size m’
and a number of features p’
Output: Hypothesis Hr
1 fort=1+toT do
2 create a bootstrap sample S; of size m’ < m from S
3 build a decision tree h; on S; where, at each node, only a random subset of
p’ features is considered to split the node;

1
4 set Hp = T ST, by (majority vote of the trees for classification);

they are very sensitive to the data, and their structure can vary greatly from one training
set to another.

In fact, we are in exactly the same situation as in the regression example presented
in Figure 94. We therefore combine tree models using bagging, in order to reduce the
variance of the trees while preserving their predictive capacities. This combination of
trees by bagging gives rise to the random forest algorithm, introduced by Breiman at
the beginning of the 215 century Breiman (2001).

The idea is to build several trees on different training sets S; drawn randomly with
replacement from S, i.e. using the bootstrap procedure, and to combine the predictions
of the different trees. However, the random forest algorithm (presented in Algorithm 7)
is in fact more sophisticated than that: it is based on the principle of double sampling,
i.e. sampling both the examples and the features.

This double sampling creates diversity both at the level of the examples and at
the level of the features. Compared to the standard bagging algorithm, note that the
bootstrap sample has a size m’ < m and that the number p’ of features considered at
each node of a tree is smaller than the dimension d of the data (a common default choice
is p/ ~ V/d for classification). Note that it is not mandatory to have m’ < m: it only
makes the learning procedure faster. From an algorithmic point of view, both kinds of
sampling speed up the learning of the trees: there are fewer examples, and the splitting
procedure is applied to fewer features.

In a nutshell: why sample the features? Our analysis of the averaged hy-
pothesis assumed uncorrelated errors, which is far too optimistic for trees grown
on bootstrap samples of the same dataset: if a feature is very informative, all the
trees split on it first and look alike. If the 7" hypotheses have the same variance
02 at x and a pairwise correlation p > 0, a direct computation gives (Hastie et al.,
2009, Chapter 15)

1 o o 1—p »
Var(T;ht(x)>:pa +Ta.

Adding trees only kills the second term: the first one, po?, remains whatever
the size of the forest. Drawing a random subset of p’ features at each node
decorrelates the trees (it decreases p), at the price of slightly worse individual
trees (a small increase of the bias and of ¢2): this is the whole idea of random
forests compared with plain bagging.
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The presented algorithm is the simplest version. It is not rare to give different
weights to the trees according to their performance: remember, this is our weighted
majority vote.

Decision trees and random forests are used in many applications, such as finance,
security or the social sciences in general. These algorithms have the advantage of being
easy to build. Moreover, the decision of a single tree is easy to understand (explainable
AI): you just have to follow the path of the example in the tree. A forest of hundreds of
trees is less transparent, but tools such as the feature importance presented below help
to interpret it.

Out-of-bag (OOB) error for validation The bootstrap procedure implies that we
do not use all the data to learn each hypothesis. More precisely, given a sample S of size
m, if every example of S is drawn with the same probability 1/m, then the probability
of never selecting a given example in m draws is equal to (1 — 1/m)™. When the sample
size m is large enough, this quantity tends towards e~! ~ 0.37.

It means that the bagging procedure does not use approximately 37% of the
(distinct) examples when learning a base hypothesis: only approximately 63% of them
are used. We can wonder how these remaining data can be exploited in the bagging
procedure. These examples are called out-of-bag (OOB) data. Each example x; is
out-of-bag for roughly a third of the base hypotheses; we can therefore predict its label
using only these hypotheses and compare this prediction with y;. Averaging these errors
over the training set gives the OOB error, an almost free estimate of the generalization
error, which can be used to tune the hyper-parameters of the model without a separate
validation set.

Bagging is thus mainly interesting to

e obtain an ensemble with a lower variance than its base hypotheses;

o train a model with better generalization capacities at a moderate cost, since the
base models can be learned in parallel and the OOB error provides a validation
for free.

Figure 96 illustrates these properties on a simulated classification problem: a
single deep tree over-fits, bagging and random forests quickly improve on it as trees
are added, and their test error then reaches a plateau. In particular, adding trees does
not lead to over-fitting: increasing T" only reduces the Monte Carlo variability of the
ensemble, so that 7" is not a hyper-parameter that needs careful tuning (it is enough to
take it large enough).

Pitfall: bagging is not a universal booster Bagging only reduces the vari-
ance. Bagging a stable learner with a high bias, such as a linear regression or a
k-NN classifier with a large k, hardly changes its predictions: all the bootstrap
models are almost identical, and the bias is unchanged. Bagging pays off for
unstable, low-bias learners such as deep trees or flexible neural networks Breiman
(1996). Note also that the OOB error is only a fair estimate of the generalization
error when the examples are 4.7.d.: with repeated measurements of the same in-
dividual, or with time series, an example and its “copies” may fall on both sides
of the bootstrap split, exactly as for the cross-validation procedure (Section 11).
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Figure 96: Test error of a single fully grown tree, of bagged trees and of a random forest as
a function of the number of trees T (logarithmic scale), on a simulated problem with d = 20
features and 1000 training examples. The dotted line is the OOB estimate of the error of
the forest: it is computed for free from the training set and follows the test error, slightly
pessimistically, since each OOB prediction only uses about a third of the trees. [code:
make_figures_ch09.py: fig forest_ntrees]

As for simple decision trees, random forests can be used for both regression and
classification: the main difference lies in the way the trees are built, 7.e. in the impurity
measure (or loss function) used.

Measuring the importance of variables As for the decision trees presented in
Section 8.7, we can measure the importance of each feature X7 in the set of trees. This
way of measuring feature importance was introduced together with the random forest
algorithm Breiman (2001).

Remember that, to assess the quality of a split of a node N according to a feature
X7 in a decision tree, we measure the decrease of entropy AEnty(X7) between before
and after the split (we present it for binary decision trees for the sake of simplicity):

AEntyn(X7) = Ent(py) — Ent(py, X7),

where Ent(py) = — Zgzl PN,k 1ogs (pN,k) and

. Ny Ng
Ent(py, X7) = | 5 pNL,k logs (PN k) — Nl pNR,k logs (PN k)-
INT £ N ¢

In these expressions, Nz, and Ng denote the two children (left and right) obtained
after the split of the node N, |N| denotes the number of training examples reaching the
node N, and py j is the proportion of examples of class £ in the node N

To measure the importance Imp’ of the variable X7, we sum the decreases
AEntyn(X7) over the nodes N that are split using X7, each decrease being weighted by
the proportion of training examples reaching the node, and we average over the trees:
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T
) 1 ’N| .
ImpJ:TZ Z _AEntN(XJ)]l{Xj is used to split N}»
=1 NeN; 1

where N; denotes the set of internal nodes of the ¢t-th tree, m; the size of the
training sample of the ¢-th tree, and T the total number of trees. The entropy can of
course be replaced by any other impurity measure, such as the Gini index: this measure
is known as the mean decrease in impurity. Note that it is computed on the training data
and tends to favor features with many possible split values; the permutation importance,
also introduced in Breiman (2001) and discussed in Section 11, is a useful complement.

We will see in the next section that there is another way to combine trees (or
other classifiers or regressors) of limited capacity, called weak hypotheses: the boosting
procedure.

10.2.2 Boosting

This section is largely inspired by Chapter 7 of the book Foundations of Machine Learn-
ing Mohri et al. (2012).

Setting Let us first introduce the definitions of strong and weak learnability. They
are given in the context of classification, where boosting is mainly used, so that we can
use the terms classifier and hypothesis interchangeably.

Definition 10.2: Strong Learnability Mohri et al. (2012)

A concept class C is said to be (strongly) PAC-learnable if there exist an algorithm
A and a polynomial function poly such that for any ¢ > 0 and § > 0, for all
distributions D over X and for any target concept ¢ € C, the following holds for
any sample size m > poly(1/e,1/6,d, size(c)):

< >1-—
LB [R(hs) <el 215,

where hg is the hypothesis returned by A when trained on S. If A further runs in
poly(1/e,1/6,d, size(c)), then C is said to be efficiently PAC-learnable.

A\ J

In this definition, a concept c is a function from X to ) that we want to learn.
For example, a concept may be the indicator function of the set of points lying inside a
given triangle. A concept class, denoted by C, is a set of concepts we may wish to learn,
for example the set of (indicator functions of) all triangles in the plane.

According to the previous definition, a concept class C is PAC-learnable if the
hypothesis returned by the algorithm after observing a number of points polynomial in
1/e and 1/ is approximately correct (its error is at most €) with high probability (at
least 1 —0).
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Definition 10.3: Weak Learnability Mohri et al. (2012)

A concept class C is said to be weakly PAC-learnable if there exist an algorithm
A, a constant v > 0 and a polynomial function poly such that for any § > 0, for
all distributions D over X and for any target concept ¢ € C, the following holds
for any sample size m > poly(1/0,d, size(c)):

1
P |Rhs)<-—7|2>21-06
SNDM[(S)_2 V]_ ;
where hg is the hypothesis returned by A when trained on S. When such an
algorithm exists, it is called a weak learning algorithm, a weak learner or a base

classifier.
g J

The idea is quite similar to that of strong learners. The difference between the
two definitions lies in the required error of the hypothesis hg. In the first one, we require
the classifier to achieve an error of at most ¢, for any € > 0, given a sufficiently large
sample. In the second one, we just want the classifier to be slightly better (by a margin
v > 0) than random guessing.

We have already met strong classifiers, such as deep decision trees or over-
parameterized neural networks. Weak classifiers are also naturally present in the
literature, e.g. small decision trees with a depth of one or two (decision stumps), or
linear classifiers such as a linear SVM when the problem is not linearly separable.

Whereas bagging combines strong classifiers (with a low bias and a high variance),
boosting combines weak ones. It tries to combine them in order to build a strong
classifier, but in a way that is different from the bagging procedure. Instead of building
bootstrap samples, boosting modifies the distribution of the data in order to build a
sequence of classifiers (h;)ien, where hyy 1 tries to correct the errors made by the previous
classifiers.

Historical note Boosting was born from a purely theoretical question raised by
Kearns and Valiant at the end of the 1980s Kearns and Valiant (1994): are weak
and strong learnability equivalent? In other words, can a learner that is only
slightly better than random guessing always be “boosted” into an arbitrarily ac-
curate one? Schapire answered positively in 1990 with a first, rather impractical,
recursive construction Schapire (1990). A few years later, Freund and Schapire
proposed AdaBoost Freund and Schapire (1997), simple and adaptive (it does not
need to know the edge 7 in advance), which turned out to be remarkably efficient
in practice; they received the Godel Prize in 2003 for this work. The statistical
interpretation of boosting as the minimization of a loss by a greedy, stage-wise
procedure Friedman et al. (2000); Friedman (2001) then opened the way to gra-
dient boosting (Section 10.3). A complete account is given in the book Schapire
and Freund (2012).

AdaBoost A well-known boosting algorithm is AdaBoost Freund and Schapire (1999),
which iteratively focuses on the examples that are difficult to classify. The algorithm is
presented in Algorithm 8, and an illustration is provided in Figure 97. Here, the labels
are in {—1,+41} and the base classifiers h; take their values in {—1,+1}.
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Algorithm 8: AdaBoost

Inputs : Training set S = {(x;,¥;)};; with y; € {—1,+1}, number of rounds T’
Output: Hypothesis Hp

for i =1 to m do

2 t set the weight of the i-th example to le) =1/m;

[uny

3 fort=11t T do
4 learn a base classifier h; using S weighted by w(*);
5 compute the weighted error e, = > wl(t)]l{ht(xi)yi@} of hy ; // we assume
et < 1/2
1 1-— Et
6 set ay = = In ;
2 Et

set Zy = >0 wz(t) exp(—ayyihi(xi)) = 2v/e(1 — &4);

fOI‘ Z = 1 to m dO
9 L set w!T = " exp(—ayyihe(x;))

Zy ’

10 set fr = Y._y ayhy and Hry = sign (fr);

Let us say a few words about this algorithm before analyzing it.

At round ¢, the i-th training example has the weight wz(t). For t = 1, all the
training examples have the same weight, equal to 1/m. A hypothesis h; is learned, and

we compute its weighted classification error e:

m
&t = Z wlgt)]l{ht(xi)yﬂo}‘

=1

Using this value, we compute the weight oy of the learned classifier:

11 (1—@)
= —1n .
at 2 Et

Keep in mind that the idea is to learn a hypothesis Hp which is the sign of a
linear combination of the weak learners h;. The better the weak learner (the smaller
e¢), the larger its weight; note that oy > 0 as soon as g, < 1/2.

The rest of the procedure consists in finding a good reweighting of the training
examples such that, during the next round, the new classifier hy;; is able to correct the
mistakes made by the classifier h;. This is done using the following update rule:

LD w(t)exp(*atyiht(xi))

7 7 Zt ?

where Z; is a normalization factor which ensures that the weights sum to 1. We
will show (see the proof below) that Z; = 2y/e/(1 — ;). Since oy > 0, the weights of
the misclassified examples (y;hi(x;) = —1) are multiplied by e“ /Z;, whereas those of
the correctly classified examples are multiplied by e~®* /Z;. This reweighting thus gives
more weight to the examples misclassified by h; and, conversely, decreases the weight
of the examples that are correctly classified.
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Figure 97: The first nine rounds of AdaBoost with decision stumps on a binary classification task
(m = 100 points, class +1 in blue, class —1 in red). Left: the stump h; learned at round ¢ (the
background color is its prediction) and its weighted error €;; the area of each point is proportional
to its weight wgt), and the points misclassified by h; are circled in black: their weights increase

at the next round. Right: the decision boundary of the final classifier Hy = sign (Ztg:1 atht),
which is no longer a stump (training error 010) [code: make_figures_ch09.py:

fig_adaboost_iterations]|

Proposition 10.3: Empirical error bound of AdaBoost

The empirical error of the classifier returned by AdaBoost satisfies:

Rs(Hr) < exp [2;: (; = 5t> 2] :

1
Furthermore, if there exists v > 0 such that, for all t € [1,T], v < 5 then:

Rs(Hr) < exp(—27°T).

Proof. First, we recall that the exponential function is an upper bound of the 0-1 loss,
i.e. for any real-valued function f,
V(x,y), Tgyrxy<oy < exp(—yf(x)).

We can then upper bound the empirical risk Rg(Hr), where Hy = sign(fr) with
fr =311 athy:
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1 m
Rs(Hr) < m Z ]l{yifT(Xi)SO}’
i=1
1 m
< = exp(—yifr(xi).
mi

We can now express this last sum using the normalization factors Z; and the
(T+1)

weights w; . Indeed, we have:

V) eXp(_atyiht(Xi))7
KA 3 Zt

X

€xp (_yi 22:1 Oéshs (Xz))

1
. t
m =1 Zs

Thus, the empirical risk can be upper bounded as follows:

Rs(Hr)

IN

S expl(yifr(xi),
1=1

1 m T (T+1)

=1 t=1

T
= 1] 2.
t=1

We now focus on the normalization factor and show how it can be written as a
function of the weighted classification error ¢; for all ¢t € [1,T7:

Zy = sz@ exp(—ayyihi(x;)),
i—1

— Z wgt) exp(—ay) + Z wlgt) exp(ay),

iyihi(x)=1 iyihe(x;)=—1
= (1 — &) exp(—ay) + erexp(ay),

[ &t 1—575
= 1—
( €t) 1—Et+€t Et ’
:2\/5t(1_5t)-

As the empirical risk Rg(Hr) is upper bounded by the product of the normaliza-
tion factors, we directly obtain:
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RS(HT) < H th
t=1
T
= H 2\/6,5(1 - Et),
t=1

IN
—

@

e}

o

|

[N}
YN
N —

|

L
S~
[N}

T 1 27
= exp [—22 < - Et)
o1 \2 _

1
This ends the first part of the proof. Furthermore, if for all ¢, v < 5 ¢ then:

Rs(Hr) < exp :—22 (; _ €t>2] 7

t=1

IN

r T
exp —2272],
L t=1

= exp :72T72} .

O]

In other words, as soon as each weak learner is slightly better than random guess-
ing, the training error of AdaBoost decreases exponentially fast with the number of
rounds. Since the training error of Hyp is a multiple of 1/m, it even becomes exactly 0
as soon as the bound is smaller than 1/m, i.e. after at most |In(m)/(2v?)| + 1 rounds.
This behavior is illustrated in Figure 98.

Remark Proposition 10.3 only deals with the training error. Surprisingly, the
test error of AdaBoost often keeps decreasing, or at least does not increase, long
after the training error has reached 0 (in the left panel of Figure 98, the test
error does not increase during the 300 rounds that follow): the complexity of fp
seems to grow with T', but the generalization does not degrade. The explana-
tion proposed by Schapire et al. Schapire et al. (1998) is that AdaBoost keeps
increasing the margins y; fr(x;)/ >, ax of the training examples, which leads to
generalization bounds independent of 7. We come back to this question with
PAC-Bayesian tools in Section 15.6.
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Figure 98: AdaBoost with decision stumps on the two-moons dataset (m = 300 training ex-
amples). Left (logarithmic scale): the training error is always below the empirical exponential
loss [[, Z¢ = % > e~ vilr(xi) itself below the bound of Proposition 10.3 with v = % — &;; the
training error reaches 0 in less than 100 rounds (and then disappears from the plot), whereas the
test error stabilizes. Right: the weighted errors €; of the stumps increase, because the examples
that are still misclassified are the hardest ones, but they remain below 1/2. [code:
make_figures_ch09.py: fig_adaboost_bound]

Pitfall: AdaBoost and label noise The weight of a misclassified example is
multiplied by e* > 1 at each round. A mislabeled example, which the weak
learners consistently “misclassify”, thus sees its weight grow exponentially, and
AdaBoost ends up spending most of its effort on outliers. This is a direct con-
sequence of the exponential loss, which penalizes large negative margins much
more than the logistic loss does. On noisy data, prefer gradient boosting with
the logistic loss, early stopping, or a small learning rate (Section 10.3).

We did not explain earlier where the expression of oy comes from, but the answer
lies in the previous proof. Indeed, a; is chosen to minimize the upper bound [[; Z; of
the empirical error. Thus, it is chosen to minimize the function:

p:ra— (1 —¢g)exp(—a) + g exp(a).

This function is (strictly) convex as a positive combination of two (strictly) convex
functions. So it reaches its minimum at a single value ay, which satisfies the first-order
optimality condition (Euler’s equation):

¢ (o) = 0,
—(1 — &) exp(—ay) +erexp(a) = 0,
(1 —et)exp(—o) = erexploy),
]_ _
€t _ exp(2ay),
&t
n(152)
o = — 1n .
t 2 Et

Note also that the analysis extends to base hypotheses h; taking real values in
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the range [—1,+1]: in this case, ¢; is replaced by % (1 —>my wl(t)y,;ht(xi)>, and the
expression of Z; becomes an upper bound obtained by convexity of the exponential.

Link with gradient descent We can draw a link between AdaBoost and a gradient
descent algorithm called coordinate descent: we just have to change our point of view
on the algorithm.

Let us consider a (finite) family of base classifiers hy, ha, ..., hy and a function
fa which depends on a vector a € RN and is defined by

N
fa =Y aihy.
=1

Let us also consider a set of m labeled examples S = {(x;,¥:)};-;. We aim to
solve the following optimization problem:

N
min F(a) = min —Zexp —vyifa(xi)) = min —Zexp (—yiz:alhl(xi)).
=1

acRN acRN M acRN m

We see that the objective function F' is exactly the upper bound of the empirical
risk of sign(fo) used in the proof above. F'is also a convex function of «, as a sum of
convex functions.

The idea of coordinate descent is to update only one coordinate of the vector we
are looking for at each iteration of the descent. More precisely, starting from a vector

aF=1) at a given iteration k of the descent,
f— k—1) (k-1 k—1 k—1
o) = (ol oD, oD, o),

we change only one coordinate of this vector, say the [-th one, to get the new
vector a'®) | so that

Vi # 1, ozg-k) = agkfl) and ozl(k) = al(kfl) +p, e a®) = =1 4 per,
where p is a step size and e; is the [-th vector of the canonical basis, i.e. the
direction (or coordinate) that is updated.

Let us consider the function gj defined at iteration k by g = v, al(k)hl. Then,
the coordinate descent update coincides with the update gr = gx—1 + ph;. Thus, since
both algorithms start with gy = 0, to show that AdaBoost coincides with coordinate
descent applied to F', it suffices to show that, at every iteration k, coordinate descent
selects the same base classifier and the same step p as AdaBoost, assuming that the
weak learner of AdaBoost returns the classifier of the family with the smallest weighted
error.

We assume by induction that this holds up to iteration & — 1, which implies the
equality gr—1 = fx—1 (the function f built by AdaBoost after £ — 1 rounds), and we
show that it also holds at iteration k.
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At each iteration k, we select the steepest descent direction, that is, the direction e;
along which the directional derivative of the objective function F' is the most negative,
and we select the best step along that direction, that is, we choose p to minimize
F(a®D + pey).

We first need to introduce quantities similar to those of the boosting algorithm.

(k)

We denote by ;" the weight of the i-th example at iteration k:

k—1
,J)(k) _ exp (_yz Z{il al( )hl(Xz)) _ exp (_ylgk—l(xz))

Zy, Zy,

where Z, = Y™, exp (—yigr—_1(x;)) is a normalization factor, such that the
weights sum to 1. Since gr_1 = fr_1, the relation obtained in the proof of Proposi-
tion 10.3 shows that w*) = w(®),

We also define the weighted error of a base classifier h; with respect to the distri-
bution w*) as:

m

~(k
El( ) = . E(k) {yzhl Xz <0}:| Z {yzhl Xi <0}
I~W i=1

The directional derivative of F' at a*~1) along e; is denoted by F’(a(k_l),el) and
defined by

(a1, e) = im 11O 0+ pe) = Flal7T)
p—0 p

. _ 1 .
Since F(at~) 4 pe;) = D=1 €XP <—Z/v: PO a(k Dhj(x) - pyihl(xi))a the di-

rectional derivative can be expressed as:

1 m
FlaD e) = — Ezyihl(xi)e}(p ( yzza(k Y (%) ) ;

1 & ~
= - — Zyihl(xi)@,(k)zky
mi3

- = é UN)z(k) - Z wz(k)] )

_i:yihl(xi)zl i:yihl(xi):—l

_Ze k) Ak
= - 1 fl g ],
(k Zy,

(k)

The steepest descent direction is therefore the one that minimizes &"'. So the
base classifier h; selected at iteration k is the one with the smallest weighted error on
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the sample S with respect to the distribution W(¥) = w(¥). This is exactly the choice
made by AdaBoost at the k-th round.

It remains to see how the step size is computed along the chosen direction e;. The
step size p is the solution of the following convex optimization problem:

min F(a*V + pe;).
min F( per)
To minimize this quantity, it is enough to look for the value of p at which its
derivative vanishes:

d
d—pF(a(kfl)—i-pel) = 0,

1 & S
m > yihu(xi) exp (—yi Zaﬁ-k Dhy(xi) — pyihl(xi)) = 0,
i=1 j=1

> yihu(xi) @™ Zy, exp (—pyilu(xi)) = 0,
=1

> yilu(x) exp (—pyihu(xi)) = 0,
=1

(1—&")exp(—p) — & exp(p) = 0,

1. (1-&®
p = —In|————|.
2 (é,"“))

This proves that the step size chosen by coordinate descent coincides with the
weight oy assigned by AdaBoost to the classifier chosen at the k-th round. Thus, coor-
dinate descent applied to the exponential objective F' coincides exactly with AdaBoost,
and F' can be viewed as the objective function that AdaBoost seeks to minimize.

10.2.3 Stacking

Stacked generalization, or stacking Wolpert (1992); Dzeroski and Zenko (2004), is an-
other ensemble method, which works rather differently from bagging and boosting.
Although the idea is still to combine models in order to improve performance, stacking
learns a meta-model on top of several sub-models.

The aim of this ensemble method is to learn how different models, with different
predictive capabilities, can be optimally combined. It differs from the two previous pro-
cedures in two ways: (i) the models can all be different (for instance, we can combine an
SVM with a decision tree) and they are learned using the same dataset; (i7) the weights
of the models are not learned iteratively. All the models are learned independently, and
a meta-model is then used to learn the optimal way to combine the base learners.

Its architecture involves at least two different learners, and the procedure consists
of two steps:

1. learn a set of base learners on the training data;
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2. use the predictions made by each base learner as new features for the meta-model,
which then learns a good combination of these predictions.

As the reader may have noticed, while each sub-model h; works with the initial
features x, the meta-model works with the predictions of the sub-models, i.e. the
features of the meta-model are (h1(x), ho(x),...,hr(x)). Note that we do not specify
the output of hs: it can be a real value, a binary output, a probability, etc.

At first glance, it seems rather simple to learn this ensemble model: all we have
to do is train our sub-models on the training data and then reuse these data to learn
our meta-model. However, this method is not the best in terms of generalization per-
formance. Indeed, by using the same data to learn our sub-models and our meta-model,
we increase the risk of over-fitting: the meta-model would learn to trust the sub-models
that best memorize the training data. As a result, the data we give to the meta-model
should not be the data used to learn the sub-models, but rather data used to validate
them, i.e. a held-out validation set, resulting in a training-validation procedure.

We can go a little further and learn what is called a Super Learner Van der
Laan et al. (2007), which can be seen as a generalization of stacking relying on a k-fold
cross-validation procedure, as depicted in Figure 99.'®

1. split S 2. train each base learner

into k folds on k — 1 folds
11
2
& _ 3. predict the held-out fold
LK out-of-fold predictions Z 4. fit the meta-model
- hi|ha| - [hr on (Z,y)
% ; ; ; ; meta-model
@ b [k |- [ | Sy A mEs)
S -
Lk k| k| K|k

no
&
E
5]
H
|

>
~

‘ super learner
m - ‘m(hl(x),...,hT(x);,B)

0. re-train each base learner on the whole sample S

5. final predictor

Figure 99: The Super Learner: stacking with a k-fold cross-validation procedure. Each base
learner hqy,...,hr is trained k times, each time on k — 1 folds, and predicts the held-out fold
(shaded). These out-of-fold predictions form a new design matrix Z, on which the meta-model
m(z; B) is fitted. The final predictor combines, with the learned parameters ﬁ , the base learners
re-trained on the whole sample.

The procedure can be described as follows:

1. Split the training data into k folds (as in a k-fold cross-validation procedure).

8This figure is adapted from slide 17 of the Super Learner course of the van der Laan lab.
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2. Train each base learner on k—1 folds and compute its predictions on the remaining
fold.

3. Repeat the previous step, changing the validation fold each time, until every fold
has been used as the validation fold. Every training example then has a prediction
from each base learner, made by a model that has not seen it: these out-of-fold
predictions form the new representation of the data.

4. Use this new representation of the data to learn the parameters of the meta-model
(the base learners are then usually re-trained on the whole training set).

5. Evaluate the performance of the whole model on the test data.

A legitimate question concerns the classic cross-validation procedure. How can we
use our data not only to learn our model, but also to ensure that we have the best base
learners, and therefore a good ensemble model? How can we tune the hyper-parameters
of our base learners? Is this really necessary?

We leave these questions open, so that the reader can draw on the previous ex-
planations to discuss possible answers (see also Section 11). We end our presentation of
ensemble methods with the one that is certainly the best known and most widely used
in industrial practice: gradient boosting.

10.3 Gradient Boosting

The AdaBoost algorithm (see Section 10.2.2) is based on the exponential loss. However,
this loss is not suited to all settings, and it is sometimes better to use other losses,
depending on the model we want to learn or on the application. This motivation leads
us to a more general boosting algorithm, gradient boosting Friedman (2001).

Generalities Unlike the AdaBoost algorithm Freund and Schapire (1999), as usually
presented, gradient boosting performs an optimization in the function space rather than
in the parameter space. At each iteration, a weak learner h; is learned using the residuals
(or errors) of the linear combination of the previous models. The linear combination H;
at iteration ¢ is defined as follows:

Ht = Ht—l + Oétht, (101)

where H; 1 is the linear combination of the first ¢ — 1 models and a4 is the weight
given to the t-th weak learner. The weak learners are trained on the pseudo-residuals
r; of the current model. These pseudo-residuals are given by the negative gradient —g;
of the loss function ¢ with respect to the current prediction H;_;(x;):

Ol(y;, Hy—q (Xz))]

ri = —ge(Xi) = — [ OH;—1(x;)

Once the pseudo-residuals r; are computed, the following optimization problem is
solved:

(h¢, o) = arg min Z(rl — ah(x;))?.
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Finally, the update rule (10.1) is applied. In practice, the weight o is often refined
by a line search on the loss £ itself, as in Algorithm 9, and multiplied by a small learning
rate (or shrinkage) v € (0, 1] to reduce over-fitting.

In a nutshell Think of a golfer who does not reach the hole in one shot: each new
stroke starts from where the ball stopped, and aims at the remaining distance.
With the squared loss %(y — H)?, the pseudo-residuals are exactly the residuals
y; — Hi—1(x;): each new weak learner is trained to predict what the current model
still gets wrong, and is added to it. Figure 100 shows the first three rounds on a
one-dimensional regression problem, with decision stumps as weak learners. For
other losses, the pseudo-residuals are “generalized residuals”: they indicate in
which direction, and how strongly, the prediction at each training point should
move to decrease the loss.

round t=1 round ¢t =2 round t=3
—
3 (H
O
g
o
=]
I
Il
)
I}
el
i)
<
S
o
o
wn
D
—

--- H | =—— H; e residualsy;, — H;, (v;) = stump h,

Figure 100: Gradient boosting with the squared loss and decision stumps on a 1D regression
problem (Hj is the mean of the y;, v = 1). Top: the model before (H;_1, dashed) and after (Hy,
solid) round ¢. Bottom: the residuals of H;_; and the stump h; fitted to them by least squares.
For the squared loss, the line search gives a; = 1, so that H; = H;_1 + hy; the residuals shrink
from one round to the next and the model gets progressively closer to the data. [code:
make_figures_ch09.py: fig_gb_residuals]

This algorithm was first developed for classification and regression trees, and most
of the work and libraries, such as XGBoost Chen and Guestrin (2016), use decision
trees as weak learners. To be weak learners, these trees are mainly decision stumps or
trees with a small depth. Unlike AdaBoost, gradient boosting makes it possible to use
custom losses. The procedure is summarized in Algorithm 9, where the weak learners
ha, are parameterized by a vector a.

Ezxample 10.2. Let us compute the pseudo-residuals for two different losses £: the squared
loss for a regression task, and the logistic loss for a classification task.

o Using the squared loss /(y, H) = (y — H)?, the pseudo-residuals are defined by:
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Algorithm 9: Gradient Boosting Friedman (2001)

Inputs : Training set S = {(x;, y;)};~,, number of models T', a loss ¢
Output: a model Hy = Hy + Zthl aiha,
Initial hypothesis: Hy(x) = arg min > ;" (v, p) for all x;

[uny

pER
2 fort=11t T do
ol(y;, Hy_1(x;
3 compute the pseudo-residuals: §; = — (i, Hy 1(XZ)), Vi=1,...,m;
8Ht,1(xi)
4 fit the pseudo-residuals to learn the new hypothesis:

a; = arg min 3% (J; — ha(x;))?
a
5 learn the weight of the hypothesis ha,:
oy = arg min 3% L(yi, Hi-1(xi) + aha, (x4));
a€Rt
6 update: Hy = Hi—1 + atha,;

_ Oly, Hia (%))
8Ht_1<X)
Oy — Hia(x))”

8Ht,1(x) ’
= 2y — Hy_1(x)).

I

The pseudo-residual is just twice the difference between the true value and the
predicted value, i.e. (up to the factor 2) the usual residual (remember that this
loss is mainly used in the regression setting).

« Using the logistic loss ¢(y, H) = In (1 +exp (—2yH)) for classification with la-
bels y € {—1,+1} (this is the convention used in Friedman (2001)), the pseudo-
residuals are defined by:

0y, Hy(x))

OHy—1(x)
_ Oln (1 + exp (—2yH;—1(x)))
0H;_1(x) ’

2yexp (—2yH;—1(x))

1+ exp(—2yH;—1(x))’
2y

1+ exp (2yH;1(x))

Note that the pseudo-residual vanishes when yH; 1(x) is large, i.e. when the
example is already correctly classified with a large margin.

This is not the most commonly used version of this loss. Since H;_1(x) is a real
value, we rather pass this output through the logistic function in order to obtain
the probability of belonging to the positive class, and use labels y € {0,1}. In
such a case, the pseudo-residuals are given by:
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Algorithm 10: Gradient boosting seen as a steepest gradient descent in func-
tion space Friedman (2001)

Inputs : Training set S = {(x;,;)};~,, number of models T', a loss ¢
Output: a model Hy = Hy + Zle atha,
1 Initialization: Hp(x) = arg min > %, ¢(y;, p) for all x;
pER

2 fort=1toT do

_ O0lyis Hia(xi))
OH;—1(x;)

4 Learn a model that approximates this direction:

a = arg min S (5 — ha(x0))

5 Find the optimal step for ha,: oy = arg min > 1" 0(yi, Hi—1(x;) + aha, (%;));

3 Compute the negative gradient: §; =

acRt
6 | Update: Hy = Hi1 + atha;
__ 0ly, Hi-1(x))
v OH,_1(x)
_ O[yln(o(Hi1(x) — (A —y)In (1 —o(H1(x)))]
OH;—1(x) ’

=y —o(Hi1(x)),

where o denotes the logistic function o(z) = (14 ¢®)"'. The pseudo-residual is
then the difference between the label and the predicted probability.

We can also draw a parallel between the gradient boosting algorithm and a gradi-
ent descent algorithm. This is quite natural, since the algorithm involves the gradient
of the loss. Here, the parallel can be drawn with the steepest gradient descent with
an optimal step size (computed by a line search), as shown in Algorithm 10: gradient
boosting is a gradient descent in the space of functions, in which the gradient, only
known at the training points, is approximated by a weak learner.

Note that gradient boosting, in its original presentation, uses the mean squared
error in the step that fits the pseudo-residuals. However, we can choose any loss function
we want to optimize, such as the exponential loss for classification tasks. Furthermore,
the reader has to be careful: the loss ¢ we aim to optimize is the one used both to
compute the pseudo-residuals and to find the weights of the base learners, whereas the
squared loss is only used to fit the pseudo-residuals.

Regularization of gradient boosting Unlike bagging, boosting can over-fit when
the number of weak learners T grows: each round decreases the training loss, and
nothing prevents the model from eventually fitting the noise. The two main levers to
control this are the number of rounds 7', chosen by early stopping on a validation set,
and the learning rate v, which replaces the update by Hy = H;—1 + v ahy. Figure 101
shows their interplay: a smaller v requires more rounds, but leads to a better minimum
of the test error.
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Figure 101: Effect of the learning rate v in gradient boosting (squared loss, trees of depth
3, make_friedmanl regression problem with 200 training examples). Left: the training error
always goes to 0, all the faster as v is large. Right: the test error reaches a minimum (dots)
and then slightly increases or stagnates; with ¥ = 1 the model quickly over-fits, whereas smaller
values of v reach a lower test error, at the price of more trees. [code: make_figures_ch09.py:
fig_gb_shrinkage|

Remark : gradient boosting in practice Small steps generalize better: a
value v € [0.01,0.1] combined with early stopping is a robust default Friedman
(2001), and v and T should be tuned together. Friedman also showed that fit-
ting each weak learner on a random subsample of the data (typically half of it),
as in bagging, both speeds up the algorithm and improves its accuracy: this
is stochastic gradient boosting Friedman (2002). Modern libraries such as XG-
Boost Chen and Guestrin (2016), presented below, Light GBM Ke et al. (2017)
and CatBoost Prokhorenkova et al. (2018) add many algorithmic improvements
(histograms of the features, sparsity handling, efficient treatment of categorical
features, etc.). On tabular data, these tree ensembles remain, to this day, very
hard to beat, even by deep neural networks Grinsztajn et al. (2022).

Presentation of XGBoost We finish this presentation of boosting by going back to
decision trees and presenting XGBoost Chen and Guestrin (2016), a powerful and very
fast tree-based boosting algorithm. We first explain how the weights of the leaves are
computed, and then we explain the splitting criterion that is used. The main strength
of this algorithm is that it can be used to optimize a risk based on any loss function,
provided that this loss function is twice differentiable.

From now on, we consider a twice differentiable loss function ¢ and the following
optimization problem:

min > (yi, §:) + Qf1.-- -, fr), (10.2)

frofr

where §; = Zthl fi(x;), T is the number of models and the f; are the base
learners (trees). The term Q(f1,..., fr) = ZtT:1 (ﬂﬁt + % Zf;l(ft(j))Q) is composed
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of two regularization terms, used to control the number of leaves £; of each tree and
the weight ft(] ) of each leaf j of the t-th tree.

Recall that the models are learned in an additive manner, so let us denote by
gjgt*l) the value predicted by the first ¢t — 1 trees, i.e. y(t D _ ts 11 s(xi) = Hi—1(x;).

)

Let us now have a look at the tree f; learned at iteration ¢ of our algorithm. For
this purpose, we rewrite the objective (10.2) and aim to minimize, with respect to fi,
the quantity R; defined as:

m Ly )
= >ty 6+ k) + AL+ YOV (10.3)
i=1 j=1

In practice, the authors of Chen and Guestrin (2016) only consider a second-order
approximation of the function they aim to optimize. This second-order approximation
is taken with respect to the value predicted at the previous iteration, i.e. gjgt_l) . Recall
that, for any function u which is twice differentiable on an open set, we have, for any x
and any small e:

w(z +¢) ~u(z) +u'(v)e + %u”(x)eQ.

We respectively denote by g(x;) and h(x;) the first- and second-order derivatives
of the function £(y;, ) taken at gjgt_l). We can then approximate (10.3) as follows:

m Ly .
=3[t + gt + ] + 88+ 53U (10
=1 =1

Remember that we aim to learn the function f;, 7.e. the values (ft(j))jzl,...,ﬁt of
its leaves once the structure of the tree is fixed. Let us consider a leaf j and denote by
I; the set of indices i such that x; falls into the leaf j, so that ft(xz) = (j ) foralli € T -
Since the first term of (10.4) does not depend on f;, the value ft shall minimize the
following quantity V; for a given index j:

(Z Q(Xi)) 9+ ()\ + > h(x ) 2, (10.5)

iEI]‘ ZEI

This function is convex when A +37;c; h(x;) > 0 (since A > 0, this is the case as
soon as the loss function ¢ is convex, so that h(x;) > 0, and A > 0), and its minimum is
then given by the solution of Euler’s equation, i.e. the value ft(] ) at which the derivative
vanishes. This solution is given by:

; Yier, 9(xi)
) _ . 1€l
ft] — Zie[j h(xl) T )\ (106)
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Ezample 10.3. Let us come back to our previous example, where we considered the
squared loss and the logistic loss, and let us compute the weights of the leaves for these

two losses.

1
—(y — g(f—l))Q, the gradient g with respect

For the squared loss /(y, g)(t_l)) =5

to the prediction is

o

= (93)(t_1) (y7 ﬁ(t_l)) = Q(t_l) - Y,

g
and the second-order derivative h with respect to the prediction is

826 A(tfl)

hzm(y,y

) =1
So the optimal value of a leaf ft(j ) is:

Sier 0x)  Sier i — 9 Y)

£9 2 _
Yier, h(xi) + A A+ |1

Thus, when learning the first tree, with Qi(o) =0 for all 4 and A = 0, we find that
the optimal score of a leaf is equal to the average of the target values of the instances in
the leaf. For subsequent iterations, the optimal score of each leaf becomes the average

of the residuals (shrunk towards 0 when A > 0).

For the logistic loss ((y,7~V) = — (yIn(p(5*~1)) + (1 - y) In(1 - p(5~V))),
where y € {0,1} and p is the logistic function, the gradient g with respect to the
prediction is

o
CTIGeY

g (y, 7)) = p(=V) —y,

and the second-order derivative h with respect to the prediction is

826 A(tfl)

hzm(y,y

) =p(@" )1 - pE" V).
So the optimal value of a leaf ft(j ) is:

~(t—1
G _ e 90xi) Yier; (Z/z — (3! )))
t = Ai - '
Lier, Mxa) 2 A5, p(3 ) (1 — (g 1)))

233 - Statistical Supervised Machine Learning



Splitting criterion Let us now focus on the splitting criterion. Once the optimal
weight (10.6) of each leaf is found, we can compute the optimal value V7 of the objective
by plugging it into (10.5). We get:

" Eielj g(x;) 1 Eielj 9(x;) ?
Vi= - (Z g(xz')) Soer, () + A +3 ()\-i- > h(Xi)> <—Zi61j h(xi) + A) :

icl; =

_ (Zielj g(Xi)>2 N <Zi€,jg(xi)>2

1
Yier, h(xi) + A 23 5cp h(x) + A
2
1 (Sier, 9(x1))
23 ier, h(xi) + A

This formula is used to measure the quality of a leaf (the lower, the better). It
can be seen as a generalization of impurity measures, such as the Gini impurity, to any
loss function. Using this measure, the authors define their splitting criterion, i.e. the
gain associated with the split of a leaf into a left and a right child, as follows:

Gain = L (ZiEIL g(Xi))Q + <ZZEIR g(xi)>2 - Cier 9(x7))”
2| Xier Mxi) + A Eier h(xi) + A Xierhixi) + A

_57

where I = Iy U Ir is the set of examples of the leaf before the split, and the
parameter § penalizes the creation of an additional leaf. The split with the largest gain
is selected, and a leaf is not split if no split has a positive gain.

10.4 Metric Learning

All the algorithms presented so far rely, explicitly or implicitly, on a way to compare
examples. The k-nearest neighbors algorithm (Section 8) predicts the label of a new
point from the labels of its closest training examples, the k-means algorithm groups
points that are close to each other, and kernel methods such as SVMs rely on a similarity
function between examples. In all these cases, the performance of the algorithm crucially
depends on the representation of the data and on the distance used to compare them.
Most of the time, this distance is the Euclidean one, chosen by default, even though
nothing guarantees that it is adapted to the task at hand.

Learning a good representation of the data is one of the key ingredients of mod-
ern machine learning: this is precisely what the hidden layers of neural networks do
(Section 9). Metric learning addresses this question from a different angle: instead of
learning a model on a fixed representation, it learns, from the data, the distance (or the
similarity) used to compare the examples, in such a way that examples that should be
considered as similar (e.g. examples of the same class) are close, while examples that
should be considered as dissimilar are far apart. This section is largely inspired by the
survey of Bellet, Habrard and Sebban Bellet et al. (2013), see also their book Bellet
et al. (2015); we restrict ourselves to the most classical family of learned metrics, the
Mahalanobis distances, and we will not go further than the LMNN algorithm.
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10.4.1 Why Learn a Metric?
Let us recall what a distance is.

Definition 10.4: Distance and pseudo-distance

A distance (or metric) on a set X is a function d : X x X — R™ such that, for all
x,x, x" e X:

1. dx,x') =0 <= x=% (separation)
2. d(x,x") = d(x/,x) (symmetry)
3. d(x,x") <d(x,x') + d(x/,x") (triangle inequality)

A function satisfying these properties, except that the separation property is weak-
ened into d(x,x) = 0 (two distinct points may be at distance 0), is called a pseudo-

distance.
. J

The Euclidean distance da(x,x’) = ||x — x'||2 gives the same importance to all
the features and ignores their correlations. This causes at least three kinds of problems,
which we have already met when we studied the k-NN algorithm:

o scale: a feature taking large values (e.g. an income in euros) dominates a feature
taking small values (e.g. a height in meters), whatever their relevance for the task;

e relevance: non-informative, noisy features contribute to the distance as much as
the informative ones, so that the nearest neighbors of a point may be determined
by noise;

e correlations: two strongly correlated features count twice the same information.

Standardizing the features (Section 11) solves the first problem, but not the other
two, since it does not use the labels. The idea of metric learning is to use the supervision
to reshape the space, as illustrated in Figure 103 below: after learning, the neighbors of
each point should mostly belong to its class, which directly improves the k-NN classifier.

10.4.2 Mahalanobis Distances

The most studied family of learned metrics is the family of (generalized) Mahalanobis
distances. In what follows, Si denotes the cone of symmetric positive semi-definite
(PSD) matrices of size d x d, and we write M = 0 for M € S¢.

Definition 10.5: Mahalanobis distance

Let M € Sff_. The Mahalanobis distance associated with M is defined, for all
x,x’ € R?, by

dv(x,x") = \/(x —x)TM(x — x/).

A few remarks are in order:

e when M =1, we recover the Euclidean distance;
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« when M is diagonal, d3;(x,x’) = 2?21 Mjj(zj —

tures; standardizing the data amounts to choosing M;; = 1/s
standard deviation of the j-th feature;

)2 simply re-weights the fea-

2 .
7, where s; is the

e when M = X! is the inverse of the covariance matrix of the data, we obtain the

distance originally introduced by P. C. Mahalanobis, which takes the correlations
between the features into account;

e a general matrix M both re-weights the features and takes their correlations into
account.

The PSD assumption is essential: it ensures that (x —x’) T M(x —x’) > 0, so that
the square root is well defined, and it makes dys a pseudo-distance. When M is positive
definite, dyp is a distance; when M is only PSD, two distinct points x and x’ such that
x — x' belongs to the kernel of M are at distance 0, which can be useful to discard
irrelevant directions of the space. The following proposition gives a very convenient
interpretation of Mahalanobis distances.

Proposition 10.4: Mahalanobis distances are Euclidean distances after a

linear map

Let M be a symmetric matrix of size d X d. Then M > 0 if and only if there exists
a matrix L € R™*?, with > rank(M), such that M = L"L. In this case, for all
x,x' € RY,

dy(x,x") = ||Lx — Lx/||2.

Proof. If M = LTL, then M is symmetric and, for any z € R z'Mz =z 'L Lz =
|Lz||3 > 0, so M = 0. Conversely, if M = 0, the spectral theorem gives M = UAUT,
where U is orthogonal and A = diag(\1, ..., Aq) with A;; > 0. Setting L = A/2UT gives
L'L = UAY2AY2UT = M, removing the rows of L associated with zero eigenvalues
gives a matrix with 7 = rank(M) rows. Finally, with z = x — x/, we have d3;(x,x’) =
z' L'Lz = | Lx — Lx'||3. O

In other words, learning a Mahalanobis distance is equivalent to learning
a linear transformation x — Lx of the data and using the Fuclidean distance in the
new space. If M has a low rank r < d, this transformation also performs a (supervised)
dimensionality reduction. Geometrically, the unit ball {x : dy(x,0) < 1} is an ellipsoid
whose axes are given by the eigenvectors uy of M, with semi-axis lengths 1/y/Ax (see
Figure 102).

Ezample 10.4. Let us consider M = <? ;), whose eigenvalues are A\; = 3, associated
with u; = %(1, 1)T, and Ay = 1, associated with uy = %(1,—1)1—. Hence M > 0 (it

is even positive definite).
e Forx=(1,0)" andx' = (0,1)", x—x' = (1, 1) " and d3;(x,x') = 2—1-1+2 = 2:
the distance is equal to the Euclidean one, v/2, because x — x’ is along us.

e Forx = (1,1)" and x' = (0,0)7, d3;(x,x') =2+ 1+1+2 =6, so du(x,x) =
V6 = /3 x /2: distances along u; are stretched by a factor /A = /3.
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A possible choice of linear map is L = AY/2UT =

<\/§ \/§>, and one can check

1 -1
that LTL = M.
T2 T2

2 1
M =1 M= <1 2)

(\ e
X1 x1

\\ ]

Figure 102: Unit balls {x : dm(x,0) < 1} of the Euclidean distance (left) and of the Mahalanobis
distance of the example above (right). The ellipse is oriented along the eigenvectors of M, with
semi-axes 1/y/Ar: the directions associated with large eigenvalues are the ones along which
distances are stretched.

Why does it help k-NN and k-means? Since dv(x, x') = |[|[Lx—Lx/||2, running the
k-NN algorithm with dyg is the same as running the usual (Euclidean) k-NN algorithm
on the transformed data Lxi,...,Lx,,. If L stretches the directions that discriminate
the classes and shrinks the irrelevant ones, the neighborhood of a point contains more
examples of its own class, and the majority vote is more often correct. Similarly, the k-
means algorithm with dpg builds Voronoi cells that are no longer balls but ellipsoids, and
can thus recover elongated or correlated clusters: it was precisely to improve clustering
with side information that one of the first metric learning algorithms was proposed Xing
et al. (2002).

10.4.3 Learning a Metric from Side Information

To learn M, we need some supervision telling us which examples should be close and
which ones should be far apart. This supervision generally takes one of the following
forms Bellet et al. (2013):

« must-link (or similarity) constraints: a set S of pairs (x;,x;) such that x; and
x; should be similar;

 cannot-link (or dissimilarity) constraints: a set D of pairs (x;,x;) such that x;
and x; should be dissimilar;

« relative (or triplet) constraints: a set R of triplets (x;, X;, X)) such that x; should
be more similar to x; than to x.

We follow here the notation of Bellet et al. (2013): in this section only, D and R
denote sets of constraints, and not the data distribution and the risk.

In supervised classification, these constraints are directly derived from the labels:
two examples of the same class form a must-link pair, two examples of different classes
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form a cannot-link pair, and a triplet (x;,x;,x;) with y; = y; # y forms a relative
constraint. Such constraints are also available in weakly supervised settings where labels
are unknown, e.g. when a user tells us that two images are “alike”. Metric learning then
consists in solving a problem of the form

min L(M,S,D,R) + AQ(M),
MesSt

where the loss £ penalizes the violated constraints and (2 is a regularizer (e.g.
|IM||%, or the trace of M to favor low-rank solutions). A key observation is that the
squared distance is linear in M:

d%/[(xi,xj) = (Xi - Xj)TM(XZ‘ - Xj) =Tr (MCU) 5 with Cij = (Xi - Xj)(Xi - Xj)T.

Hence, constraints on squared distances are linear constraints on M and, together
with the convex constraint M > 0, they often lead to convex optimization problems.
Let us briefly present two classical algorithms.

MMC Xing et al. (2002) The first Mahalanobis metric learning method, sometimes
called MMC, brings the similar pairs together while keeping the dissimilar pairs apart:

min Z djp(xi, x;) st Z dm(xi,x5) > 1.
Mesg (xi,x5)€S (xi,x5)€D

The constraint prevents the trivial solution M = 0 (using dpr rather than di; in the
constraint avoids solutions of rank one). The problem is convex, and it is solved by a
projected gradient method which requires an eigenvalue decomposition at each iteration,
which becomes costly in high dimension. Note that MMC tries to bring all the similar
pairs together, which is a strong requirement when a class is made of several separated
groups.

ITML Davis et al. (2007) Information-Theoretic Metric Learning regularizes the
learned matrix towards a prior matrix My (e.g. the identity):

min Dig(M, M) s.t. digp(xi, %) <u V(xi,x;) €S,
Mesd

d%\d(xivxj) >1 V(Xivxj) €D,

where u and [ are two thresholds and Dyg(M, Mo) = Tr (MM ") —log det(MM; ') — d
is the LogDet divergence, which is closely related to the Kullback-Leibler divergence
between two Gaussian distributions of covariance matrices M~! and My ! This di-
vergence is finite only for positive definite matrices, so that the iterates automatically
remain in the PSD cone and no projection is needed. The problem is solved with
Bregman projections, and slack variables are added when the constraints cannot all be
satisfied.
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10.4.4 Large Margin Nearest Neighbors (LMNN)

The Large Margin Nearest Neighbors algorithm (LMNN) of Weinberger and Saul Wein-
berger and Saul (2009) is one of the most widely used metric learning algorithms. It is
specifically designed to improve the k-NN classifier, and its key idea is that, to classify
x; correctly, we do not need all the examples of its class to be close to x; (as in MMC):
it is enough that its k£ nearest neighbors belong to its class. The constraints are thus
local.

Target neighbors and impostors Before learning, we associate with each training
example x; a set of k target neighbors: the k nearest examples (for the Euclidean
distance, or using prior knowledge) that share the label of x;. We write j ~» i when x;
is a target neighbor of x;. These target neighbors are fixed once and for all. We would
like the target neighbors of x; to be its nearest neighbors in the learned metric. The
examples that prevent this are the impostors: an impostor of x; is an example x; with
a different label, y; # y;, which lies inside the perimeter defined by the target neighbors
of x; enlarged by a margin, i.e. such that

dg(xi,x;) < dig(xi,%x;) + 1 for some target neighbor j ~ .

The objective function LMNN combines two terms, illustrated in Figure 103. De-
noting y; = 1 if y; = y; and y;; = 0 otherwise:

e a pull term, which brings the target neighbors closer:

eput(M) = " dia (x4, x5);

i=1 ji

¢ a push term, which pushes the impostors out of the perimeter, with a margin of
1, using the hinge loss [u]+ = max(0, u):

push (M) = D7 573 (1= yi) [1+ dia (i, %)) = dja i x0)|

i=1 ji =1
The learned matrix is then the solution of

min (1 — ,u) 5pull(M) + ;Uepush(M)a
Mesd

where 1 € [0, 1] balances the two terms (u = 1/2 usually works well). The unit margin
fixes the scale of M: without it, multiplying M by a small constant would make all
the distances, and thus the pull term, arbitrarily small. The similarity with the soft-
margin SVM (Section 8) is striking, and justifies the name of the algorithm: a hinge
loss enforces a margin, and a second term plays the role of a regularizer.

A semi-definite program Introducing a slack variable §;;; > 0 for each triplet, as
for the soft-margin SVM, and using d3,(x;,x;) = Tr (MC;;), the LMNN problem can
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Figure 103: Principle of LMNN. Left: with the Euclidean distance, several examples of another
class (impostors, red squares) are closer to x; than its target neighbors (blue circles), so that the
k-NN classifier makes an error. The pull term brings the target neighbors closer (blue arrows)
and the push term moves the impostors away (red arrows). Right: in the learned metric, the
target neighbors lie inside the perimeter of x; (dashed circle) and the impostors lie beyond this
perimeter plus a margin (dotted circle).

be rewritten as

ﬁi? (L=m)) > T (MCy) + Y > > (1 —wa) &t
’ i=1 jomi i=1 jrmi =1
s.t. Tr (MC”) — Tr (MCU) 2 1-— gijl, gljl 2 07 Vz, .] ~ ia l: Yil = 07
M > 0.

The objective and the constraints are linear in (M, £), and the variable M is constrained
to belong to the cone of PSD matrices: this is a semi-definite program (SDP), a
convex optimization problem. Consequently, LMNN does not suffer from local minima.
However, generic SDP solvers do not scale well: the number of triplets is of the order
of km? and each iteration of an interior point method is expensive. Weinberger and
Saul therefore proposed a dedicated first-order solver, which exploits the fact that only
a small number of triplets are active (i.e. involve an actual impostor) at a given time.

Projected (sub)gradient descent Let us denote by e(M) = (1 — p)epun(M) +
pepush (M) the objective function. It is convex but not differentiable, because of the
hinge loss. A subgradient of € at M is given by

m

GM)=(1-p)> > Cij+p Y (Ciy—Cy),

i=1j~1 (4,5, €A(M)

where A(M) is the set of active triplets, i.e. the triplets (i, j,1) with j ~ i, y; = 0 and
1+ df;(xi,x;j) — d3g(xi, %) > 0. A gradient step M — nG (M) may leave the cone S%;
we then project it back onto the cone, which is easy thanks to the following result.
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Algorithm 11: LMNN by projected subgradient descent
Inputs : Training set S = {(x;,;)};~,, number of target neighbors k, trade-off

p € [0, 1], step size n > 0, number of iterations T'
Output: A matrix M € Sff_

1 fort=1 tom do

2 find the k target neighbors j ~ i of x;: its k nearest (Euclidean) neighbors
L with label y;;

3 set Mg =1,

4 fort=0toT —1do

5 compute the set A(My) of active triplets (target neighbors violated by an

impostor);
6 compute the subgradient

G(My) = (1= 1) 32 35i Cij + 1 (i jneao) (Cij — Ca);
gradient step: A = M; —n G(M,);
8 | projection: compute A = UAUT and set Myy; = Umax(A,0)U";

9 return My

Proposition 10.5: Projection onto the PSD cone

Let A be a symmetric matrix with eigendecomposition A = UAU", where A =
diag(A1, ..., Ag). Then the projection of A onto S‘i for the Frobenius norm is

I (A) = arg min |[M — Az = Umax(A,0) U,
* Mesd

where max(A,0) = diag(max(A1,0),...,max(Ag,0)), i.e. the negative eigenvalues

are set to 0.
\ y,

Proof. The Frobenius norm is invariant under orthogonal transformations, so ||M —
Al7 = |B — Al|7 with B=U"MU, and B = 0 if and only if M = 0. For any B = 0,
the diagonal entries satisfy B = egBek > 0, hence

d d d
IB=A|%=> (Bix— )+ > Bip > Z (Bik — Ak)? Z n(\g,0)
k=1 —_— =1 k=1
This lower bound is attained by B = max(A,0), which is PSD, i.e. by M =
UmaX(A,O)UT. ]

The resulting procedure is summarized in Algorithm 11. Each iteration requires
an eigenvalue decomposition, whose cost is O(d®): this is affordable for moderate di-
mensions, and a preliminary dimensionality reduction (e.g. with a principal component
analysis) is often applied beforehand. An alternative, used in many implementations,
is to optimize directly over the linear map L of Proposition 10.4: the PSD constraint
then disappears, but the problem is no longer convex in L.

Once M is learned, a new example is classified with the k-NN rule using dng or,
equivalently, with the Euclidean k-NN rule applied to the transformed data Lx. On
many benchmarks, LMNN significantly improves the accuracy of the k-NN classifier
compared with the Euclidean distance Weinberger and Saul (2009).
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Going further We stop our presentation of metric learning here. Let us simply
mention that many other approaches exist, e.g. metric learning with generalization
guarantees, local metric learning, which learns several metrics in different regions of
the space Zantedeschi et al. (2016), or nonlinear metric learning, where the linear map
L is replaced by a neural network trained on pairs or triplets of examples (siamese
networks Bromley et al. (1994); Chopra et al. (2005)). We refer the interested reader to
the survey Bellet et al. (2013) and to the book Bellet et al. (2015) for a comprehensive
overview.

To remember from Section 10

« The expected squared error decomposes into bias? 4 variance + noise; more
generally, the excess risk is the sum of an approximation error and of an
estimation error, the latter being controlled by the Rademacher complexity
of H (Theorem 10.2).

o Averaging T models never increases the squared error, and divides the vari-
ance by T" when the errors are uncorrelated; correlation between the models
limits the gain.

e The three ensemble strategies of this section are compared in the table
below.

e AdaBoost is a coordinate descent on the exponential loss; its training error
is at most exp(—272T) when every weak learner has an edge 7.

e Gradient boosting is a gradient descent in function space: each weak learner
fits the negative gradient (pseudo-residuals) of any differentiable loss; XG-
Boost uses a second-order expansion to compute the leaf values and the
splitting gain. Use a small learning rate and early stopping.

e Stacking learns how to combine models; its meta-model must be trained on
out-of-fold predictions.

o A Mahalanobis distance dyg is a Euclidean distance after the linear map
L, with M = LTL; LMNN learns it with local pull/push constraints to
improve the k-NN classifier.

bagging, random boosting stacking
forests
base learners strong (deep trees) weak (stumps, small any, heterogeneous
trees)
training parallel, bootstrap sequential, reweighting  base models, then
meta-model
mainly reduces  the variance the bias (and the both
variance)
large T no over-fitting over-fitting: early —
stopping

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).
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Back to Statistical Learning Theory

Q10.1. Data follow the model y = f(x)+¢ with Var(e) = 0.25. At a point x, a learned predictor
satisfies E[h(x)] = f(x) + 0.3 and Var(h(x)) = 0.16. What is its expected squared error
at x, and which part of it could a better algorithm remove?

Q10.2. In the decomposition of the excess risk R(h)—R(hy), why can the term Rg(hy)—R(hy)
be controlled by the law of large numbers (or by Hoeffding’s inequality), whereas the term
R(h) — Rs(h) cannot?

Q10.3. Assume that R,,(H) < C/y/m for some constant C. By how much is the gap R(h) —
Rs(h) guaranteed by the first bound of Theorem 10.2 reduced when the sample size is
multiplied by 47

Ensemble Methods

Q10.4. A model has a very small training error and a large test error. Which term of the error
decomposition is large, and which ensemble method would you try first?

Q10.5. What fraction of the distinct examples of S appears, on average, in a bootstrap sample
of size m, when m is large?

Q10.6. Why does a random forest draw a random subset of the features at each node, rather
than just using bootstrap samples?

Q10.7. True or false? “A random forest with 1000 trees over-fits more than the same forest
with 100 trees.”

Ensemble Methods

Q10.8. In AdaBoost, what happens to the weight a; when €; = 1/2? And to the weights of the
examples misclassified by h; when g; < 1/27

Q10.9. The weak learner of AdaBoost returns a classifier hy; with a weighted error ¢, = 0.8. Is
it useless? What does AdaBoost do with it?

Q10.10. Why should the meta-model of a stacking procedure not be trained on the predictions
of the base learners on their own training data?

Gradient Boosting

Q10.11. What are the pseudo-residuals of gradient boosting for the loss %(y — H)?? Does

increasing the number of trees always improve a gradient boosting model?

Q10.12. With the logistic loss and labels y € {0,1}, the pseudo-residual is y — o(H—1(x)).
Compute it for a positive example (y = 1) predicted with probability 0.9, then with
probability 0.1. Which one will the next weak learner focus on?

Q10.13. In XGBoost with the squared loss %(y — )2, a leaf contains three examples whose

residuals y; — Qgtil)

A=1.

are 1, 2 and 3. Compute the value of the leaf for A = 0 and for

Synthesis of the section
Q10.14. Let M = diag(1,0). Is dy a distance on R?? Give a matrix L such that M = LT L.

Q10.15. True or false? “Standardizing the features is enough to make the Euclidean k-NN
classifier insensitive to irrelevant features.”

Q10.16. LMNN can be solved either over the matrix M > 0 or directly over the linear map L,
with M = LTL. What is gained and what is lost in the second case?
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11 Applications and Learning in Practice

The previous sections presented many algorithms together with their theoretical proper-
ties. In practice, however, choosing the “best” algorithm is rarely the most difficult part
of a machine learning project: most of the time is spent understanding the problem,
collecting and cleaning the data, designing a sound evaluation protocol and interpreting
the results. A powerful model evaluated with a flawed protocol is worse than useless,
since it gives a false sense of confidence.

This section is a practical guide to conduct a supervised learning study, from
the formulation of the problem to the report of the results. It gathers advice that
is scattered throughout the literature and that is usually learned the hard way. We
illustrate some of the steps with short pieces of Python code using the scikit-learn
library Pedregosa et al. (2011), but the principles do not depend on the software. As
a running illustration, the reader may think of a fraud detection problem: predicting
whether a banking transaction is fraudulent from its characteristics Dal Pozzolo et al.
(2015); Metzler et al. (2018b).

About this section

In this section you will learn to:

e frame a prediction problem and choose a performance measure before looking at the
results;

o explore and preprocess the data (missing values, categorical features, scaling) with-
out leaking information from the test set;

o split the data according to their structure (stratified, grouped or temporal) and eval-
uate a whole tuning procedure by nested cross-validation;

o handle imbalanced data with adapted measures, resampling, costs and decision

thresholds;

o interpret a model, report its performance with its uncertainty and compare models
with appropriate statistical tests.

11.1 Framing the Problem and Choosing a Metric

Before any computation, the problem must be translated into a well-defined learning
task. This requires answering a few questions with the people who will use the model.

e What exactly do we predict, and for which unit? A transaction, a customer,
a day? Is it a classification task (fraudulent or not) or a regression task (amount
of the loss)? Is the label reliable, and when is it known (a fraud may only be
detected weeks later)?

e Which information is available at prediction time? A feature that is only
known after the event we want to predict must not be used, even if it is present
in the historical database (see Section 11.4).

o What is the cost of the errors? Missing a fraud (a false negative) and blocking
a legitimate transaction (a false positive) do not have the same cost. These costs
determine the performance measure and, as we will see, the decision threshold of
the model.
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e What is a useful level of performance? Comparing the model with the
current solution (e.g. a set of expert rules) or with a trivial model tells us whether
machine learning brings any value.

The choice of the performance measure follows from these answers, and it must
be made before looking at the results, to avoid choosing the measure that makes our
favorite model look good. The classical measures have been presented in Section 7.2:
the accuracy is only meaningful when the classes are balanced and the errors have
similar costs; otherwise, the precision, the recall, the F-measure, the area under the
ROC or precision-recall curves, or an explicit cost are more appropriate. In regression,
the choice between the mean squared error and the mean absolute error depends on
how much large errors should be penalized.

11.2 Collecting and Exploring the Data

Machine learning assumes that the training data are representative of the data the
model will face in production, i.e. that both are drawn from the same distribution
D. This assumption must be questioned from the start: was the sample collected in a
biased way (e.g. only the transactions that were manually checked have a label)? Did
the distribution change over time (new fraud patterns, a new version of a sensor)?

An exploratory data analysis then aims at understanding the data before
modeling them. It typically includes:

o the size of the dataset and the type of each feature (numerical, categorical, ordinal,
date, text), together with a description of what each feature means;

o the distribution of the target: proportion of each class, or histogram of the target
value (a strong imbalance calls for the methods of Section 11.6);

o univariate summaries (mean, median, quantiles, number of distinct values) and
plots of each feature, which reveal errors of encoding, impossible values or strong
asymmetries;

e the proportion and the structure of the missing values, and the presence of dupli-
cated examples;

o the relations between the features (correlation matrix, scatter plots) and between
each feature and the target;

o the temporal or grouped structure of the data (several examples per customer,
per patient, per day), which will matter when splitting the data.

Suspicious findings, such as a feature that predicts the target almost perfectly,
must be investigated: they are more often the sign of a problem (e.g. a leakage) than
of a miracle.

11.3 Preprocessing and Feature Engineering

Most algorithms expect a numerical matrix without missing values. Preprocessing trans-
forms the raw data into such a matrix, and feature engineering tries to build a repre-
sentation in which the task is easier to learn.
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Missing values Removing the examples (or the features) with missing values is the
simplest solution, but it wastes data and may bias the sample when the values are not
missing at random (e.g. people with a high income may be less likely to report it).
The most common alternative is imputation: replacing a missing value by the mean
or the median of the feature (for numerical features), by its most frequent value (for
categorical features), or by a value predicted from the other features (e.g. with a k-NN
or a regression model). Since the fact that a value is missing can itself be informative, it
is often useful to add a binary missingness indicator feature. Note that some algorithms,
such as several implementations of gradient boosting, handle missing values natively.

Categorical features A categorical feature with ¢ modalities is usually encoded with
a one-hot encoding: it is replaced by ¢ binary features, exactly one of which is equal to 1.
Encoding the modalities by integers 1,. .., ¢ is only appropriate for ordinal features (e.g.
a level of education), since it introduces an order and distances between the modalities.
When ¢ is very large (e.g. a zip code or a merchant identifier), one can group the
rare modalities, or use a target encoding, which replaces each modality by the mean
of the target over the examples having this modality; the latter must be computed on
the training data only (and, ideally, out-of-fold), otherwise it leaks the label into the
features.

Scaling Algorithms based on distances (k-NN, k-means, kernel methods), on gradient
descent (neural networks) or on a penalty on the weights (ridge, lasso, SVM) are sensitive
to the scale of the features. Decision trees and their ensembles are not, since their splits
only depend on the order of the values.

Definition 11.1: Standardization

Let {x;}™, be a training sample in R?. The standardization of a feature j trans-
forms any value z; (of a training or a new example) into

A~ m m
= oy — - 1 2 1 A2
Tj=———, where f[;=—) z; and & =—) (xi— [ )
5 > I
are estimated on the training sample only.
A J

The standardized features have zero mean and unit variance on the training set.
Another common choice is the min-maz scaling, which maps each feature to [0, 1] using
its minimum and maximum on the training set. In the vocabulary of Section 10.4,
standardizing the data before a k-NN is the same as using a Mahalanobis distance with
a diagonal matrix M of entries 1/ §?; metric learning goes further by learning M from
the labels.

Outliers Outliers can be detected with simple univariate rules (e.g. a value more
than 1.5 interquartile ranges below the first quartile or above the third quartile) or with
dedicated algorithms Breunig et al. (2000). They should not be removed blindly: an
outlier may be an error of measurement, but it may also be the most interesting example
of the dataset (a fraud is, by nature, an unusual transaction). Robust alternatives
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consist in transforming the feature (e.g. with a logarithm), clipping extreme values, or
using robust estimators (median and interquartile range instead of mean and standard
deviation).

Feature engineering Knowledge of the domain is often the most effective way to
improve a model. Typical transformations include applying a logarithm to a skewed
positive feature (amounts, counts), extracting information from dates (hour, day of the
week, time since the last event), computing ratios or interactions between features, and
aggregating the history of an entity (e.g. the number of transactions of the card in
the last hour, which is known to be very informative for fraud detection). Conversely,
feature selection removes irrelevant or redundant features, which reduces the variance of
the model and its cost. As always, every transformation whose parameters are estimated
from the data must be estimated on the training set only.

11.4 Splitting the Data and Avoiding Leakage

The protocol of Section 7 splits the data into a training set, used to learn and tune the
model (possibly with a cross-validation, see Figure 49), and a test set, used once at the
end to estimate the generalization performance. This protocol is only valid if the test
set mimics new, unseen data. The way the data are split must therefore respect their
structure:

 in classification, the split is usually stratified, so that each set has the same class
proportions (this is essential with imbalanced data);

o when several examples come from the same entity (a customer, a patient), all of
them must belong to the same set (group split), otherwise the model is evaluated
on entities it has already seen;

e when the data are ordered in time and the model will predict the future, the
training set must precede the test set (temporal split); a random split would let
the model use the future to predict the past.

Definition 11.2: Data leakage

There is a data leakage when information that would not be available at prediction

time, in particular information about the test examples or about the target, is used
to train or to select a model Kaufman et al. (2012).

A leakage leads to an optimistic estimate of the performance, which collapses once
the model is deployed. Classical sources of leakage are:

o features that are consequences of the target (e.g. a “refund issued” flag to predict
a fraud, or a treatment to predict a diagnosis);

o preprocessing parameters (means, variances, imputation values, selected features,
target encodings) estimated on the whole dataset before splitting it;

o duplicated (or near-duplicated) examples present in both the training and the test
sets, or a random split of grouped or temporal data;
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o using the test set, even indirectly, to choose the model, the features or the hyper-
parameters.

The simplest way to avoid the second kind of leakage is to gather all the steps of
preprocessing and learning into a single object, a pipeline, which is fitted on the training
data only and then applied, unchanged, to the test data. When a pipeline is evaluated
by cross-validation, the preprocessing is re-fitted on the learning folds at each round, so
that the validation fold never influences it.

from sklearn.pipeline import Pipeline

from sklearn.compose import ColumnTransformer

from sklearn.impute import SimpleImputer

from sklearn.preprocessing import StandardScaler, OneHotEncoder
from sklearn.linear_model import LogisticRegression

from sklearn.model_selection import train_test_split

num = Pipeline([("impute", SimpleImputer(strategy="median")),
("scale", StandardScaler())])
cat = Pipeline([("impute", SimpleImputer(strategy="most_frequent")),

("onehot", OneHotEncoder (handle_unknown="ignore"))])
prep = ColumnTransformer ([("num", num, num_cols),
("cat", cat, cat_cols)])
model = Pipeline([("prep", prep),
("clf", LogisticRegression(max_iter=1000))])

X_train, X_test, y_train, y_test = train_test_split(
X, y, test_size=0.3, stratify=y, random_state=0)

# imputation and scaling are fitted on X_train only

model.fit(X_train, y_train)

print (model.score(X_test, y_test))

11.5 Choosing, Tuning and Comparing Models

Start with baselines Any study should start with baselines: a trivial model (pre-
dicting the majority class, or the mean of the target in regression) and a simple, well-
understood model (a regularized linear or logistic regression, a small decision tree).
They provide a reference: a complex model is only worth its cost if it clearly outper-
forms them. They also help detect bugs, e.g. a model that does not beat the trivial one
on the training set. Then, more flexible models can be tried; for tabular data, ensem-
bles of trees such as random forests and gradient boosting (Sections 10.2.1 and 10.3)
are often very strong candidates.

Diagnosing a model Comparing the training and validation errors tells us in which
regime we are (Section 10): a high training error indicates a large bias (under-fitting),
and calls for a more flexible model or better features; a low training error with a much
higher validation error indicates a large variance (over-fitting), and calls for more data,
more regularization or an ensemble method. Plotting these errors as a function of the

size of the training set (learning curves) tells us whether collecting more data would
help.
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Hyper-parameter search The hyper-parameters are chosen by cross-validation, as
explained in Section 7. The candidate values can be explored in two main ways.

e Grid search evaluates all the combinations of a finite set of values for each hyper-
parameter. Its cost grows exponentially with the number of hyper-parameters.

« Random search evaluates a fixed number of combinations drawn at random from
given distributions (e.g. a log-uniform distribution for a regularization constant).
For the same budget, it is often more efficient than a grid search Bergstra and
Bengio (2012): when only a few hyper-parameters really matter, a grid of n?
points only tests n distinct values of each of them, whereas n? random points test
n? distinct values of each of them.

More sophisticated strategies, such as Bayesian optimization, build a model of the
validation score as a function of the hyper-parameters to choose the next candidates,
and are useful when each evaluation is expensive.

Nested cross-validation A subtle but important point is that the best cross-
validation score obtained during the search is mot an unbiased estimate of the
performance of the selected model: by selecting the maximum of many noisy scores,
we select, in part, the noise Cawley and Talbot (2010); Varma and Simon (2006).

Proposition 11.1: Optimism of the selected score

Let 81,...,5k be unbiased estimates of the true performances si,...,sxg of K
candidate models, i.e. E[3;] = s for all k. Then

E [m’?x §k} > m;;ix S

(& J

Proof. For all k, we have maxy §jr > 8, hence E[maxy 8| > E[8;] = si. Taking the
maximum over k of the right-hand side gives the result. O

The inequality is usually strict, and the bias increases with the number of can-
didates and with the variance of the estimates (small datasets). This is why the final
performance must be measured on data that played no role in the selection: either a
separate test set, or, when data are scarce, a nested cross-validation. In a nested
cross-validation, an outer cross-validation estimates the performance, and, within each
outer training set, an inner cross-validation selects the hyper-parameters (Figure 104).
The outer validation folds are thus never used for the selection.

Note that nested cross-validation evaluates the whole procedure (search included);
the final model is then obtained by running the search on all the data.

from sklearn.model_selection import (GridSearchCV, StratifiedKFold,
cross_val_score)
inner = StratifiedKFold(n_splits=5, shuffle=True, random_state=1)
outer = StratifiedKFold(n_splits=5, shuffle=True, random_state=2)
search = GridSearchCV(model, {"clf__C": [0.01, 0.1, 1, 10, 1001},
cv=inner, scoring="f1")
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Outer loop: estimate the performance Inner loop: choose \

round 1 [T

outer training set

round 2 : for each
round 3 of round 1 candidate \;
round 4
round 5
training folds outer test fold (performance) inner validation fold (selection)

Figure 104: Nested 5 x 4-fold cross-validation. In each outer round, the four blue folds form the
outer training set: an inner 4-fold cross-validation run on them chooses the hyper-parameter
A, a model is refitted on them with this value, and it is scored on the red outer test fold. The
red folds never take part in the selection, so the average of the five outer scores estimates the
performance of the whole procedure (search included).

scores = cross_val_score(search, X_train, y_train, cv=outer,
scoring="f1")
print(scores.mean(), scores.std())

The same reasoning applies to ensembles: the base learners of a stacking model
(Section 10.2.3) can be tuned in an inner loop, while the meta-model is learned on
out-of-fold predictions.

11.6 Learning from Imbalanced Data

In many applications, such as fraud detection, medical diagnosis or anomaly detection,
the class of interest (the positive or minority class) is much rarer than the other one: the
imbalance ratio between the majority and the minority classes can reach 100 or 1000. In
this case, a classifier that always predicts the majority class has an excellent accuracy
but is useless, and most learning algorithms, which minimize a surrogate of the error
rate, tend to neglect the minority class Lopez et al. (2013). Learning from imbalanced
data has been an active research topic for more than twenty years, to which the author
of these notes has contributed Metzler et al. (2018a,b); Viola et al. (2019); Bascol et al.
(2019). The approaches can be grouped into three families.

Adapted performance measures The first step is to use a measure that focuses
on the minority class (Section 7.2): the recall, the precision, the F-measure, the area
under the precision-recall curve, or the balanced accuracy (the mean of the recalls of the
two classes). The area under the ROC curve Metz (1978); Cortes and Mohri (2004) is
insensitive to the imbalance, which can make it over-optimistic when the positive class
is very rare.

Data-level methods: resampling These methods modify the training set to balance
the classes, and can be used with any algorithm Batista et al. (2003). Random under-
sampling removes examples of the majority class; it is fast but discards information.
Random oversampling duplicates examples of the minority class; it keeps all the infor-
mation but tends to over-fit the duplicated points. The SMOTE algorithm Chawla et al.
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(2002) (Synthetic Minority Over-sampling TEchnique) generates instead new synthetic
minority examples: for a minority example x;, it draws one of its k nearest minority
neighbors x,,, and creates

Xnew = Xi + U (Xnn — X;), with u ~U([0,1]),

i.e. a random point on the segment joining x; and X,, (Figure 105). Many variants
exist, focusing on the examples close to the decision boundary (Borderline-SMOTE Han
et al. (2005)) or on the hardest examples (ADASYN He et al. (2008)), or combining
oversampling with the removal of ambiguous pairs of examples (Tomek links Tomek
(1976)); see Fernandez et al. (2018) for a review. These methods are implemented in
the imbalanced-learn library Lemaitre et al. (2017). Resampling can also be combined
with ensemble methods, as in SMOTEBoost Chawla et al. (2003); see Galar et al. (2012)
for a review.

zoom: one synthetic point (k=5) after SMOTE (40 synthetic points)
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Figure 105: The SMOTE algorithm. Left: a synthetic example Xy is drawn at random on the
segment joining a minority example x; (circled) and one of its k = 5 nearest minority neighbors
(dotted segments), here x,,,,. Right: 40 synthetic examples generated in this way; they fill the
region spanned by the minority class, but never leave it. [code: make_figures_ch06.py:
fig_ch10_smote]

Pitfall Resampling must only be applied to the training data (and, within a
cross-validation, only to the learning folds). Oversampling before splitting puts
copies, or interpolations, of the same minority examples in both the training and
the validation sets: this is a leakage, which leads to very optimistic estimates.
The validation and test sets must keep the true class proportions.

from imblearn.pipeline import Pipeline as ImbPipeline

from imblearn.over_sampling import SMOTE

from sklearn.ensemble import RandomForestClassifier

model = ImbPipeline([("prep", prep),
("smote", SMOTE(k_neighbors=5)),
("clf", RandomForestClassifier())])

# the sampler is only applied when fitting (learning folds)
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scores = cross_val_score(model, X_train, y_train, cv=outer,
scoring="f1")

Algorithm-level methods: costs and thresholds Instead of modifying the data,
we can modify the learning algorithm so that errors on the minority class cost more.
This is the principle of cost-sensitive learning Elkan (2001); Lopez et al. (2012). The
following result, which follows directly from the definition of the Bayes classifier, shows
that costs essentially move the decision threshold.

Proposition 11.2: Optimal decision with asymmetric costs Elkan (2001)

Let n(x) =P(Y =1|x), and let cpny > 0 (resp. cpp > 0) be the cost of predicting
0 for a positive example (resp. 1 for a negative example), correct predictions having
no cost. Then the classifier minimizing the expected cost predicts 1 if and only if

Crp

X)) > —.
n(x) 2 CFp + CEN
. J

Proof. At a given x, predicting 1 has an expected cost (1 — n(x)) cpp, while predicting
0 has an expected cost 1(x) cpy. Predicting 1 is optimal if and only if (1 —n(x)) cpp <
n(x) crN, i.e. N(x)(crp + cFN) > crp. O

With equal costs, we recover the usual threshold 1/2. With cpy = 9cpp, a
transaction should be flagged as soon as its probability of being fraudulent exceeds 0.1
(Figure 106).
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Figure 106: Expected cost per example of the classifier “predict 1 if n(x) > t” as a function of
the threshold ¢, for cpp = 1 and three values of cpn (the probabilities n(x) follow a Beta(0.6, 3)
distribution, ¢.e. about 17% of positives). The minimum is reached at t* = cpp/(crp + crn),
as stated by Proposition 11.2: the more costly the false negatives, the lower the threshold.|code:
make_figures_ch06.py: fig_cth_cost_threshold]
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In practice, costs can be taken into account in three ways: by weighting the exam-
ples of each class in the loss function (the class_weight option of many scikit-learn
models), by learning a model that estimates n(x) and then moving the threshold, or
by designing cost-sensitive versions of the algorithms, e.g. of decision trees Ling et al.
(2006); Metzler et al. (2018b) or boosting Fan et al. (1999). Moving the threshold re-
quires reasonably calibrated probabilities; note that resampling distorts the predicted
probabilities, since it changes the class proportions seen during training.

When the target measure is not a cost but, e.g., the F-measure, the optimal
classifier is still a threshold on 7(x), but the optimal threshold depends on the distribu-
tion Koyejo et al. (2014); Narasimhan et al. (2015). The threshold (or, equivalently, the
costs) is then tuned on validation data, and the F-measure can be optimized through
a sequence of cost-sensitive problems Parambath et al. (2014); Bascol et al. (2019). In
all cases, the threshold is a hyper-parameter and must be tuned without using the test
set.

11.7 Interpreting a Model

A model with a good performance is not always sufficient: users, regulators or do-
main experts want to understand why it makes a given decision, and interpretation
tools are also very effective to detect leakages or spurious correlations. We distinguish
global explanations, which describe the behavior of the model as a whole (which fea-
tures matter?), from local explanations, which explain a single prediction (why was this
transaction flagged?).

Interpretable models Some models are interpretable by design: the coefficients
of a linear or logistic regression (provided the features are standardized, so that the
coefficients are comparable), or a small decision tree, whose decision can be read as a
set of rules. For ensembles, the impurity-based importance of the features of a random
forest (Section 10.2.1) gives a first global view, but it is computed on the training data
and it favors features with many possible split values.

Permutation importance A model-agnostic alternative, introduced with random
forests Breiman (2001), consists in measuring how much the performance of the model
degrades when the information carried by a feature is destroyed.

Definition 11.3: Permutation importance

Let h be a trained model, s a performance measure and V' a validation (or test) set.
For a feature j and a random permutation 7 of the examples of V, let V@™ be the
set V in which the values of the j-th feature have been permuted according to w
(the other features and the labels being unchanged). The permutation importance
of the feature j is

1 & :
I =s(h,V)— = h, V@)
J S( ’ ) R 7;1 &) ( I ) )
where 71, ...,mr are R independent random permutations.
G J
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Permuting a feature breaks its relation with the target while keeping its marginal
distribution. A large drop of performance means that the model relies heavily on
the feature. The measure is computed on held-out data and applies to any model
(sklearn.inspection.permutation_importance). Its main limitation concerns cor-
related features: when two features carry the same information, permuting one of them
barely changes the performance, and both may appear unimportant.

SHAP values To explain an individual prediction h(x), the SHAP method Lundberg
and Lee (2017) borrows the Shapley value from cooperative game theory: the features
are seen as players who cooperate to produce the prediction, and each feature receives
its fair share of the “gain” h(x) — E[h(X)]. Denoting by F = {1,...,d} the set of
features and by vx(A) the expected prediction when only the features of A C F' are
known (e.g. vx(A) = E[A(X) | X4 = x4]), the contribution of the feature j is

o= 3 AHETAZDNG (40 G - ),

ACF\{j}

i.e. the average, over all the orders in which the features can be added, of the marginal
contribution of j. These contributions are additive: h(x) = ¢g+ Z;l:l ¢j(x), with ¢g =
E[h(X)]. The exact computation is exponential in d, so SHAP relies on approximations,
and on an exact polynomial algorithm for tree ensembles. Averaging |¢;(x)| over a
dataset also gives a global importance measure.

Remark Explanations describe the model, not the world: a feature can be impor-
tant for the model because it is correlated with the true cause, and an explanation
does not imply causality. Moreover, different explanation methods may disagree,
especially in the presence of correlated features.

11.8 Reproducibility and Reporting

A result that cannot be reproduced cannot be trusted. Reproducibility requires fixing
the random seeds (of the splits, of the algorithms, of the resampling), recording the
versions of the software and of the data, keeping the code of the whole pipeline (from
the raw data to the figures), and saving the splits that were used.

Uncertainty of the results A performance measured on a finite test set is a ran-
dom quantity, and it should always be reported with an estimate of its uncertainty: the
standard deviation over the folds of a cross-validation or over several runs with different
seeds, or a confidence interval. For the accuracy p measured on n independent test ex-
amples, the normal approximation of the binomial distribution gives the 95% confidence

interval
YRR
ﬁiL%Mg——@.
n

Ezxample 11.1. A model correctly classifies 850 of the n = 1000 examples of a test
set, so p = 0.85 and ,/0.85 x 0.15/1000 ~ 0.0113. The 95% confidence interval is
approximately [0.828, 0.872]. A second model reaching 0.86 on the same test set is
therefore not obviously better: the difference is well within the uncertainty of each
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estimate. Since both models are evaluated on the same examples, a paired test, such as
McNemar’s test below, is needed to conclude.

Comparing two models To compare two classifiers A and B on the same test set,
McNemar’s test only looks at the examples on which they disagree: let ng; be the
number of test examples misclassified by A but not by B, and nig the number of
examples misclassified by B but not by A. Under the null hypothesis that both classifiers
have the same error rate, the statistic

5 (Inor — nio| — 1)
X e
no1 + N1o

approximately follows a 2 distribution with one degree of freedom, and the null hy-
pothesis is rejected at the 5% level when x? > 3.84. Dietterich Dietterich (1998) showed
that this test has a low type I error, and recommended it (or a 5 x 2 cross-validated
t-test when the algorithms can be re-trained several times). On the contrary, a standard
paired t-test on the scores of a k-fold cross-validation should be avoided: the training
sets of the different folds overlap, so the scores are not independent and the variance
is underestimated, which leads to too many false discoveries. To compare several algo-
rithms over several datasets, Demsar Demsar (2006) recommends non-parametric tests
based on ranks: the Wilcoxon signed-rank test for two algorithms, and the Friedman
test followed by a post-hoc Nemenyi test for more than two.

Reporting A good report describes the data (origin, size, class proportions), the pre-
processing, the splitting protocol, the performance measures and why they were chosen,
the searched hyper-parameter ranges, the baselines, the results with their uncertainty,
and the limitations of the study (possible biases of the data, conditions under which the
model should not be used). Negative results, such as a sophisticated model that does
not beat a simple baseline, are also informative and deserve to be reported.

11.9 A Checklist

We end this section with a checklist that summarizes the main steps of a supervised
learning study.

Checklist for a supervised learning study

[0 The task, the unit of prediction and the target are clearly defined, and the
features are available at prediction time.

[0 The performance measure reflects the cost of the errors, and was chosen before
looking at the results.

[0 The data have been explored: target distribution, missing values, duplicates,
outliers, temporal or grouped structure.

[0 The test set is split off first, with a split that respects the structure of the
data (stratified, grouped or temporal), and is used only once, at the end.

O All preprocessing steps (imputation, encoding, scaling, feature selection, re-
sampling) are fitted on the training data only, ideally inside a pipeline.
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[J Trivial and simple baselines have been evaluated.

O Hyper-parameters (including the decision threshold) are tuned by cross-
validation on the training data; the final performance is estimated on the
test set or by a nested cross-validation.

[ In the imbalanced case, adapted measures are used, and resampling is applied
to the learning folds only.

[J Results are reported with their uncertainty, and models are compared with
appropriate statistical tests.

0 The model has been inspected (feature importance, explanations) to detect
leakages and spurious correlations.

[0 Seeds, code, data versions and splits are saved, so that the study can be
reproduced.

To remember from Section 11

e Most of the effort of a machine learning study goes into framing the prob-
lem, understanding the data and designing a sound evaluation protocol; the
performance measure is chosen first, from the costs of the errors.

o Every preprocessing step (imputation, encoding, scaling, feature selection,
resampling) is fitted on the training data only, ideally inside a pipeline; the
split must respect the stratified, grouped or temporal structure of the data.

e The best cross-validation score of a search is optimistic; the performance
of a tuned model is estimated on an untouched test set or by nested cross-
validation.

o With imbalanced data, use adapted measures, resample the learning folds
only, or weight the errors; costs amount to moving the decision threshold,
which is a hyper-parameter.

e Results are reported with their uncertainty and compared with paired tests
(McNemar, 5 x 2 cross-validation); interpretation tools (permutation im-
portance, SHAP) help to detect leakages but do not reveal causes.

Check your understanding

Short questions to test yourself; the answers are in Appendix A (click on the number of a question
to see its answer).

Splitting the Data and Avoiding Leakage

Q11.1. A categorical feature has 5 modalities. How many binary features does its one-hot
encoding create, and why is the encoding 1,...,5 usually a bad idea?

Q11.2. True or false? The features must be standardized before learning a random forest.

Q11.3. A merchant identifier appears in a single training transaction, which is fraudulent. What
is its target encoding computed on the training set, and why is it a problem?

Q11.4. Why can it be useful to add a binary feature indicating that a value was missing, in
addition to imputing it?
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Synthesis of the section

Q11.5. Why is a random split inappropriate when several transactions of the same customer
are in the dataset, or when the model will be used to predict the future?

Q11.6. In a nested cross-validation, which folds are used to choose the hyper-parameters, and
which ones to estimate the performance?

Q11.7. Three hyper-parameters are tuned on a grid of 10 values each, by 5-fold cross-validation.
How many models are learned during the search? What could you do instead?

Q11.8. True or false? The best of the 200 cross-validation scores obtained during a random
search is an unbiased estimate of the performance of the selected model.

Q11.9. Why must SMOTE be applied inside the cross-validation, and not before it?

Q11.10. A false negative costs nine times more than a false positive. Which threshold should
be applied to a well-calibrated estimate of P(Y =1 | x)? And if it costs four times more?

Q11.11. A model is learned on a training set in which the minority class has been oversampled
from 1% to 50%. Are its predicted probabilities calibrated for the real data?

Q11.12. Two features are exact copies of each other and the model uses both. What can be
said of their permutation importances?

Q11.13. For a given transaction, ¢y = 0.10 and the SHAP values of three features are 0.30,
—0.05 and 0.15. What is the prediction of the model for this transaction?

Q11.14. Two models reach 85% and 86% of accuracy on the same 1000 test examples. Can we
conclude that the second one is better?

Q11.15. Why should a standard paired t-test on the 10 scores of a 10-fold cross-validation be
avoided to compare two algorithms?
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Part IV

PAC-Bayesian Learning: a Theoretical
Framework for Ensemble Methods

Most ensemble methods of Part III — bagging, random forests, boosting — end with a
vote: many base classifiers, called voters, each give their prediction, and the ensemble
returns the (weighted) majority. Such votes often work remarkably well, much better
than the voters taken one by one. This last part answers two simple questions about
them:

e Why is a vote of mediocre classifiers so good?

e How can we guarantee that a vote is good, using only the training data, without
setting aside a test set?

The tool is PAC-Bayesian theory. It looks at an ensemble as a probability distribution
@ over the voters (the weights of the vote), and it gives bounds of the form

true risk < empirical risk + a price for having chosen ) with the data,

which hold with high probability and can be computed from the training sample.

What you need. The whole part only uses the following notions: the true and empir-
ical risks (Section 6), expectations and Markov’s inequality (Section 1), and logarithms
and exponentials. Every proof is written step by step, and the proofs that are longer
than a few lines are left aside: we give their idea and a reference. The part is deliber-
ately short; the goal is to understand the ideas and to be able to compute a bound, not
to know every variant of the theory.

Plan. The part has six sections, to be read in this order (Fig. 107).

e Section 12 presents the puzzling experiment that motivates the part, and the
two ways of using a distribution @ over voters: the majority vote and the Gibbs
classifier.

e Section 13 explains how to turn an error measured on a sample into a guarantee
on the true error, for one classifier and then for a classifier chosen among several
(Occam’s bound).

e Section 14 proves a first PAC-Bayesian bound, for a whole distribution ) over the
voters, and shows how to read and compute it.

e Section 15 goes from the Gibbs classifier to the majority vote, and shows that the
quality of a vote depends on the diversity of its voters.

e Section 16 uses the bounds as learning objectives: we learn the weights of a vote
by minimizing a bound, and obtain a guarantee for free.
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e Section 17 derives such a self-bounding algorithm step by step, from the tandem
bound to the learned weights of our forest.

How to read this part. As in the rest of the notes, each section opens with a box
About this section and ends with a summary To remember followed by short questions
Check your understanding, answered in Section A. Orange boxes In a nutshell give the
intuition behind a result, and teal boxes Running erample follow a single experiment,
a random forest on handwritten digits, from the first to the last section. In long com-
putations a grey arrow explains how each line is obtained from the previous
one. The notation is summarized in Table 7.

Further reading. For a gentle introduction to the literature, we recommend Alquier
(2024), Guedj (2019) and Langford (2005); the analysis of majority votes follows mainly
Germain et al. (2015) and Masegosa et al. (2020).

p
12 Why PAC-Bayes? Why is a vote better than its voters? Votes

as distributions Q.
& J

v

p
13 From an error to a guarantee Certify one classifier, then one

classifier chosen among many.
= J

v
14 The PAC-Bayesian bound Certify a whole distribution @) over
the voters (Gibbs classifier).

v
15 From the Gibbs classifier to the vote Certify the vote; the
role of diversity.

v

16 Learning with the bounds Learn the weights of a vote by mini-
mizing a bound.

v
17 Deriving an algorithm From a bound to an algorithm, in five
steps.
Figure 107: The six sections of Part IV and the question answered by each of them. [code:

figures/tikz/roadmap.tex|
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Table 7: Notation of Part IV.

X, Y={-1,+1}
D

S = {(Ii,yi)}?;1
H

Rp(h), Rs(h)

P, Q
BQa GQ

KL(Q[|P)

Kl(glp), K
ep(Q), dp(Q)
1)

input space, output space (binary classification)

unknown distribution of the data on X x Y

learning sample of m examples drawn independently from D
set of voters (base classifiers) h: X — {—1,+1}

true risk (probability of error on a new example) and empirical
risk (fraction of errors on S) of h

prior (weights chosen before seeing S) and posterior (weights cho-
sen with S)

majority vote weighted by @, and Gibbs classifier (a voter drawn
at random from Q)

Kullback—Leibler divergence: how far @ is from P
binary kl divergence and its inverse (Section 13.4)
joint error and disagreement of two voters drawn from @

confidence parameter: a bound holds with probability at least
1—46 (e.g. § =0.05)
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12 Why PAC-Bayes for ensemble methods?

About this section

Guiding question. Why is a vote of mediocre classifiers so good, and can we guarantee
its accuracy without a test set?

We start from an experiment: a random forest whose trees are mediocre, but whose vote
is excellent. We then observe that bagging, random forests and boosting all produce the
same object, a probability distribution @) over voters, which can be used in two ways: the
majority vote and the Gibbs classifier. We finally explain what a guarantee on the error
of a classifier is, and give the general shape of the PAC-Bayesian guarantees studied in
this part.

12.1 A puzzling experiment

Let us start with an experiment that will accompany us throughout this part. We train
a random forest of 100 trees (Section 10.2.1), each tree being learned on a bootstrap
sample of half the size of the training set, on the digits dataset of scikit-learn,
where the task is to decide whether a handwritten digit is smaller than 5. We use 1257
examples for training and keep 540 for testing.

Taken one by one, the trees are mediocre: their test errors range from 14% to
25%, with an average of 19%. Yet the forest, which simply lets the 100 trees vote, errs
on only 4.4% of the test digits. The vote is more than four times better than an average
tree, and three times better than the best one (Fig. 108).

digits: forest of 100 trees (test set) the vote is better than every tree
0.3 8
S I & 10
— i Gy
g 0.2 8
2 )
7] 54
20.1 £
A AP g
0.0 T T T 0 T T T T T
50 75 100 0.05 0.10 0.15 0.20 0.25
number of trees in the forest test risk
Gibbs risk (average tree) —= disagreement of the trees average tree: 0.190
= risk of the vote range of the tree risks = yote of the 100 trees: 0.044

Figure 108: The running example. Left: test error of the vote of the first n trees, average test
error of these trees (the Gibbs risk, defined below) and their disagreement (Section 15), as n
grows. Right: the test errors of the 100 trees; the vote is better than every one of them. [code:
make_figures.py: fig forest_growth]

This experiment raises two questions, which organize the whole part.

1. An explanatory question. Why is a vote of mediocre classifiers so much better
than its members? What property of the trees makes this possible?

2. A practical question. Could we have guaranteed that the forest is accurate
without a test set, that is from the 1257 training examples only?
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Answering the second question would be very useful: the 540 test examples could then
be used for training, and we would still know how good the forest is.

Running example We will come back to this forest in every section. In Sec-
tion 13 we certify it with a test set, in Section 14 we certify the error of an
average tree without a test set, in Section 15 we certify the vote itself and explain
its accuracy by the diversity of the trees, and in Section 16 we learn new weights
for the trees by minimizing a certificate.

12.2 A vote is a distribution over voters

Ensembles produce votes. The ensemble methods of Section 10.2 rely on different
ideas, but they all end with the same kind of predictor. We call the base classifiers
h:X — {—1,4+1} voters.

o In bagging and random forests (Breiman, 1996, 2001), each tree h; is
learned on a bootstrap sample, and the trees vote with the same weight:

H(xz) = sign (3 Xy he(x))-

o In AdaBoost, the weak learner h; receives a weight oy > 0 and H(x) =
sign (>, ayhy(x)). Dividing the score by the positive number Y, as does not
change its sign, so H(z) = sign (3, Q(h¢) he(z)) with Q(he) = a/ >4 cvs.

In both cases the weights are non-negative and sum to one: they form a probability
distribution @ over the voters (Fig. 109). From now on, an ensemble is a distribution
Q over a set H of voters, and learning an ensemble means choosing Q).

Bagging / random forest AdaBoost Random Fourier features
Q(ht) = a¢/ Qs
QUH) I 1/T Z‘\ N(M)
trees hi,...,hr stumps h1,...,hr frequencies w € R% (infinitely many voters)

[one object: a distribution @ € M(H) over voters, and the vote Bg(z) = sign (En~q[h(z)] )J

Figure 109: Three ensemble methods, one object. Bagging and random forests put the same
weight on every tree, AdaBoost normalizes the weights «; of its weak learners, and a kernel
machine with random features draws its voters from a continuous distribution. In each case the
predictor is the @Q-weighted majority vote Bg. [code: figures/tikz/ensembles_as_q.tex]

Two ways of using (). A distribution ) over the voters can be used to predict in
two different ways.
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Definition 12.1: Majority vote and Gibbs classifier

Let @ be a probability distribution over a set H of voters.

o The majority vote Bg predicts the label chosen by the (weighted) majority
of the voters:

Bg(x) = sign ( E [h(a:)]) = sign ( > Q(h) h(m))

h~Q heH

» The Gibbs classifier G draws one voter h at random according to @), and

predicts h(x). A new voter is drawn for each prediction.
A& J

The Gibbs classifier is a strange way of predicting, and nobody uses it in practice.
But its risk is very simple: since a voter is drawn at random for each prediction, the
probability that G errs is the average of the risks of the voters,

~

E [Bp(h)] = Y. Q(h) Rp(h),  Rs(Go)= E [Rs(h)].  (12.1)

Rp(Gq) =
(Go) = E 2 +E

In the running example, @ is uniform over the 100 trees, G is “pick a tree at random
and use it”, and its test error is 19%, the error of an average tree. The vote By is the
forest, with a test error of 4.4%.

Ezample 12.1 (Three voters). Consider three voters hy, ho, hg with the same weight %
and four equally likely points x1, ..., x4, all of label +1. The table gives the predictions;
an error is shown in red.

T1 To X3  Ta ‘ risk

ha ~1 +1 +1 +1]025
ho +1 —1 +1 +1|0.25
hs +1 41 —1 +1|0.25

vote B +1 +1 +1 +1| 0

Each voter errs on one point out of four, so the Gibbs risk is Rp(Gg) = £(0.25+0.25+
0.25) = 0.25. But the voters never err on the same point: on each point, at least two
voters out of three are right, and the vote never errs. If, instead, the three voters had
all erred on x1, the vote would have erred on x1 too, and its risk would have been 0.25,
the same as the Gibbs risk.

This small example contains the answer to our explanatory question, which Sec-
tion 15 will make precise: a vote is good when its voters do not make their mistakes on
the same points, that is, when they are diverse. The Gibbs risk only sees the average
quality of the voters; the risk of the vote also depends on how their errors are spread.
Figure 110 shows the same phenomenon on a two-dimensional problem: individual trees
are irregular and inaccurate, their vote is smooth and accurate.

In a nutshell The Gibbs risk is the average error of the voters: it is easy to
study, because it is an average. The vote is what we actually use: it can be much
better than the Gibbs classifier when the voters are diverse. The strategy of this
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voter h; ~Q voter hy ~Q

majority vote Bg(x)

1

Figure 110: Two voters hi, hy drawn from a random forest (uniform @ over 200 randomized
trees), the average prediction Ejgh(x) and the majority vote Bg on the moons dataset. Indi-
vidual voters are irregular; their vote is smooth and accurate. [code: make_figures.py:
fig_gibbs_vs_mv|

part is to first certify the Gibbs risk (Section 14), and then to go from the Gibbs
classifier to the vote (Section 15).

12.3 What is a guarantee?

We now turn to the practical question. The true risk Rp(h) of a classifier is the proba-
bility that it errs on a new example. It is unknown, because the distribution D of the
data is unknown. What we can compute is the empirical risk Es(h), the fraction of
errors on a sample S of m examples.

The sample is random. Had we been given another sample, we would have measured
another empirical risk. A statement about the true risk can therefore only hold with
a certain probability over the draw of the sample. A guarantee, or risk certificate, is a
statement of the form

w.p. at least 1 —d over S:  Rp(h) < a number computed from S,

where § is a small number chosen by the user, typically § = 0.05. The right-hand
side is called a bound on the true risk. “With probability at least 95%” means: if
we repeated the whole experiment (draw a sample, compute the number) on many
independent samples, the statement would be true for at least 95% of them. This is
the PAC framework (Probably Approximately Correct, Valiant, 1984): probably refers to
1 — 46, approximately to the gap between the bound and the true risk.

Good and useless guarantees. A bound is always true with probability 1 — ¢ (this
is what a theorem proves), but it is not always useful. A bound larger than 1 is vacuous:
a risk is always at most 1, so it says nothing. A good bound is tight (close to the true
risk) and computable (every term can be computed from the data).

Why this is difficult for ensembles. If the classifier is chosen before looking at
the sample, its empirical risk is an unbiased estimate of its true risk, and Section 13
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shows how to turn it into a guarantee. The difficulty comes from learning: an ensemble
is chosen with the sample, so it fits the sample, and its empirical risk is optimistic
(Section 6). The classical answer is to pay a price for the size or the complexity of the
set of classifiers we choose from (Sections 6 and 10). For ensembles this price is far too
high: a forest of 100 trees is an element of a gigantic set, and the corresponding bounds
are larger than 1. Moreover, they pay the same price whatever the weights we choose,
and cannot see the diversity of the voters.

12.4 The PAC-Bayesian idea

PAC-Bayesian theory replaces the size of the set of classifiers by a quantity that depends
on what has been learned (Fig. 111).

1. Before seeing the data, we fix a distribution P over the voters, called the prior;
for instance the uniform distribution over the trees.

2. A learning algorithm looks at the sample and chooses a distribution @), called the
posterior; for instance the weights of the vote.

3. A bound compares ) to P: the closer () is to P, the smaller the price.

The bounds of Section 14 have the following shape: with probability at least 1 — § over
S, for all posteriors Q) simultaneously,

Rp(Gg) < ES(GQ) +  price(KL(Q|P), m, d) , (12.2)

true risk (unknown) empirical risk price for having chosen @ with S

where KL(Q|| P) measures how far the posterior is from the prior, and the price decreases
when the sample size m grows.

" Prior P | Learning Posterior ) Predictor
chosen before S algorithm uses S depends on S Ggq or Bg
\ A A
1 minimize the

1
' bound itself

Y

S le S~ DML Certificate (w.p. > 1 —4)
ampie Rp(Q) < Rs(Q) + complexity(KL(QHP)’m’ 5)

Figure 111: The PAC-Bayesian setting. The prior P is fixed before seeing the data; the posterior
@ may depend on S in any way. The bound holds simultaneously for all posteriors, so it can be
used both as a certificate and as an objective to minimize (Section 16). [code:
figures/tikz/principle.tex|

In a nutshell PAC-Bayes = PAC + Bayes. From the PAC framework, it in-
herits the form of the guarantee: a bound that holds with probability 1 — § over
the sample, whatever the distribution of the data. From Bayesian statistics, it
borrows the words prior and posterior. But the posterior does not need to be
computed with Bayes’ rule: it is any distribution we like, for instance the weights
of a random forest or of AdaBoost.
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A short history. The first PAC-Bayesian bounds are due to Shawe-Taylor and
Williamson (1997) and McAllester (1998, 1999). They were made tighter by Seeger
(2002), Maurer (2004) and Catoni (2007), and applied to majority votes by Lacasse
et al. (2006) and Germain et al. (2015). They are today among the very few bounds
that give non-vacuous guarantees for complex models such as random forests (Lorenzen
et al., 2019; Masegosa et al., 2020) and deep neural networks (Dziugaite and Roy, 2017;
Pérez-Ortiz et al., 2021).

To remember from Section 12

e Bagging, random forests and boosting output a distribution Q) over voters:
the weights of a majority vote.

o The majority vote Bg is what we use; the Gibbs classifier Gg draws one
voter at random. Its risk is the average risk of the voters.

o A vote can be much better than its average voter, when the voters do not
err on the same points (diversity).

o A guarantee is a bound on the true risk that holds with probability at least
1 — 4 over the sample, and that can be computed from the data.

e PAC-Bayesian bounds read: true risk < empirical risk + a price that grows
with the distance KL(Q||P) between the posterior @) and a prior P fixed
before seeing the data.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Q12.1. Three voters have risks 0.1, 0.2 and 0.3, and weights 0.5, 0.3 and 0.2. What is the risk
of the Gibbs classifier?

Q12.2. AdaBoost outputs the weights a; = 1, ap = 3. What is the corresponding distribution
Q7
Q12.3. Can the vote be worse than the Gibbs classifier? Can it be better?

Q12.4. A bound states that, with probability at least 0.95, Rp(h) < 1.3. Is it false? Is it
useful?

Q12.5. Why must the prior be chosen before seeing the data?
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13 From an error on a sample to a guarantee

About this section

Guiding question. How can an error measured on a sample be turned into a guarantee
on the true error, first for one classifier, then for a classifier chosen among many?

We start with a single classifier fived in advance. Its empirical risk is an average of
independent random wvariables, and two inequalities, Markov’s and Hoeffding’s, tell us
how far it can be from the true risk. This gives the test-set bound, and a sharper version
based on the binary kl divergence. We then see why these bounds fail when the classifier
is chosen with the data, and how to repair them: the union bound and, more cleverly,
Occam’s bound, which already contains the main idea of PAC-Bayes.

13.1 One classifier fixed in advance

Let h be a classifier chosen before looking at a sample S = {(x;, y;) }i*, of m examples
drawn independently from D; think of a model trained on other data and evaluated on
a test set. For each example, let Z; = 1[h(z;) # y;] be 1 if h errs on it and 0 otherwise.
Then:

e Zy,...,Zy are independent, because the examples are, and h does not depend on
them;

o each Z; is a Bernoulli variable whose mean is the true risk: EZ; = P(h(x;) # y;) =
Rp(h);

e the empirical risk is their average, Rg(h) = Ly Z.

Hence E Rg(h) = Rp(h): the empirical risk is an unbiased estimate of the true risk,
and its variance is Rp(h)(1 — Rp(h))/m, which goes to 0 when m grows. The question
is: how large can the gap Rp(h) — ]flg(h) be, with a given probability? Measuring ]fZg(h)
is like flipping m times a coin whose bias Rp(h) is unknown, and asking how far the
observed frequency can be from the bias.

13.2 Markov’s inequality

All the bounds of this part rely on one very simple inequality, already met in Section 1
(Proposition 1.9).

Lemma 13.1: Markov’s inequality

Let Z > 0 be a non-negative random variable and a > 0. Then

EZ
P(Z>a) < —

a o

. . . EZ
Equivalently, for any ¢ € (0, 1], with probability at least 1 — 4, Z < =7.
N J

Proof. Since Z > 0, we have al[Z > a] < Z for every value of Z (Fig. 112): the left-hand
side is 0 when Z < a, and it is a < Z otherwise. Taking expectations,

aP(Z > a) =E[al[Z > d]]
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<EZ

For the second form, apply the first one with a = EZ/d: then P(Z > EZ/d) < 6. O

allz > a

density of Z
P(Z>.a)

0

0 a z

Figure 112: Why Markov’s inequality holds: for a non-negative variable, the step z — al[z > a]
(red) lies below the identity z — z (blue), so that aP(Z > a) < EZ. The shaded red area is the
tail probability. [code: figures/tikz/markov.tex|

Ezample 13.1. If the average salary in a company is 2000 euros, at most 10% of the
employees earn 20 000 euros or more: otherwise these employees alone would bring the
average above 0.1 x 20000 = 2000 euros. This is Markov’s inequality with a = 10EZ.

Markov’s inequality is weak when applied directly, but it becomes very powerful
when applied to a well-chosen function of the variable of interest, such as an exponential.
This is how all the bounds below are obtained.

13.3 Hoeffding’s inequality and the test-set bound

Theorem 13.2: Hoeffding’s inequality (Hoeffding, 1963)

Let Z1, ..., Zy be independent random variables with values in [0, 1] and the same
mean p, and let p = % >ty Zi. For every € > 0,

Pp—p>e¢) < g=2me?

The proof is given in Section 1 (Proposition 1.14). Its idea is worth remembering,
because the PAC-Bayesian proof of Section 14 uses the same ingredients. For any
A > 0, the event p — p > ¢ is the same as e*®P) > ¢*¢ g0 that Markov’s inequality
gives P(p—p > ) < e E eMP—P) The expectation of the exponential is then bounded
thanks to independence and to Hoeffding’s lemma (Lemma 1.13):

E PP < N/ (Bm) for every A € R, (13.1)

and choosing A = 4me gives the result.

Hoeffding’s inequality says that the empirical risk underestimates the true risk by
more than ¢ with probability at most e~2m* | Turned around, it gives a guarantee.
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Corollary 13.3: Test-set bound

Let h be a classifier chosen independently of the sample S ~ D™, and 6 € (0, 1].
With probability at least 1 — ¢ over S,

Rp(h) < Rs(h) + 1/ 20,

2m
. y,

Proof. Apply Theorem 13.2 to Z; = 1[h(z;) # yi], with p = Rp(h), p = Rg(h), and
choose € such that the right-hand side equals §:

e"2met — 5 = 9me? = ln1 = = ln(l/é)'
1) 2m

Then P(Rp(h)—Rs(h) > ¢) < §: with probability at least 1—4, Rp(h) < Rg(h)4e. O

Ezample 13.2 (Reading the test-set bound). A classifier makes 100 errors on a test set
of m = 1000 examples: Rg(h) = 0.1. With § = 0.05, In(1/d) = In20 ~ 3.0 and

3.0
h) <0.1 — =~ 0.1 . = 0.139.
Rp(h) < 0.1+ 5000 0.1+ 0.039 = 0.139

With 95% confidence, the true risk is below 13.9%. With 4000 test examples, the
margin 0.039 would be halved: it decreases like 1//m. A higher confidence costs little:
d = 0.001 gives In(1/9) ~ 6.9 and a margin of 0.059.

Running example Suppose that we had fixed the forest before seeing the 540
test digits, and that we use them only to certify it. The vote errs on 4.4% of them;
with 6 = 0.05, the test-set bound certifies a true risk below 0.044+ /In 20/1080 =
0.097. This number will serve as a reference: our goal is to obtain comparable
guarantees without setting aside a test set.

13.4 A sharper bound with the binary kl

The margin /In(1/6)/(2m) of the test-set bound does not depend on the risk itself.
This is wasteful when the risk is small: a coin of bias 0.01 fluctuates much less than
a coin of bias 0.5 (its variance p(1 — p) is 25 times smaller). The sharpest bounds for
coins use the following quantity.

Definition 13.4: Binary kl divergence

For ¢q,p € [0,1], the binary kl divergence is

q 1—gq
kl(qllp) = qln; +(1—q)ln—

)

with the convention 0ln0 = 0. It is non-negative and equal to 0 only if ¢ = p.
A\ J

The binary kl measures how surprising it is to observe a frequency ¢ of errors when
the true error rate is p: the probability that m flips of a coin of bias p give a frequency
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close to g behaves like e~ ¥(@lP) | For instance k1(0.1]|0.2) ~ 0.037: observing at most
10% of errors on m = 100 examples when the true risk is 20% has a probability at
most e~ 100X0-037 ~ 2 5% (the exact value is 0.6%). The following theorem makes this
precise (Langford, 2005); it is the kl form of Chernoff’s bound, proved in Section 1
(Example 1.6).

Theorem 13.5: kl test-set bound

Let h be a classifier chosen independently of S ~ D™ and 6 € (0,1]. With
probability at least 1 — d over 5,

Rs(h) > Rp(h)  or kl(ﬁs(h)HRD(h))gln(l/(s).

Turning a kl into a bound. The theorem bounds a kl, not the risk. To get a bound
on the risk, we look for the largest p that is still compatible with the observation. For
a fixed ¢, the function p — kl(g||p) is 0 at p = ¢ and increases on [g, 1] (Fig. 113), so
the set of p > ¢ such that kl(g||p) < € is an interval [q,ﬁ_l(q, e)], where

K '(g,e) =max {p € [¢,1] : Kl(q|lp) < ¢}

Theorem 13.5 then reads: with probability at least 1 — 9,
—1/= In(1/9)

Rp(h) <kl "(Rg(h), ——=). 13.2

p(h) <K (Rs(h), — =) (13.2)

There is no formula for Efl, but it is easy to compute by bisection, since we look for
the point where an increasing function crosses a level (Algorithm 12).

Algorithm 12: Computing H_l(q,s) by bisection

Input: empirical value ¢ € [0, 1], level € > 0, tolerance 7 (e.g. 1079)
1La<q b+ 1; // the answer is in [a,)]
2 while b —a > 7 do
¢4 (a+b)/%
if kl(g|lc) > ¢ then b < ¢;
else a < ¢;

Output: b

[SL N

Ezample 13.3 (Inverting the kl by hand). Let ¢ = 0.1 and € = 0.05. Since k1(0.1]|0.2) ~
0.037 < 0.05 and kl1(0.1||0.25) ~ 0.072 > 0.05, the answer lies in [0.2,0.25]. At the
midpoint, k1(0.1]]0.225) ~ 0.053 > 0.05, so the answer is in [0.2, 0.225], and so on. After

twenty steps, we find H_l(O.l, 0.05) = 0.220.

The kl bound is never worse. Pinsker’s inequality states that kl(g||p) > 2(q — p)?
for all ¢, p. Hence, if kl(q|[p) < ¢, then 2(p — ¢)? < ¢, that is p < ¢ + /¢/2:

K '(g,e) <q+ \/572
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= prkl(¢|p), ¢=0.1
0.30 A Pinsker: 2(p — §)*
0.25 A
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0.20 1 inversion
0.15 K 1(g,€) =0.220
0.10 A \
0.05 £=0.05
0.00 < 4+ /2 =0.258

0.0 0.1 0.2 0.3 0.4 0.5
p (true risk)

Figure 113: The function p — kl(¢||p) for ¢ = 0.1. For £ = 0.05, the values of p compatible with

kl(q|lp) < ¢ form an interval whose upper end K (g, ) = 0.220 is smaller than the Hoeffding-
type value q+ 4/ 8/2 = 0.258. [code: make_figures.py: fig kl_inverse]

With € = In(1/6)/m, the right-hand side is exactly the test-set bound of Corollary 13.3.
The kl bound is therefore always at least as good, and much better when the empirical
risk is small (Fig. 114): for Rg(h) = 0.01, m = 1000 and & = 0.05, Hoeffding gives 0.049
and the kl 0.020.

width of the upper bound (§=10.05) failure frequency (m = 100)
<% Hoeffding, =100 005 e
o, 0.20 A — kI, m=100 o
'g Hoeffding, m = 1000 % 0.04 1
3 0.15 - — = kI, m=1000 &
o V- “ 0.03 Hoeffding
S o
) > -@- kil
< 0.10 A 2 0.02 e §=0.05
G (]
o =
£ 0.05 - g 0.01 + M
s &
% 0.00 L : : 0.001] : :
0.0 0.2 0.4 0.0 0.2 0.4
empirical risk p true risk p

Figure 114: Left: margin p — p of the upper bound on the risk of a fixed classifier given by
Hoeffding’s inequality (constant) and by the kl, as a function of the empirical risk, for m = 100
and m = 1000. Right: frequency, over 4000 simulated samples of size 100, of the event “the true
risk is above the bound”; it stays below § = 0.05 for both bounds: they are valid. [code:

make_figures.py: fig_concentration]

Running example With the ki, the 540 test digits certify the vote of the forest
at H_1(0.044,ln 20/540) = 0.069 instead of 0.097. For an average tree (19% of
test errors), the two certificates are 0.234 (kl) and 0.243 (Hoeffding): the kl makes
a difference for small risks only.
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13.5 What goes wrong when we choose

The bounds above require the classifier to be fixed before seeing the sample. Let us see
what happens if this is not the case. Take K = 1000 classifiers that answer at random
(true risk 0.5 each), evaluate them on the same sample of m = 100 examples, and
keep the one with the smallest empirical risk. Among 1000 random classifiers, some are
lucky on this sample: the selected one typically shows an empirical risk of about 0.34
(Fig. 115). The test-set bound, applied naively to it, gives 0.34 4+ 0.12 = 0.46 < 0.5: it
is wrong in almost all the runs of the experiment.

naive bound wrong in 99.8% of the runs, Occam in 0.3%

| i .
500 1 Occam | i true risk:
threshold | i of every
i | classifier:
«» 400 A : | naive bound wrong :
g : | for every minimum
E ! ! left of this line
8 300 A : i
8 i i
g 200 - | !
Z | |
100 - : i
N 1
| 1
0 : :

0.20 0.25 0.30 0.35 0.40 0.45 0.50
mgnf%s (h) over 1000 random classifiers (m = 100)

Figure 115: Selecting the best of 1000 random classifiers (true risk 0.5) on m = 100 examples,
over 1000 repetitions. Histogram: empirical risk of the selected classifier. Vertical lines: the
largest empirical risk for which the naive test-set bound, and the bound with the union bound
(Occam’s bound with a uniform prior), stay below the true risk 0.5. The naive bound is wrong
in almost every run, the union bound almost never. [code: make_figures.py: fig_uniformity]

Pitfall The test-set bound holds for a classifier fixed in advance, not for the
classifier that looks best on the sample. Choosing is learning, and learning makes
the empirical risk optimistic. This is exactly the situation of the training error
of a learned model, and of the best score of a cross-validation (Section 7).

The repair is to ask for a guarantee that holds for all classifiers at once: then it

holds in particular for the chosen one, whatever the way it was chosen. The tool is the
following.

Lemma 13.6: Union bound

For any events Ay, ..., Ax, P(AjU---UAg) < 8 P(Ap).

In words: the probability that at least one of several bad events happens is at
most the sum of their probabilities.

272 - Statistical Supervised Machine Learning



Theorem 13.7: Finite class bound

Let H = {h1,...,hk} be a finite set of classifiers fixed before seeing S ~ D™.
With probability at least 1 — 4, for all h € H,

. In K + In(1/6)
< —
Rp(h) < Rs(h) + o
N\ _J

Proof. For each k, let Ay be the bad event “the test-set bound fails for hy at level §/K”.
Each hy, is fixed in advance, so Corollary 13.3 applied with §/K gives P(Ay) < §/K.
By the union bound,

K
)
< — =o0.
P(at least one Ay) < kEZI % o

With probability at least 1 — d, no bad event happens, that is, for all k, Rp(hy) <
Rs(hi) ++/In(K/d)/(2m), and In(K/J§) = In K + In(1/9). O

The price of choosing among K classifiers is only In K in the numerator: with
m = 1000, an empirical risk of 0.1 and § = 0.05, the bound is 0.139 for one classifier
fixed in advance, 0.170 for the best of K = 1000, and 0.192 for the best of a million.

13.6 Occam’s bound: spreading the confidence with a prior

In the proof above, every classifier receives the same share 6/ K of the confidence budget
0. Nothing forces us to share it equally: we can give a larger share to the classifiers we
believe in, as long as this belief is fixed before seeing the data. This belief is described
by a prior: a probability distribution P over H, with P(h) > 0 and ), P(h) = 1.

Theorem 13.8: Occam’s bound (Blumer et al., 1987; McAllester, 1998)

Let H be a finite (or countable) set of classifiers and P a prior on H, both fixed
before seeing S ~ D™. With probability at least 1 —4, for all h € H with P(h) > 0,

, o ln%—i—ln%
< _
Ro(h) < Rs(h) +1| —

(& J

Proof. Same proof as Theorem 13.7, with the share §P(h) instead of /K for each h.
The test-set bound at level 0P (h) fails for h with probability at most 0P (h), so the
probability that it fails for at least one h is at most Y, dP(h) = 6. Finally In ﬁ(h) =

1 1
11’1@"’11’13 D

With the uniform prior P(h) = 1/K, In % = In K and we recover Theorem 13.7.
With a non-uniform prior, the classifiers with a large prior weight pay less, and those

with a small prior weight pay more.

Ezample 13.4 (A favourite classifier). We choose among K = 1000 classifiers, m = 1000,
0 = 0.05. Before seeing the data, an expert tells us which classifier she expects to be
the best. We give it the prior weight % and share the other half among the 999 others
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(P(h) = 1g55)- If the favourite classifier has an empirical risk of 0.08, its certificate
is 0.08 + /(In2 + In 20)/2000 = 0.123, better than with the uniform prior (0.150). If
another classifier is selected with the same empirical risk, its certificate is 0.153: a little

worse than with the uniform prior. A good prior helps a lot; a bad one costs little.

In a nutshell The prior is not a belief about the world, it is a way of spreading the
confidence budget 0 over the classifiers. Any prior gives a valid bound, as long as
it is fixed before seeing the data; a good prior gives a tight one. The price In %
is the number of nats needed to describe h with a code built from P: simple
classifiers, which get a large prior weight, are cheap. This is a mathematical form

of Occam’s razor: among the explanations of the data, prefer the simplest.

m = 1000, §=0.05
0.30 A — Rg(h)=0.0 === Rg(h)=0.05 Rg(h)=0.15
0.25 1
0.20 1
0.15 1

0.05 A

Occam bound (kl form)

0.00 T T T T T T
101 103 105 107 10° 1011
size of the class |#| (uniform prior)

Figure 116: Occam’s bound (kl form) as a function of the size |H| of the class, with the uniform
prior, for m = 1000, § = 0.05 and three empirical risks. The price grows only like In |H]|:
certifying a classifier chosen among 10'? is still possible. [code: make_figures.py: fig_occam]

Towards PAC-Bayes. Occam’s bound certifies one classifier, chosen with the data,

and the price is In 55~. A vote uses a whole distribution @) over the classifiers. The

P(h)’
next section shows that the price In ﬁ is a special case of a quantity defined for any
distribution @, the Kullback-Leibler divergence KL(Q| P), and that Occam’s bound is

a special case of the PAC-Bayesian bound.

To remember from Section 13

e For a classifier fixed in advance, the empirical risk is an average of m inde-
pendent Bernoulli variables, of mean the true risk.

o Markov’s inequality P(Z > a) < EZ/a is the basic tool; applied to an
exponential it gives Hoeffding’s inequality.

e Test-set bound: Rp(h) < Rg(h) + /In(1/8)/(2m) with probability 1 — 6.
The kI bound Rp(h) < Hfl(ﬁg(h),ln(l/é)/m) is never worse, and much

better for small risks; kI ~ is computed by bisection.

e These bounds fail for a classifier chosen with the data. The union bound
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repairs them at the price In K for K classifiers.

e Occam’s bound spreads the confidence with a prior P fixed in advance: the
price becomes In %.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question

to see its answer).

Q13.1. A non-negative random variable has mean 0.02. What can you say about P(Z > 0.2)?

Q13.2. A classifier fixed in advance makes 30 errors on m = 600 test examples. Give its test-set
bound at level § = 0.05.

Q13.3. How many test examples are needed for a margin of 0.01 with é = 0.05 in the test-set
bound?

Q13.4. Why is the kl bound much better than the test-set bound when the empirical risk is
close to 07

Q13.5. Why can’t we apply the test-set bound to the classifier with the smallest training error?

Q13.6. With the uniform prior on K classifiers, what is the price In ﬁ in Occam’s bound?

What happens if K is multiplied by 10?7
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14 The PAC-Bayesian bound

About this section

Guiding question. How can we certify a whole distribution @Q over voters, chosen with
the data?

We go from Occam’s bound, which certifies one classifier, to a bound on the risk of
the Gibbs classifier Gg, for any distribution QQ. We first define the Kullback—Leibler
divergence KL(Q|| P), which measures how far Q is from the prior. We then prove, in three
steps, a first PAC-Bayesian bound, and state the two bounds used in practice, McAllester’s
and Seeger’s. We end by reading the bound, and by finding the posterior that minimizes
it.

Throughout the section, H is a finite set of n voters, so that a distribution ) over
H is just a list of n non-negative weights Q(h1), ..., Q(hy,) summing to one. Everything
extends to infinite sets of voters (sums become integrals), but we will not need it.
Recall from Section 12 that the risks of the Gibbs classifier are averages of the risks of
the voters:

Rp(Gq) = Y Q(WRp(h),  Rs(Gg) = Q(h)Rs(h).

heH heH

14.1 Measuring the distance to the prior: the KL divergence

In Occam’s bound, choosing the classifier i costs In %. We now look for the price of
choosing a whole distribution Q.

Definition 14.1: Kullback—Leibler divergence

Let P and @ be two distributions on a finite set #, with P(h) > 0 for all h. The
Kullback—Leibler (KL) divergence of ) from P is
Q(h) [ Q(h)}
KL(Q||P) = Rn< _ g |1 :
@IP) = ¥ Qg = &

heH

)

with the convention 0ln0 = 0 (voters with Q(h) = 0 do not count).
(& J

The KL divergence is the average, over the voters chosen by @, of the log-ratio
In %: how much more weight the posterior gives to a voter than the prior did. It is

not a distance in the mathematical sense (it is not symmetric), but it behaves like one.

Proposition 14.2: Properties of the KL divergence

For all distributions P, @ on ‘H: KL(Q||P) > 0, and KL(Q|/P) = 0 if and only if
Q=P.

Proof. Let Hg = {h : Q(h) > 0}. The logarithm is concave, so Jensen’s inequality
(Proposition 1.3) gives E[lnU] < InE[U] for any positive random variable U. With
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U:%anthQ,

P(h)
_KLQIP)= S Q(h)In
@)= 5 et g
<ln ) Q(h g<h n Y P(h
heHg heHg

<Ilnl=0.

Equality holds when % is constant on Hg and Hg = H, that is when @ = P. O

Ezample 14.1 (Three typical posteriors). Let P be uniform on n voters: P(h) = %
e () = P (we keep the prior): KL(Q|P) = 0.
e @ uniform on k of the n voters (for instance the k best ones): each of the k
voters has Q(h) = £, so KL(Q||P) = ) voters £ 1 };ﬁ In%.

e (@) puts all its weight on one voter h (a Dzmc d1str1but1on op): KL(0n||P) =
1 xIn 1/#” = Inn. More generally, KL(d|| P) = P(h)' this is exactly the price of
Occam’s bound.

With n = 100 voters: keeping the uniform distribution costs 0, spreading the weight over
the 10 best voters costs In 10 ~ 2.3, and choosing the single best voter costs In 100 ~ 4.6.
The more concentrated the posterior, the higher the price.

uniform on 5 reweighting Dirac Gau551ans same varlance
KL 0 00 KL =0.69 KL =0.39 KL =2.30 = (g — 1p)
voter voter voter voter parameter
prior P P=MN(0,1) M1.5,1): KL=1.12
mmm posterior @ —— A(0.5,1): KL=0.125 N(3.0,1): KL=4.5

Figure 117: Examples of priors P (grey) and posteriors @ (blue) on 10 voters, and the cor-
responding KL divergence. The KL is 0 when Q = P and grows as () concentrates on a few
voters that P considered unlikely. Right: the same for Gaussian distributions on a continuous
parameter. [code: make_figures.py: fig_kl_examples]

14.2 The change of measure

The key step of every PAC-Bayesian proof is an inequality that allows to replace an
average over the posterior (), which depends on the data, by an average over the prior
P, which does not.
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Lemma 14.3: Change of measure (Donsker and Varadhan, 1975)

Let P, @ be distributions on a finite set H with P(h) > 0 for all h. For every
function ¢ : H — R,

JE 6] < KL@IP)+1n E [e#®)]. (14.1)

Proof. With Hg = {h : Q(h) > 0}, we combine the two sums of the left-hand side
minus the KL:
Q(h)

JE [6(h)] = KL(@Q|IP) = h;@ QU (9(h) ~1n 55

<In Z Q(h)len Z P(h) RAW)

heHg Q (h) heHq

<In Z P(h)e®™ =In E

heH P [ed)(h)} ' -

In a nutshell Read (14.1) as follows: the average of ¢ under any posterior
Q is controlled by a quantity computed under the prior, In Epe?, plus a price,
KL(Q||P), for having moved from P to Q. If Q = P the price is 0; the further @
is from P, the more we pay. The right-hand side does not depend on ) except
through the KL: this is what will allow the bound to hold for all posteriors at
once.

14.3 A first PAC-Bayesian bound

We can now state and prove our first PAC-Bayesian bound. It contains a free parameter
A > 0, which must be fixed before seeing the data.

Theorem 14.4: A PAC-Bayesian bound (Catoni, 2007; Alquier, 2024)

Let P be a prior on H and A > 0, both fixed before seeing the sample S ~ D™,
and ¢ € (0,1]. With probability at least 1 — ¢ over S, for all distributions @ on H,

- KL(Q||P)+1Int X
Rp(Gg) < Rs(Gg) + @l )\) & 4 . (14.2)
. J

Proof. For each voter h, let A(h) = Rp(h)— Rg(h) be its generalization gap. The proof
has three steps (Fig. 118).
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Step 1: one voter at a time. Each voter h is fixed before seeing S (it belongs
to H, which is fixed in advance). By Hoeffding’s lemma (13.1), applied to the errors of
h,

}E{e)‘A(h)] < N/ (8m) for every h € H.
S

Step 2: average over the prior, then Markov. Consider the random variable
Z = Ep~pP [e)‘A(h)}, which depends on the sample through the gaps A(h), but not
through P, which is fixed. It is non-negative, and

oo

||
wi=

> P(k) B[]

< N/ (8m),

By Markov’s inequality (Lemma 13.1, second form), with probability at least 1 — 0 over

S,
A2/ (8m)

E [*®] < £ (14.3)

h~P - )

Step 3: change of measure. Assume that (14.3) holds (this is the case with
probability at least 1 — ). Then, for every distribution @,

ARp(Gq) — Rs(Gg)) = h@Q[/\A(h)]

14.3
<KL(Q|P)+In E [*"]
h~P

14.3

A2
< KL(QHP) + 87 —i—lng

Dividing by A > 0 and moving fx’g(GQ) to the right gives (14.2). Since (14.3) does not
involve @), the conclusion holds for all () simultaneously. O

Occam’s bound is a special case. Take for () a Dirac distribution J;, on one voter
h. Then Rp(Gg) = Rp(h), ES(GQ) = Rg(h), and KL(6||P) = In % (example 14.1):
(14.2) becomes a bound of the same form as Occam’s bound. The PAC-Bayesian bound
extends it from one chosen classifier to any distribution over classifiers.

14.4 The bounds used in practice

Theorem 14.4 has a drawback: A must be fixed before seeing the data. If we knew
KL(Q||P) in advance, the best choice would be A\ = \/Sm(KL(QHP) +1In 1), which
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[Step 1 (one voter). For each fixed h: Ege () < X’ /8m. Hoeffding’s lemma]

v
Step 2 (prior). Average over P, fixed before S; then, w.p. > 1 — §, Epe*2(M) <
e)\2/8m/6. Markov
v
Step 3 (posterior). For every Q: AEgA < KL(Q| P) + InEpe?~. change of
measure

Figure 118: The three steps of the proof of Theorem 14.4. Only Step 2 involves the randomness
of the sample, and it does not involve the posterior: this is why the bound holds for all posteriors
at once. It is also the only step that requires the prior to be fixed before seeing the data.

balances the two last terms of (14.2) and gives a margin \/(KL(QHP) +1nt)/(2m).
But the KL depends on (), which depends on the data. Applying Theorem 14.4 for a
whole grid of values of A simultaneously (with a union bound), or slightly changing the
function A in the proof, removes this difficulty at a very small cost, and leads to the
two bounds used in practice. We state them without proof.

Theorem 14.5: McAllester’s and Seeger’s bounds (McAllester, 1999;

Seeger, 2002; Maurer, 2004)

Let P be a prior on H, fixed before seeing S ~ D™ (m > 8), and 6 € (0, 1]. With
probability at least 1 — & over S, for all distributions @) on H, the two following
bounds hold:

2/ m
KL(Q|P) + In 247

e~ , (14.4)
o 2/m
(Seeger)  Rp(Gg) Silfl(ﬁg(G ), KL(QHPBTTI 0 ) (14.5)

The two bounds are the PAC-Bayesian versions of the two test-set bounds of
Section 13: Hoeffding’s (margin /-/2m) and the kl bound. As for a single classifier,
Seeger’s bound is always at least as good as McAllester’s (by Pinsker’s inequality), and
much better when the empirical Gibbs risk is small. It is the bound we use for computing
certificates; McAllester’s bound is the one we use for understanding, because it has a
simple formula. Compared with the test-set bound, only two things have changed: the
term KL(Q||P), the price for having chosen @) with the data, and ln% replaced by

Vm

In QTm, a small price for not having fixed A.
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14.5 Reading the bound

McAllester’s bound (14.4) can be read like a sentence:

KLQP) +1n 2V
W—/

~ distance to the prior fidenc
Rp (GQ) < Rg (GQ) + confidence
———— 2m
what we want fit to the data Y

sample size

o The sample size m: the price decreases like 1/+/m.

o The confidence § only enters through a logarithm: going from 95% to 99.9%
confidence costs little.

e The KL is the price for learning: a posterior that stays close to the prior is cheap,
a posterior that concentrates on a few voters is expensive.

o The size of H does not appear: only the distance between @@ and P matters.
This is what makes the bound usable for large ensembles.

A trade-off. Concentrating () on the voters with the smallest empirical risks decreases
the first term, but increases the KL. The best posterior realizes a compromise (Fig. 119).

m=1000, §=0.05, Rg(Gq)=0.12

0.4 1 B empirical term RS(GQ) HEE complexity, Seeger
[ complexity, McAllester
S 0.3 -
S
a5
o
© 0.2
e
=]
=]
(]
0.1 1
0.0 -

0 2 5 10 20 50
KL(Q|P) (nats)

Figure 119: Anatomy of the bound, for m = 1000, § = 0.05 and an empirical Gibbs risk of 0.12.
Grey: the empirical risk; orange and blue: the price added by McAllester’s and by Seeger’s
bound, as KL(Q||P) grows from 0 to 50. Seeger’s bound is always smaller. [code:

make_figures.py: fig_bound_anatomy ]

Ezample 14.2 (Computing the bounds). Take m = 1000, § = 0.05 and an empirical

Gibbs risk Rs(Gg) = 0.12. Then In 24™ = In 2X3L6 ~ 7,14 and:

KL(Q|P) 0 23 46 20 50

McAllester 0.180 0.189 0.197 0.236 0.289
Seeger 0.162 0.169 0.176 0.209 0.256
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For McAllester with KL = 0, for instance: 0.12 + /7.14/2000 = 0.12 + 0.060 = 0.180.
The values 2.3 and 4.6 are those of a posterior uniform on 10 voters out of 100, and of
a single voter out of 100 (example 14.1). Even with a KL of 50, which corresponds to
a posterior very far from the prior, the bound remains far below 1.

Running example Let us certify the Gibbs classifier of our forest (a tree drawn
at random), with the uniform prior and the uniform posterior, so that KL(Q||P) =
0. We need examples that the trees have not been trained on. For now, let us
admit that each tree can be evaluated on the examples left out of its bootstrap
sample, its out-of-bag examples (Section 16.2). The average out-of-bag error of
the trees is 0.174, computed with at least 747 examples per tree. With § = 0.05,
McAllester’s bound gives 0.243 and Seeger’s bound 0.230. The test Gibbs risk,
which the bound did not see, is 0.190: the certificate is valid and not far from
the truth, and it was obtained without a test set. But the vote has a test risk
of 0.044, and nothing in this section says anything about it: this is the object of
Section 15.

14.6 Choosing the prior and the posterior

The prior. Any prior gives a valid bound, provided it is fixed before seeing the data.
The uniform prior is the default choice. A better prior gives a smaller KL for the
posteriors we are likely to learn, hence a tighter bound. A classical trick to obtain a
good prior without breaking the rules is to split the sample: a first part of the data is
used to build the prior (for instance to pre-train a model), and the bound is computed
on the second part only, which the prior has not seen.

The posterior. The bound holds for all posteriors at once, so we are free to choose
the posterior that makes it as small as possible. For the bound (14.2) with X fixed, the
answer has a closed form.

Proposition 14.6: The Gibbs posterior (Catoni, 2007)

For A > 0, the distribution that minimizes ITZS(GQ)ﬁL%, hence the right-hand
side of (14.2), is

—ARgs(h) .
Qu(n) = PWECTET g S p)e B (14)

Zx R EH
. J

Proof. For any (), we write A times the objective as a single sum:

ARs(Gq) + KL(Q|IP) = ZQ )(ARs(R) fﬁEZ;)

_ am
=X
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Q(h
= QM GGy~ 7 = KLQIQy) ~ 2
The last term does not depend on @, and KL(Q|@x) > 0 with equality if and only if
Q = Q) (Proposition 14.2). -

The Gibbs posterior reweights the prior: each voter keeps its prior weight, mul-
tiplied by e *s(h) 4 factor that is larger for voters with a small empirical risk. The
parameter A\ plays the role of an inverse temperature (Fig. 120): for A = 0 we keep
the prior, and for A — oo all the weight goes to the voter with the smallest empirical
risk, the empirical risk minimizer. In between, the Gibbs posterior is a soft version of
empirical risk minimization, which spreads its weight over all the good voters. When
the loss is the negative log-likelihood and A = m, it is exactly the posterior of Bayesian

statistics: this is where the name PAC-Bayes comes from.

100 Gibbs posterior on 300 stumps fit / complexity trade-off
» —— A=0.001 0.6 1 Rs(Go,)
107+ Ao —= KL@[P)/m
10-2 1 — A=l 04 = Seeger bound
S’; 10—3 4
<
107 4 0.2 1
1073 4
LT e e e e
10-6 1+ . . . 0.0 e rrrr—
0 100 200 300 1073 1072 107! 10° 10' 102
stumps sorted by R s(h) inverse temperature \

Figure 120: The Gibbs posterior on 300 decision stumps, with m = 120 examples. Left: the
weights Q@ (h) of the stumps, sorted by empirical risk, for three values of A (in the figure, A is
given per example, i.e. divided by m: the values 0.001, 0.05 and 1 correspond to A = 0.12, 6 and
120 in (14.6)). Right: empirical Gibbs risk, KL divergence and Seeger’s bound as functions of
A; the bound is minimal for an intermediate value of A, which spreads the weight over the good
stumps. [code: make_figures.py: fig_temperature]

To remember from Section 14

o The KL divergence KL(Q||P) = >}, Q(h )1n Bt h) measures how far the pos—
terior is from the prior; it is > 0, equal to 0 iff @ = P, and equal to In P(h)
for a Dirac posterior.

o The change of measure Eqp < KL(Q||P) + InEpe? transfers a statement
on the prior to every posterior.

« PAC-Bayesian bound: with probability 1—4, for all Q, Rp(Gg) < Rs(Go)+
w + 8%. Proof: Hoeffding for each voter, Markov on the prior

average, change of measure.

o In practice: McAllester’s bound (simple formula) and Seeger’s bound
(tighter, computed with Hfl), with In @ instead of In 3.

o Concentrating @ lowers the empirical risk but raises the KL. The Gibbs
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posterior Qy x Pe s realizes the best compromise.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Q14.1. P is uniform on 20 voters and @ is uniform on 5 of them. What is KL(Q||P)?
Q14.2. What is KL(Q||P) when @ gives a positive weight to a voter h with P(h) = 07

Q14.3. Which step of the proof of Theorem 14.4 requires the prior to be independent of the
sample?

Q14.4. Why does the bound hold for all posteriors at the same time?
Q14.5. Compute McAllester’s bound for m = 2000, 6 = 0.05, ﬁS(GQ) = 0.2 and KL(Q||P) = 0.
Q14.6. What does the Gibbs posterior become when A = 07 When A is very large?
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15 From the Gibbs classifier to the majority vote

About this section

Guiding question. Why is a vote better than its average voter, and how can we certify
the vote itself?

Section 14 certifies the Gibbs classifier, a voter drawn at random. But we predict with the
majority vote, which can be much better. We introduce one random variable, the weight
Wq of the voters that err on an example, which describes both predictors. Markov’s
inequality applied to Wq gives the first-order bound: the vote is at most twice worse than
the Gibbs classifier. Applied to Wé, it gives the tandem bound, which involves pairs of
voters and sees their diversity. This answers the explanatory question of Section 12.

Throughout the section, the voters take values in {—1,+1}, @ is a distribution
over a finite set H of voters, and the vote Bg(x) = sign (>, Q(h)h(x)) is counted as
wrong in case of a tie.

15.1 One random variable that describes the vote

Definition 15.1: Weight of the erring voters

For an example (z,y), the weight of the erring voters is

=Y Qh1h(z) #y] €[0,1],

heH

that is, the proportion of voters (weighted by @) that err on (x,y).
_ J

When (z,y) is drawn from D, Wy(z,y) is a random variable with values in [0, 1].
Both predictors can be read on it (Fig. 121).

e The Gibbs risk is its mean. Exchanging the sum over the voters and the
expectation over the data,

E [Wo(z,y)] ZQ # Yl

(E’y)'\’ ( 7y)ND

=3 QM) P yyn(h(z) £y) = Y. Q(h)Rp(h) = Rp(Gq).
h h
(15.1)

« The vote errs when W > 1. The vote errs on (z,y) when the voters that err
weigh at least as much as those that are right, that is when Wy(z,y) > % Hence

RD(BQ) = IP)(1:,;L/)~D (WQ($a y) = %) (15.2)

In a nutshell The Gibbs risk only depends on the mean of Wy, whereas the
risk of the vote depends on how often Wy exceeds %, that is on the tail of
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the vote is right the vote errs

NI 3
—

1
1

AT

Mg (x,y) < :

margin Mg = 1 — 2Wg: all voters right (Mg = 1), half-and-half (Mg = 0), all wrong (Mg = —1)

o

Figure 121: The weight Wq of the erring voters on an example. On z1, 30% of the voters
(weighted by Q) err and the vote is right; on x5, 62% of them err and the vote errs. The margin
Mg =1—2Wg (Section 15.6) measures the same thing on the scale [—1,1]. [code:
figures/tikz/wq_line.tex}

its distribution. Two ensembles with the same Gibbs risk can have very different
votes (Fig. 122). Bounding a tail with a mean is exactly what Markov’s inequality

does.
diverse voters errors pile up above 1/2 identical voters
vote risk 0.00 vote risk 0.58 vote risk 0.30
0.6 - _ _ - : _ : 1 ) .
— H Gibbs risk Gibbs risk H Gibbs risk
ﬁ 03 0.3 03
04 T -1 - H
o
=
& 0.2 1 A b
0.0 ; — — - ;
0 1/2 1 0 1/2 1 0 1/2 1

Figure 122: Three distributions of W with the same mean, i.e. the same Gibbs risk 0.3. Left:
the voters are diverse and their errors never pile up, so the vote is always right. Middle: the
errors pile up just above % on 58% of the examples, where the vote errs; this is close to the worst
case of the first-order bound. Right: identical voters, the vote is as good as one voter.  [code:

make_figures.py: fig wq_scenarios]|

15.2 The first-order bound

Proposition 15.2: First-order bound (Langford and Shawe-Taylor, 2002)

For every distribution @, Rp(Bg) < 2 Rp(Gg).

Proof. W is non-negative, so Markov’s inequality (Lemma 13.1) applies:

Rp(Bq) = P<WQ Z %)

= 2 Rp(Go). O
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Combined with Seeger’s bound on the Gibbs risk, it gives a certificate for the
vote: with probability at least 1 — ¢, for all Q,

2/m
KL(Q| P) + In 2 ) (153)

Rp(Bq) < 2K ' (Rs(Gq),

m
When is it tight? Markov’s inequality is an equality when the variable only takes
the values 0 and a. Here: on each example, either all the voters are right (Wg = 0), or
exactly half of them err (Wg = %), and the vote errs on all the examples of the second
kind (the middle panel of Fig. 122 is close to this situation). This is the worst case: the
voters pile up their errors on the same examples, just enough to make the vote err. In
general the bound is loose. It cannot explain why a vote is better than its voters, since
it is always above the Gibbs risk: in the running example, it gives 2 x 0.19 = 0.38 for a
vote whose test risk is 0.044.

15.3 Condorcet’s jury theorem

The opposite of the worst case is a vote of independent voters. This situation was
already studied by Condorcet (1785) for juries.
Proposition 15.3: Condorcet’s jury theorem

Let h1,...,h, be n voters, with uniform weights, that err independently of each
other, each with probability p < % on a random example. Then

Rp(Bg) < e G2’ 0.

n—o0

Proof. On arandom example, W = = 37| 1[hs(z) # y] is an average of n independent
Bernoulli variables of mean p. By Hoeffding’s inequality (Theorem 13.2 applied to the
variables 1 — 1[hy(z) # y], which gives the same bound for the upper tail),

Rp(Bg) =P(Wo > ) =P(Wg —p>} —p) <e G2, 0

With n = 101 voters of error 0.3, the vote errs with probability less than e8! <
0.0004. Independent voters are much better together than alone. Of course, voters
learned on the same data are never independent: their errors are correlated, they tend
to err on the same difficult examples, and the gain of the vote is limited (Fig. 123,
right). What matters is how much the voters err together.

15.4 Pairs of voters: joint error and disagreement

To measure how much the voters err together, we look at pairs of voters (h,h’) drawn
independently from Q.
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Independent voters, error p=0.3 n =25 correlated voters, p=10.3

1.09 1.25 -
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0 20 40 60 80 100 0.0 0.2 0.4 0.6 0.8 1.0
number of independent voters n correlation c of the errors
— risk of the vote R(By) first order 2R(Gy) — - tandem 4e; —— C-bound Cg,

Figure 123: Risk of the majority vote (black) and of the bounds of this section, for voters of
individual error p = 0.3. Left: independent errors, as a function of the number of voters; the
first-order bound stays at 2p = 0.6. Right: 25 voters whose errors are correlated (each voter
copies the errors of a common leader with probability ¢); the more correlated the voters, the
worse the vote. [code: make_figures.py: fig_condorcet]

Definition 15.4: Joint error and disagreement

The joint error ep(Q) is the probability that two voters drawn from @ both err
on a random example, and the disagreement dp(Q) the probability that they
give different answers:

en(Q) = D Q(WQ(N)P(h(z) # y and K (z) # y),

h,h!

dp(Q) = Y- QMQ(N) P(h(x) # I (x)).
hoh!

The disagreement measures the diversity of the ensemble; it does not need the
labels and can be computed on unlabelled data. The three quantities are linked by a
simple identity (Fig. 124).

Proposition 15.5: Gibbs risk, joint error and disagreement

For every distribution @, Rp(Gg) = ep(Q) + 5 dp(Q).

Proof. Fix two voters h,h’ and an example (z,y). With binary labels there are three
cases: both are right, both err, or exactly one errs, and exactly one errs if and only if
they disagree. Counting the errors in each case,

L[h(e) # o] + L[} (2) £ y] = 21[h(z) £y, H(x) £ y] + 1[A(e) £ K (2)] .

Take the expectation over (z,y) ~ D and over h,h' ~ Q. The left-hand side gives
2Rp(Gg), the right-hand side 2ep(Q) + dp(Q). Divide by 2. O
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W)=y W (@) #y

disagree
h right, b’ wrong

h,h' ~ @Q independent, (z,y) ~ D:
B joint error: ep(Q) = P(red)
disagreement: dp(Q) = P(orange)

hiz) =y both correct

disagree both wrong Gibbs risk: red + one orange cell,

h wrong, h' right (tandem loss) RD(GQ) —en(Q) + ldp Q)
5 .

Figure 124: Two voters h,h’ drawn from () on an example: the four cases. The joint error is
the probability of the red cell, the disagreement that of the two orange cells. The Gibbs risk is
the red cell plus one orange cell. [code: figures/tikz/tandem_table.tex]

In a nutshell For a given Gibbs risk (a given quality of the voters), the more
the voters disagree, the less often they err together. This is diversity: good voters
that do not make the same mistakes. The next bound shows that the joint error,
not the Gibbs risk, controls the vote.

15.5 The tandem bound

Proposition 15.6: Tandem bound (Masegosa et al., 2020)

For every distribution Q, Rp(Bg) < 4ep(Q).

Proof. Since Wg > 0, Wg > % if and only if Wé > %. Hence

Rp(Bg) = P(WCZQ =z i)

<4E[W3].

It remains to compute E[Wé] Developing the square of the sum,

E[W3] = E[ Y Q(i)1[A(z) # 4] > QUK (x) £ y] |
h h'

= > QMQN)P(h(x) #y, ' (z) #y) = ep(Q). B

h,h!

The tandem bound uses the second moment of Wg, where the first-order bound
only used its mean: it sees whether the errors pile up. When the voters are diverse,
ep(Q) can be much smaller than Rp(Gg)/2, and the tandem bound much better than
the first-order bound. When they are not, it can be worse than the first-order bound:
for identical voters, ep(Q) = Rp(Gg) and the tandem bound is 4Rp(G().

Ezample 15.1 (Three voters, again). In Example 12.1, three voters with weights % each
err on a different point among four. A voter paired with itself errs with probability 0.25;
two different voters never err together. Among the 9 pairs (h,h’), 3 are a voter with
itself, so ep(Q) = % x 0.25 = 0.083. Two different voters disagree on 2 points out of 4,
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so dp(Q) = & x0.5 ~ 0.333. We check the identity: 0.083+ 3 x 0.333 = 0.25 = Rp(Gq).
The first-order bound gives 0.5, the tandem bound 4 x 0.083 = 0.333; the true risk of
the vote is 0.

The C-bound. An even finer bound, the C-bound (Lacasse et al., 2006; Germain
et al., 2015), uses both the mean and the variance of W (through Chebyshev-Cantelli’s
inequality): if Rp(Gg) < 3,

(1-2Rp(Gg))?
1-2dp(Q)

RD(BQ) <1-

In the three-voter example, it gives 1 — % = 0.25. We will not use it further: it is

harder to certify from data, because it needs two estimates at once.

Certifying the vote. The joint error is the Gibbs risk of a “pair” of voters, for the
loss “both err”, with the distribution Q? over pairs. Seeger’s bound therefore applies
to it, with the empirical joint error €5(Q) (the proportion of pairs that both err on the
sample, averaged with Q?) and KL(Q?||P?) = 2KL(Q||P). With probability at least
1—4, for all Q,

2KL(Q||P) +1n2{ﬁ).

m

Rp(Bg) < 4K (25(Q), (15.4)

Running example We can now answer the explanatory question of Section 12.
On the test set, the trees of our forest have a Gibbs risk of 0.190, a disagreement of
0.266 and a joint error of 0.057 (check: 0.057+40.266/2 = 0.190). Two trees drawn
at random disagree on more than a quarter of the digits, but both err on only 5.7%
of them. The first-order bound is 0.381, the tandem bound 4 x 0.057 = 0.229,
and the C-bound 0.179, for a vote whose risk is 0.044. The vote is good because
the trees are diverse: they are individually mediocre, but their errors are spread
over different digits.

Without a test set, estimating the same quantities on the out-of-bag examples
(Section 16.2) with 6 = 0.05 certifies the vote at 0.460 with the first-order bound
(15.3) and at 0.387 with the tandem bound (15.4). These certificates are valid, but
far from the test risk: the factor 4 and the doubled KL are expensive. Section 16
improves them by learning the weights of the trees.

15.6 Margins and boosting

The quantity Wg is closely related to the margin of the vote, met with AdaBoost in
Section 10.2.2:

h

(Each voter contributes +Q(h) when it is right and —Q(h) when it errs.) The vote errs
when Mg < 0, and the margin is close to 1 when almost all the voters agree on the
right answer. The bounds of this section are statements about the distribution of the
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Oracle bounds and risk of the vote Strength vs. diversity
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Figure 125: Random forests of 100 trees on a simulated problem, for an increasing number of
features tried at each split. Left: risk of the vote and oracle values of the bounds, computed
on a large test sample. Right: stronger trees (small Gibbs risk) are also less diverse (small
disagreement). The tandem bound and the C-bound follow the risk of the vote much better
than the first-order bound. [code: make_figures.py: fig mv_bounds_diversity]

margin: the first-order bound uses its mean, the tandem bound its second moment. This
explains the observation of Schapire et al. (1998) recalled in Section 10.2.2: AdaBoost
keeps increasing the margins of the training examples after its training error has reached
0 (Fig. 126); pushing the distribution of the margins away from 0 makes W¢ small on
most examples, hence a small joint error and a good vote.

weights Q(h;) errors of the vote margins keep increasing

0.03 A training
0.20 1 — test I
)
—~ 0.02 4 ®)
< 0.15 A =4
§7 =i
0.01 1 0.10 - g

0.00 - T T T
0 25 50 10° 10! 102
round ¢ (first 60) number of rounds T' normalized margin

Figure 126: AdaBoost with decision stumps on a simulated problem. Left: the normalized
weights Q(h:) of the first stumps form a distribution over the weak learners. Middle: the
training error of the vote goes to zero while the test error stabilizes. Right: the distribution of
the margins keeps moving to the right. [code: make_figures.py: fig_adaboost]

To remember from Section 15

o The weight of the erring voters Wg describes both predictors: the Gibbs
risk is its mean, the vote errs when Wg > %

o Flirst-order bound: Rp(Bg) < 2Rp(Gg) (Markov on Wg). Simple, but it
cannot explain why a vote beats its voters.

e (Condorcet: independent voters better than chance make an almost perfect
vote. Real voters are correlated.

o Joint error ep and disagreement dp: Rp(Gg) = ep(Q) + 3dp(Q). For a
given Gibbs risk, more diversity means a smaller joint error.
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o Tandem bound: Rp(Bg) < 4ep(Q) (Markov on Wg)) Both bounds can be
certified from data with Seeger’s bound.

o A vote is good when its voters are good and diverse.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Q15.1. On an example, voters weighing 0.7 in total are right. What is W7 Is the vote right?

Q15.2. The Gibbs risk of an ensemble is 0.1. What does the first-order bound say about the
vote?

Q15.3. An ensemble has a Gibbs risk of 0.2 and a disagreement of 0.3. What are its joint error
and its tandem bound?

Q15.4. What are the joint error and the disagreement of an ensemble of identical voters of risk
p?

Q15.5. Why is the KL doubled in the certificate of the tandem bound?

Q15.6. How are the margin and W related?
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16 Learning with the bounds

About this section

Guiding question. Since the bounds hold for every posterior, why not choose the pos-
terior that minimizes them?

So far, the bounds certified a posterior given by some algorithm. This section reverses the
roles: we learn the posterior by minimizing a bound, and the minimal value of the bound is
a guarantee on the learned model. We explain why this is legitimate, and which rule must
not be broken. We then apply the idea to random forests, where the out-of-bag examples
allow to learn and certify with the same data, and we see why the bound to minimize must
take the diversity of the voters into account. A short tour of other applications closes the
section; Section 17 then derives one of these algorithms in detail.

16.1 From empirical risk minimization to bound minimization

In Parts II and III, learning meant minimizing an empirical risk, possibly plus a regu-
larization term, and the quality of the learned model was then estimated on a test set.
A PAC-Bayesian bound suggests another way:

Q € arg min Rs(Gg) + price( KL(Q||P), m, d), (16.1)
Q

the bound

that is, minimize an upper bound on the true risk instead of the empirical risk. The first
term asks for a posterior that fits the data, the second one for a posterior that stays
close to the prior: the KL plays the role of a regularization, but with a weight that is
dictated by the theory instead of being tuned.

The certificate comes for free. The bound holds, with probability at least 1—49, for
all posteriors at once. It therefore holds for the posterior @ found by the minimization,
whatever the algorithm used to find it (exact formula, gradient descent, grid search. .. ).
The value of the bound at @ is a valid guarantee on its true risk. Such a procedure,
which outputs a model together with a guarantee on its risk, is called self-bounding
(Freund, 1998; Viallard et al., 2021).

Ezample 16.1 (The Gibbs posterior as a self-bounding algorithm). Take a finite set of
voters (for instance 300 decision stumps built on a first sample), the uniform prior, and
a second sample of m examples to compute their empirical risks. For each A on a grid,
compute the Gibbs posterior Q) o e *is(h) (Proposition 14.6) and its Seeger bound
(14.5); keep the A with the smallest bound (Fig. 120). Choosing A in this way is allowed:
Seeger’s bound holds for every posterior, so it holds for every @Q», whichever \ we keep.
On the breast cancer dataset, with m = 120 examples, this gives a certificate of 0.256

on the risk of the Gibbs classifier, whose test risk is 0.114.

Pitfall Everything may depend on the data except the prior and the confidence
6. If the prior, or the set of voters on which it is defined, is chosen with the same
examples as those used to compute the empirical risks in the bound, the bound
is no longer valid. In particular, one must not try several priors on the same data
and keep the one that gives the smallest bound (unless the price of this choice is
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paid with a union bound). Splitting the sample, one part for the prior and the
voters, the other part for the bound, is the safe solution.

16.2 Random forests and the out-of-bag examples

Splitting the sample wastes data: the examples used to build the voters are not used to
certify them. Bagging offers a way out. Each tree h; of a forest is learned on a bootstrap
sample Sy, and the examples left out of it, its out-of-bag (OOB) examples T; = S\ S,
have never been seen by h; (Fig. 127). From the point of view of the tree hy, they are a
fresh test sample. With bootstrap samples of size m, about e~ ~ 37% of the sample is
out-of-bag for each tree (Section 10.2.1); with bootstrap samples of size m/2, as in our
running example, about e~'/2 ~ 61%.

Slzl |22|Z3 | Z4 | z5 | Z6 | z7 | z8 | z9 |210|211|212|zl3|214|215|216‘
hi
ha
h3

in the bootstrap sample S; (training)
out-of-bag T; = S\ S; (evaluation)
tandem loss of (hq, he): evaluated on T7 N7y

Figure 127: Out-of-bag sets of three trees. Blue: the examples of the bootstrap sample of a tree
(used to train it); orange: its out-of-bag examples (used to evaluate it). The tandem loss of a
pair of trees is evaluated on the examples that are out-of-bag for both. [code:
figures/tikz/oob_sets.tex|

Thiemann et al. (2017) and Lorenzen et al. (2019) showed that this is enough to
apply the bounds of Sections 14 and 15. The trick is to put the prior on the indices
1,...,n of the trees (the uniform prior, for instance), which are fixed before the forest
is grown, and to evaluate each tree on its own out-of-bag examples:

e the empirical risk of a tree is its OOB error, and the empirical Gibbs risk the
weighted average of these errors;

e the empirical joint error of a pair of trees is computed on the examples that are
out-of-bag for both;

e the sample size m in the bounds is replaced by the size of the smallest of these
OOB sets.

With these replacements, the first-order and the tandem certificates (15.3)—(15.4) re-
main valid. Every example is used both to grow some trees and to certify the others,
and no test set is needed.

16.3 Learning the weights of a forest

We can now learn new weights @) for the 100 trees of our forest by minimizing one of
the two certificates on the OOB data. Table 8 and Fig. 128 compare the results with
the uniform weights of the forest.
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Table 8: Three posteriors on the forest of 100 trees on digits: test risks of the vote and of
the Gibbs classifier, OOB certificates on the risk of the vote (§ = 0.05), and effective number of

trees 1/ 3", Q(ht)%.

posterior vote Gibbs first-order tandem effective
(test) (test) certificate certificate  trees
uniform (the forest) 0.044 0.190 0.460 0.387 100
minimizing the first-order bound 0.150 0.158 0.386 0.666 2
minimizing the tandem bound 0.043 0.183 0.436 0.361 58

Minimizing the first-order bound destroys the vote. The first-order bound only
depends on the Gibbs risk, the average error of the trees. Its minimizer therefore puts
almost all the weight on the trees with the smallest OOB error: only two effective trees
remain. The Gibbs risk decreases (0.158), but the vote of two similar trees has lost all
the benefit of diversity, and its risk jumps from 0.044 to 0.150.

Minimizing the tandem bound keeps the vote good. The tandem bound de-
pends on the joint error of pairs of trees: putting a lot of weight on two trees that err
on the same examples is expensive, spreading the weight over trees that err on different
examples is cheap. Its minimizer keeps 58 effective trees, its vote is as good as the forest
(0.043), and it obtains the best certificate, 0.361.

Sorted weights 100 Weight vs. individual quality
1071 1 J °
° & ale
S < 1072 1 °
s |l s ...
= = (X ) ?.
2 3 = o
o 107° 1 %)
2 2 1074 A ¢
10_5 T T T T T 10_6 T T T
0 25 50 75 100 0.15 0.20 0.25
trees sorted by weight OOB loss L, of the tree
— uniform FO-optimized = =—— TND-optimized  =—— C-bound-optimized

Figure 128: Weights learned on the forest of 100 trees on digits. Left: sorted weights of the
posteriors (log scale). Right: weight of each tree as a function of its OOB error, for the first-
order and the tandem posteriors: the first-order posterior selects the two best trees, the tandem
posterior spreads its weight over many good trees. [code: make_figures.py:

fig_fo_iterations_and_weights]

In a nutshell A good learning objective for a vote must reward the diversity of
the voters, not only their individual quality. The first-order bound does not, and
its minimization leads to a bad vote; the tandem bound does. This is the lesson

of Section 15 turned into an algorithm.
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Running example Let us gather what we have learned about our forest of 100
trees on digits. Its vote errs on 4.4% of the test digits, while an average tree
errs on 19% of them; the gap is explained by the diversity of the trees, whose
disagreement (0.27) exceeds their Gibbs risk (Section 15). Setting aside the 540
test digits certifies the vote at 0.069 (Section 13). Without any test set, the OOB
tandem bound certifies the forest at 0.387, and learning the weights by minimizing
it lowers the certificate to 0.361, with an equally good vote. These certificates
are valid but still far from the test risk: certifying a vote from the training data
alone remains harder than evaluating it on a test set. Their advantage is that
every example has been used for learning.

16.4 Beyond ensembles

The same recipe applies to many other models; we only give two examples.

Linear classifiers. Take as voters all the linear classifiers hy(z) = sign((v,x)), as
prior a standard Gaussian distribution P = A(0, I) on v, and as posteriors the Gaussian
distributions @ = N(w, I) centred on a vector w. The KL between two such Gaussians
is KL(Q||P) = w, and the vote Bg is the linear classifier sign((w,z)) (Fig. 129).

2
Minimizing the bound then amounts to minimizing an empirical risk plus %: we

recover a regularized linear classifier, similar to the SVM of Part II (Langford and
Shawe-Taylor, 2002; Germain et al., 2009).

NMw, 1), |w|=1.5 NGw, 1), ||5w| =7.4
Rs(Go) =0.159, Rg(Bg) =0.062 Rs(Go) =0.062, Rg(Bg) =0.062
KL=1.1 KL =27.6

Figure 129: A Gaussian posterior @ = N(w, I) on linear classifiers: voters drawn from Q (grey
lines) and their vote Bg (black line). Left: small |w]|, diverse voters, small KL. Right: large
||W||, voters close to the vote, larger KL. [code: make_figures.py: fig_linear_gaussian]

Neural networks. The same Gaussian construction can be applied to the weights of
a neural network. Dziugaite and Roy (2017) obtained in this way the first non-vacuous
guarantees for deep networks, and Pérez-Ortiz et al. (2021) showed that minimizing
such bounds gives networks that are both accurate and certified.
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To go further. PAC-Bayesian theory is an active field of research: bounds for un-
bounded losses and dependent data, other divergences than the KL, data-dependent
priors, applications to domain adaptation or to large language models (Lotfi et al.,
2024). The surveys of Alquier (2024) and Guedj (2019) are good entry points.

To remember from Section 16

e Since the bounds hold for all posteriors, we can learn the posterior by mini-
mizing a bound; the minimal value is a valid certificate (self-bounding learn-
ing).

e The KL term acts as a regularization whose weight is given by the theory.

o Everything may depend on the data except the prior and §: the prior must
be fixed before seeing the data used in the bound.

e In a random forest, each tree can be evaluated on its out-of-bag examples:
the bounds can be computed without a test set, and every example is used
for learning.

e Minimizing the first-order bound concentrates the weights and destroys the
vote; minimizing the tandem bound rewards diversity and keeps a good

vote.

Check your understanding

Short questions to test yourself; the answers are in Appendix A (click on the number of a question
to see its answer).

Q16.1. Why is the value of the bound at the minimizer @ a valid certificate, although @ was
chosen with the data?

Q16.2. May we choose the temperature A of the Gibbs posterior by minimizing Seeger’s bound
on the sample? May we choose the prior in the same way?

Q16.3. With bootstrap samples of size m, about which fraction of the sample is out-of-bag for
one tree? For two trees?

Q16.4. Why does minimizing the first-order bound degrade the vote of a forest?

Q16.5. For a Gaussian posterior N'(w, I) and the prior N'(0, I'), what is the KL.? Which classical
regularization does it correspond to?
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17 Deriving a self-bounding algorithm, step by step

About this section

Guiding question. How do we turn a bound into a learning algorithm, concretely?

Section 16 showed the results of bound minimization, but not how the algorithms are
obtained. This section derives one completely, on our running forest. Starting from the
tandem bound of Section 15, we follow a recipe in five steps: choose a bound, fix what
must be fized, write the quantity to minimize, solve the minimization, and certify the
result. Along the way, we obtain an algorithm with a simple interpretation: each tree is
penalized by the errors it shares with the other trees of the vote. The tools are the bound
of Theorem 1/.4, the Gibbs posterior (Proposition 14.6) and the Lagrange multipliers of
Part I (Theorem 4.2).

17.1 The recipe

A self-bounding algorithm always comes from the same five steps.

1. Choose a bound that holds, with probability at least 1 — §, for all posteriors
Q at once. It will be used twice: its shape tells us what to minimize, its value
certifies the result.

2. Fix before seeing the data everything the bound requires to be fixed: the
voters (or the way they are built), the prior P, the confidence 6.

3. Write the objective: keep the terms of the bound that depend on @), drop the
others.

4. Minimize the objective over (): with a formula when there is one, with an
iterative algorithm otherwise.

5. Certify: evaluate the bound at the output @ Since the bound holds for all
posteriors, it holds for Q, even if the minimization is not exact.

A first example: the Gibbs posterior. We have already followed this recipe with-
out saying so. With the bound of Theorem 14.4 (step 1), a prior P and a parameter \
In(1/5)

fixed in advance (step 2), the objective is }A%S(GQ) + % (step 3), the terms —5~

and ﬁ not depending on (). Proposition 14.6 solves it with a formula, the Gibbs pos-
terior Qx(h) o P(h)e~Mis(h) (step 4). Its certificate on the vote is the first-order bound
(15.3) (step 5).

On our forest, with the OOB errors of the trees as empirical risks, this algorithm
is not satisfactory (orange curves of Fig. 130). When A grows, the Gibbs posterior
concentrates on the trees with the smallest OOB error, the vote loses its diversity, and
its test risk jumps from 0.044 to 0.150. This is the lesson of Section 16: to learn a wvote,
we must start from a bound that sees the diversity of the voters. We now apply the
recipe to the tandem bound.
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17.2 Steps 1 and 2: the bound and what is fixed

The data. The voters are the 100 trees hi,...,h199 of the forest, the prior P is
uniform on their indices, and § = 0.05; all of this is fixed before looking at the out-of-
bag examples (Section 16.2). For each pair of trees, we compute on the examples that
are out-of-bag for both the empirical joint error

€s(h,h’) = proportion of these examples on which h and h’ both err.

These 100 x 100 numbers form a symmetric table, whose diagonal contains the OOB
errors of the trees (ég(h,h) = Rg(h)). The empirical joint error of a posterior is the
average of the table with the weights Q(h)Q(h'):

es(@) = > Q) QW) es(h,h').
h R

In the bounds, m is the size of the smallest set of examples out-of-bag for a pair of trees;
here m = 423.

The bound. We need a bound whose shape is easy to minimize. The kl form (15.4)

contains the inverse Hfl, which has no formula. The linear bound of Theorem 14.4 is
a simple sum, and it applies to the joint error exactly as Seeger’s bound does in (15.4).

Proposition 17.1: A linear tandem bound

Let P and A > 0 be fixed before seeing the sample. With probability at least 1 —,
for all distributions () on the voters,

2KL(QIP)+Int A )

Rp(Bq) < 4(s(Q) + s +e). (17.1)

- J

Proof. The joint error ep(Q) is the Gibbs risk of pairs of voters (h,h’) drawn from
the distribution Q?, for the loss “both err”, which takes values in [0, 1] (Section 15).
Theorem 14.4, applied to pairs with the prior P2, gives

R KL(Q|P?) +Int
s(Q) + \ 3

Section 15
R 2KL(Q||P) +Int X
@+ UQIP FIng | 2

We conclude with the tandem bound Rp(Bg) < 4ep(Q) (Proposition 15.6). O

ep(Q)

IN

8m’

17.3 Step 3: the objective

For a fixed A\, only two terms of (17.1) depend on Q. Dropping the factor 4 and
the constant terms M and %, which do not change the minimizer, we obtain the

objective

RQ= @  + KLQIP) (17.2)

fit: rare common errors .
stay close to the prior
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to be minimized over the distributions ) on the 100 trees. As in Section 16, the KL
acts as a regularization, and A sets the balance: a small X\ keeps @) close to the uniform
prior, a large A lets the data speak.

In a nutshell The objective does not ask for good trees, it asks for trees that
rarely err together. Two excellent trees that make the same mistakes have a large
joint error; two average trees that err on different examples have a small one.

17.4 Step 4: solving the minimization

The optimality condition. For a voter h, let
ZQ (h)eg(h,h')

be the average joint error of h with a voter drawn from Q: how often h errs together with
the vote. It plays the role that the empirical risk Rg(h) plays for the Gibbs posterior.

Proposition 17.2: Optimality condition

If @* minimizes I\ and gives a positive weight to every voter, then for every voter

h,

P(h) e res(h.Q")
Z b

Z =Y P(h)e Q). (17.3)
h/

Q*(h) =

Proof. We minimize F)(Q) under the single constraint >, Q(h) = 1, so we apply The-
orem 4.2 with the Lagrangian £(Q,u) = FA(Q) + p( X, Q(h) —1). We need the partial
derivatives of the two terms of F) with respect to the weight Q(h) of one voter h.

o In the double sum €5(@), Q(h) appears in the row h and in the column h of the
table; since the table is symmetric, both give the same contribution:

365 _2ZQ (W) es(h, 1) = 2€5(h, Q).

o« In KL(Q||P) =1, Q(h )ln Bh ) , the derivative of qln is ln% +1, so

OKLQIP) _, Q(h)

o pm Tt

At the minimum, the derivative of the Lagrangian with respect to each Q(h) vanishes:

es(, Q)+ 5 (n G 1) + =0
om o
In 0 =—-Xeg(h,Q") —c, W11:hc_1+7
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e Q*(h) = P(h)e es(hQ") g,

The constant e~ ¢ does not depend on h; since the weights sum to one, it equals % ]

Compare with the Gibbs posterior Qy(h) oc P(h)e~*s(): the structure is the
same, but the penalty of a tree is no longer its own error, it is its error shared with the
current vote. A tree that errs where the others are right costs little, even if its own error
is high: this is how diversity enters the algorithm.

A fixed-point algorithm. Unlike the Gibbs posterior, (17.3) is not a formula: Q*
appears on both sides. Such an equation @ = T(Q), where T(Q)(h) P(h)e*’\QS(h’Q),
is called a fized-point equation, and the natural idea is to iterate: start from Q) = P,
compute T'(Q), and repeat. To avoid oscillations, we only move part of the way, by a
fraction v (Algorithm 13). This is the same idea as the step size of gradient descent
(Part I): too large a step may oscillate, a small step is slower but safer.

Algorithm 13: Learning the weights of a vote with the tandem bound

Input: joint errors €g(h, h’) of the voters, prior P, parameter A > 0, step
a € (0,1] (e.g. 0.1), tolerance 7 (e.g. 1079)
Q<+ P;
repeat
for each voter h do s(h) < Y, Q(h')eés(h,h');  // error shared with
the vote

SR

4 ;

5 for each voter h do T'(h) « P(h) e *();

6 T+ T/>,T(h); // normalize
7

8

Q+1-a)Q+aT; // move part of the way
until the weights change by less than T;
Output: the posterior @

Does it find the minimum? When all the voters are evaluated on the same examples
Z1,...,ZTy, (for instance on a separate validation sample), the empirical joint error is
the average of the squares of the empirical Gibbs errors, €s(Q) = L 37, Wo(z;)? (as in
the proof of Proposition 15.6). A square of a linear function of @ is convex, the KL
is convex, so F) is convex, and a point that satisfies the optimality condition is the
global minimum (Part I). With the OOB examples, the pairs are evaluated on different
examples and convexity is not guaranteed, but the iterations converge quickly in practice
(about 130 iterations on our forest for A < 1024). In any case, step 5 does not need an

exact minimum.

Pitfall The algorithm needs the 100 x 100 table of joint errors, not only the
100 OOB errors of the trees: these pairwise statistics are what makes it see the
diversity. Using the OOB errors alone gives back the Gibbs posterior, which
concentrates on a few similar trees.
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17.5 Step 5: certify, and choose A

For each A, Algorithm 13 outputs a posterior @y. Which value of the bound do we
report, and which A do we keep? We use the bound in its tightest form, the kl tandem
bound (15.4). It holds with probability 1 — ¢ for all posteriors simultaneously, so it
holds for every @y, and we may compute it for each A\ of a grid and keep the smallest
value, at no extra cost.

The linear bound (17.1) has therefore only been used to tell us what to minimize;
the kI bound tells us how good the result is. We could also certify with the linear bound
itself, but A must then be fixed in advance, or chosen in a grid of k£ values fixed in
advance at the price of a union bound (Lemma 13.6): ln% becomes In %. On our forest,
this certificate is looser (0.50 at best, for a grid of 11 values).

Certificate on the vote (OOB, §=10.05) Risk of the vote on the test set
0.150 A
0.450 A
0.125 A
0.425 A
0.100 A
0.400 - | 0.075
0.375 1 0.050 A
2I2 2I5 2 8 2 I1 1 2I2 2I5 2I8 2 I1 1
parameter \ parameter \
Gibbs posterior (first-order bound) —e— tandem algorithm (tandem bound)  -+--- uniform weights (the forest)

Figure 130: The two self-bounding algorithms of this section on the forest of 100 trees on
digits, for A = 1,2,4,...,4096. Left: kl certificate on the risk of the vote, computed on
the OOB examples (first-order bound (15.3) for the Gibbs posterior, tandem bound (15.4) for
Algorithm 13); the circle marks the A kept. Right: risk of the vote on the 540 test digits, which
the algorithms never see. The dotted lines correspond to the uniform weights of the forest. [code:
make_figures.py: fig_tandem_algorithm]

Running example We run Algorithm 13 on our forest for A = 1,2,4,...,4096
(Fig. 130 and the table below).

A es(Qn) effective trees  certificate  vote (test)

uniform  0.049 100 0.387 0.044
64  0.046 92 0.373 0.043

128  0.044 78 0.366 0.039

256  0.042 57 0.361 0.043
1024  0.040 31 0.365 0.046
4096  0.039 24 0.373 0.044

For small A, the posterior stays close to the uniform weights. When A grows, the
joint error decreases and the weights concentrate, but slowly: even for A = 4096,
24 trees keep a significant weight, while the Gibbs posterior keeps a single one.
The certificate is minimal for A\ = 256: the learned vote is certified at 0.361
(instead of 0.387 for the uniform weights), with 57 effective trees and a test risk
of 0.043. We recover the tandem posterior of Table 8, now with an algorithm
that we have derived ourselves.
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17.6 What to remember from the derivation

The same five steps apply to other bounds and other models. Two points are worth
keeping in mind.

e The bound shapes the algorithm. The first-order bound only sees the in-
dividual errors and gives an algorithm that selects the best voters; the tandem
bound sees the pairs and gives an algorithm that rewards diversity. Choosing a
bound is choosing an inductive bias.

o Optimization and certification are separate. The algorithm may minimize
a convenient version of the bound (here, the linear one), approximately; the cer-
tificate is then computed with the tightest bound available, which holds for all
posteriors.

To remember from Section 17

e A self-bounding algorithm is derived in five steps: choose a bound valid
for all @, fix the prior and 4, keep the terms that depend on (), minimize,
certify.

« From the linear bound, the first-order objective Rg(Gg) -+ % gives the
Gibbs posterior; the tandem objective eg(Q) + w gives the condition
Q(h) xx P(h)eres(hQ),

e In the tandem algorithm, a voter is penalized by the errors it shares with
the vote, not by its own errors: diversity is rewarded.

o The condition is a fixed-point equation, solved by damped iterations (Algo-
rithm 13).

e Since the bounds hold for all posteriors, the parameter A can be chosen
by minimizing the certificate, and the certificate does not require an exact
minimization.

e On our forest, the derived algorithm certifies the vote at 0.361 instead of
0.387, without degrading its test risk.

Check your understanding

Short questions to test yourself; the answers are in Appendiz A (click on the number of a question
to see its answer).

Q17.1. Which terms of the linear tandem bound (17.1) are dropped to obtain the objective Fj,
and why is this allowed?

Q17.2. In the optimality condition, why does the derivative of €s(Q) with respect to Q(h)
contain a factor 27

Q17.3. What is the difference between the penalty of a tree in the Gibbs posterior and in the
tandem algorithm?

Q17.4. Why can we not simply compute @* with a formula, as for the Gibbs posterior?

Q17.5. Is the certificate still valid if the iterations are stopped before convergence?
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Q17.6. May we choose A by minimizing the kl certificate over a grid? And by minimizing the
linear certificate (17.1)7
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A Answers to the “Check your understanding” questions

The number of each answer is a link back to its question.

Section 1 Probability Essentials and Concentration Inequalities

Q1.1. False. The equality only says that X and Y are uncorrelated. For X uniform on {—1,0, 1}
and Y = X2 E[XY] = E[X3] = 0 = E[X]E[Y], but Y is a function of X: P(X =0,Y =1) =
0#AP(X =0)P(Y =1) = 2.

Q1.2. The number of errors is Bin(400,0.2), so the test error p has expectation p = 0.2 and
variance p(1 — p)/m = 0.16/400 = 4 x 1074, i.e. a standard deviation of 0.02: two percentage
points.

Q1.3. A pmf value is the probability P(X = z) < 1. A density value is not a probability: only
its integrals over intervals are. A density only has to be nonnegative with a total integral equal
to 1, so it can be large on a short interval, e.g. f = 10 on [0, 0.1] for ¢/(]0,0.1]).

Q1.4. The square root is concave, so E[v/Z] < \/E[Z]; the exponential is convex, so ¢®X] <
E[eX]. Both inequalities are equalities when the variable is almost surely constant.

Q1.5. The training error is not: hg depends on S, and the training error is typically too
optimistic, E[Rg(hs)] < E[R(hs)]. The error on a test set T independent of S is unbiased:
conditionally on S, hg is fixed and the test losses are i.i.d. with mean R(hg), so E[Rr(hs) |
S] = R(hg).

Q1.6. The law of large numbers says that X,, — u (almost surely), without any speed. The cen-
tral limit theorem describes the size and the shape of the fluctuations: X,, — p is approximately
N(0,0%/m), so it is of order o/y/m. Both are asymptotic.

Q1.7. The number of errors is Bin(100, 0.01), which is very skewed: it equals 0 with probability
0.991% =~ 0.37, and the mean mp = 1 is too small for the Gaussian approximation to be accurate.
In particular, when no error is observed, the estimated variance is 0 and the CLT interval reduces
to {0}, which does not contain p.

Q1.8. False. The “m > 30" rule of thumb is not a theorem: the central limit theorem only gives
a limit, and the quality of the approximation for a given m depends on the distribution (it is
poor for skewed distributions, see Fig. 4). The probability can be noticeably larger than 0.05.

Q1.9. Markov’s inequality applied to X only uses the mean and gives a 1/t decay. Applied
to the increasing function e*¥, it uses all the moments of X through the MGF, and the free
paramegter A can be optimized for each ¢; for bounded or Gaussian variables this gives a decay
in e,

Q1.10. /In(2/0.05)/(2 x 500) = /3.689/1000 = 0.061, i.e. about 6 percentage points.

Q1.11. The sample size In(2/8)/(2e?) is multiplied by 4 when ¢ is halved. Replacing § by 6/10
only adds In10/(2e?) ~ 1.15/&? examples, e.g. from 738 to 1198 for ¢ = 0.05 and § = 0.05.

Q1.12. False. They must be independent and bounded, X; € [a;, b;], but they can have different
distributions and different means; the inequality controls S,, — E[S,,], and the ranges enter
through >°.(b; — a;)?.

Q1.13. Hoeffding’s inequality is valid for a hypothesis fixed before seeing S. hg is chosen
because its empirical risk is small, which favours the hypotheses whose empirical risk happens
to underestimate their true risk. A bound valid simultaneously for all h € H (with probability
1 —§) holds in particular for hg, whatever the way it was chosen.

Q1.14. The half-width /(In K + In(2/))/(2m) goes from +/(6.91 + 3.69)/20000 ~ 0.023 to
/(13.82 + 3.69) /20000 = 0.030: multiplying the number of hypotheses by 1000 only increases
the width by about 30%, because the dependence is in vIn K.
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Q1.15. When the variance o2 is much smaller than the squared range, (b — a)?/4. For the 0-1
loss of a classifier with a small error rate p, 0? = p(1 —p) ~ p: for p = 0.01, m = 1000, J = 0.05,
the one-sided deviation is about 0.0097 with Bernstein against 0.0387 with Hoeffding.

Q1.16. Changing one coordirzlate changes the maximum by at most 1, so ¢; = 1 and McDiarmid
gives P(f —E f > ¢) < e2¢/™_ which is useless for ¢ < 1. McDiarmid is efficient only when
every single variable has a small influence, like 1/m for averages.

Section 2 Linear Algebra and Convexity

Q2.1. No. It is not absolutely homogeneous, since ||>\x||§ =2 ||X||§ # || ||XH§ when |A| # 0,1

and x # 0, and it does not satisfy the triangle inequality: with x =y = ey, ||x+ y||§ =4 >
2 2 o . .

2 = ||x||3 + llyll5- It is, however, a convex function.

Q2.2. Onto (1,0)7: <\|’;\}|/2)y = 2(1,00 = (2,0)7. Onto (1,1)": 221, 1)T = 2(1,1)T =

(2.5,2.5)7; indeed x — p = (—0.5,0.5)7 is orthogonal to (1,1)%.

Q2.3. False: the inequality goes the other way. For x = (1,1)7, ||x||, =2 > v/2 = ||x||,. The
correct chain is ||x|| < ||Ix|l, < [|x]l; € V/d ||x],: the L; unit ball is the smallest one.

Q24. L]l = vIr(Ig) = Vd. For xyT, whose entries are Y5, ||xyTHj, = Z”mfy? =

2 2
%13 Iyll2, so [Jxy™ || = lIxllz [1¥1l,-

Q2.5. f(x) =3, 23, 50 Of [0x; = 2u;, i.e. Vf(x) = 2x, and V?f(x) = 214 for every x (the
second derivatives are 2 on the diagonal and 0 elsewhere).

Q2.6. f(1,2) = 2 and Vf(x) = (2zi7, 23)T = (4,1)T at (1,2), so f(1.01,2) =~
2+ ((4,1)7,(0.01,0)”) = 2.04. The exact value is 1.0201 x 2 = 2.0402: the error, 0.0002, is of
order h? with h = 0.01.

Q2.7. The direction of steepest descent is —V f(1,1)/ |V f(1,1)|], with Vf(1,1) = (2,6)T, i.e.
—(1,3)T/\/10. Tt is not the direction —(1,1)”/v/2 of the minimizer: the gradient is orthogonal
to the elliptic level set through (1,1), not aimed at its centre. This is why gradient descent
zigzags on elongated level sets (Section 3).

Q2.8. The union is not convex in general: [0,1] U [2,3] contains 1 and 2 but not 1.5. The
intersection always is: if u,v € Cy N Csq, the segment joining them lies in Cy and in Cy, by
convexity of each set.

Q2.9. No: it contains (1,1) and (—1, —1) but not their midpoint (0, 0). Its part {z1 > 0, z1z2 >
1} is convex, however: it is the epigraph of the convex function = — 1/x on ]0,4o0[ (see
Proposition 2.4).

Q2.10. The unit square [0, 1]*:

1 (%, % ies inside and is not a vertex. Its writing is not unique:
(3,3) = 35(0,0) + 5(1,1) = 5(1,0)

)1
+3(0,1) = £((0,0) + (1,0) + (0,1) + (1,1)).

Q2.11. Yes, f is convex: it is a norm on R, or the maximum of the two linear functions x and —z
(Proposition 2.5). But f is not differentiable at 0, so neither Proposition 2.6 nor Proposition 2.7
applies on R: use the definition or Proposition 2.5.

Q2.12. Tt is a global minimizer: by Proposition 2.6, f(v) > f(u*) + (0,v — u*) = f(u*) for
all v. It need not be unique: a constant function, or the quadratic form of the middle panel of
Figure 17, has a whole set of minimizers. Uniqueness holds if f is strictly convex.

Q2.13. Yes, although it has negative entries: its eigenvalues are 1 (eigenvector (1,1)7) and 3
(eigenvector (1,—1)T), both positive. Equivalently, 27’ Az = 227 — 22129 +223 = 22 + 22 + (21 —
22)%2 > 0 for z # 0.

Q2.14. f"(x) = €® > 0, so f is (strictly) convex. Since f'(x) = e —1 vanishes only at = 0, the
first-order condition shows that 0 is the unique global minimizer, with f(0) = 1. In particular
e® > 1+ z for all x: the exponential lies above its tangent at 0.
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Q2.15. Then f is not convex. If V2f(u)z = pz with p < 0 and z # 0, the restriction
g(t) = f(u + tz) satisfies ¢"(0) = 2 V2f(u)z = u||z||§ < 0, so g is not convex near 0, and
neither is f (Proposition 2.3). One negative eigenvalue at one point is enough.

Q2.16. True. If f(u) < f(v) for some u,v, write v as a convex combination of u and of
wy =u+t(v—u), t>1: v=(1-1)u+ tw. Convexity gives f(v) < (1 — 1)f(u) + 1f(w),
i.e. f(we) > f(u)+t(f(v) — f(u)) — 400 as t — +oo, a contradiction. A nonconstant convex
function on R thus grows at least linearly on one side.

Section 3 Unconstrained and Smooth Convex Optimization

Q3.1. No: f(x) = 27 —23 has a critical point at 0, which is a saddle point; its Hessian diag(2, —2)
has eigenvalues of both signs (Figure 21).

Q3.2. The Hessian is (_24 _24> , with eigenvalues 6 and —2: 0 is a saddle point (along x1 = xa,

f = —22% decreases; along x1 = —z3, f = 627 increases).

Q3.3. That it is inconclusive when the Hessian is only semidefinite: 0 is a global minimum of
z*, a global maximum of —z*, and neither for 23. Higher-order terms decide.

Q3.4. False: f(x) = 23 has the unique critical point 0, which is not even a local minimum, and
f has no minimum at all. The statement becomes true for a convex function that has a critical
point.

Q3.5. By the first-order characterization of convexity (Proposition 2.6), f(v) > f(u) +
(Vf(u),v —u) = f(u) for all v as soon as Vf(u) = 0.

Q3.6. When XX is invertible, i.e. when X has rank d (linearly independent columns). The
Hessian 2X7X is then positive definite and 8* = (XTX)~!XTy. Otherwise there are infinitely
many minimizers.

Q3.7. False: Euler’s equation XT(p —y) = 0 is nonlinear in @ (the probabilities p; depend on
0 through the sigmoid), so it must be solved iteratively, e.g. by gradient descent or Newton’s
method.

Q3.8. By Cauchy—Schwarz, among the directions d of a given norm, (V f(u),d), which drives
the first-order decrease of f(u — pd), is maximal for d proportional to V f(u).

Q3.9. L =10 and p > 2/L = 0.2: the component us is multiplied by 1—10p = —2 at each step,
so the algorithm diverges (while u; is multiplied by 0.7).

Q3.10. p = 2/(a+ L) = 2/11: the two components are multiplied by 1 —2/11 = 9/11 and
1—-20/11 = —9/11, so the error is multiplied by (k—1)/(k+1) = 9/11 =~ 0.82 at each iteration.

Q3.11. The derivative of p +— f(ur — pVf(uy)) vanishes at pg, and this derivative is
—(Vf(ug41), Vf(ar)).

Q3.12. For a strictly convex ¢, the graph lies strictly above its tangent at 0, so ¢(p) < p(0) +
p¢’'(0) never holds for p > 0: with ¢ = 1 no step would be accepted. With ¢ < 1, all small
enough steps are accepted.

Q3.13. Newton: one, whatever the condition number. Gradient descent: in general infinitely
many, with a number of iterations to reach a given accuracy roughly proportional to .

Q3.14. False: for f(z) = 1+ 22, 2411 = —z}, which diverges as soon as |zo| > 1. Convergence
is only local; damping with a line search fixes this.

Q3.15. Gradient descent: its steps are 100 times larger (L is multiplied by 100), so a step
that worked may now diverge. Newton’s method is unaffected, since (100V2f)~1(100Vf) =
(V2f)~'Vf.

Q3.16. It only uses gradients and costs O(d?) per iteration, instead of computing the Hessian
and solving a linear system in O(d®); L-BFGS even reduces the memory to O(d).
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Section 4 Constrained and Smooth Convex Optimization

Q4.1. The set {h = 0} of a convex but nonaffine function is in general not convex (e.g. the
circle ||x||§ —1=0), whereas {a”x = b} is a hyperplane, hence convex.

Q4.2. No: the constraint reads g(x) = 1—||x||, < 0 with g concave, and the feasible set (outside
of the open unit ball) is not convex. Every point of the unit sphere is a solution: the minimizer
is not unique.

Q4.3. Stationarity gives x = —p(1,1), and the constraint gives p* = —1, so x* = (1,1), at
distance v/2 = |b|/ ||a]|, from the origin, as in the minimum-norm example.

Q4.4. False in general: Vf(x*) = — 3, u7Vh;(x*) is only orthogonal to the feasible set. In the
previous question, V f(x*) = (1,1) # 0.

Q4.5. The dual function is a pointwise infimum of affine functions of (X, u), hence concave, and
the constraint A > 0 is convex: we maximize a concave function on a convex set.

Q4.6. By weak duality, 3.0 < d* < p* < 3.2: the point x is at most 0.2 above the optimal value.
The dual pair is a certificate of accuracy.

Q4.7. False: a constraint qualification is needed. For minx s.t. 22 < 0, the solution z* = 0
admits no multiplier (1 +2X x 0 = 0 is impossible); Slater’s condition fails.

Q4.8. By complementary slackness, if A7 > 0 the constraint is active, g;(x*) = 0 (in the SVM,
the example is a support vector). If g;(x*) < 0, then A¥ = 0 and removing the constraint does
not change the solution.

Q4.9. Keeping only the largest component, 2 — 7 = 1 gives 7 = 1, and 0.5 < 7, 0 < 7: the
projection is (1,0,0), a sparse vector.

Q4.10. z/ ||z||, = (0.6,0.8) for the ball; (1,1) for the box. The two projections differ, although
both sets contain the same point (0.6,0.8).

Q4.11. Clipping each coordinate gives (1,0).

Q4.12. Because the gradient does not vanish at a solution on the boundary of C (Figure 30);
we monitor ||Xxy1 — Xgl|, instead, which vanishes exactly at the fixed points.

Q4.13. False in general: the iterates of gradient descent may temporarily leave C (e.g. with a
large step that overshoots), and the projection then modifies them. Both sequences have the
same limit, though, and coincide as long as the gradient steps stay in C.

Q4.14. Tt is equivalent to (pV f(x*),x —x*) > 0 for all x € C, and dividing by p > 0 gives the
optimality condition (4.2), which does not depend on p.

Q4.15. One gradient evaluation plus a projection by sorting, in O(nlnn) operations; the pro-
jection is cheap, so the method is well suited to learning the weights of a vote.

Section 5 Introduction

Q5.1. T: playing chess (choosing a move in each position); P: proportion of games won against
a given set of opponents (or an Elo rating); E: games already played, e.g. against itself, as in
Samuel’s checkers program.

Q5.2. False. Mitchell’s definition requires the performance to improve with experience; a pro-
gram with fixed hand-written rules does not change when more data become available, however
good it is.

Q5.3. Not necessarily: more good data generally helps, but noisy or unrepresentative data may
not, and training “too much” on the same data can even degrade the performance on new data
(over-fitting, Section 6).
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Q5.4. Because “improving” only makes sense with respect to a criterion: a spam filter may
improve its proportion of correctly sorted emails while sending more legitimate emails to the
spam folder. Changing P may change which program is considered to learn best.

Q5.5. T: predict whether a user will like a movie (or rank the movies for this user); P: proportion
of correct predictions, or proportion of recommended movies that are actually watched; E: the
past ratings and viewing histories of the users.

Q5.6. The first one is a regression task, since the output is a real number (y € R); the second
one is a binary classification task (y € {rain, no rain}, encoded for instance as {—1,+1}).

Q5.7. d = 3 x 64 x 64 = 12288: one value per pixel and per color channel (R, G and B).

Q5.8. Unsupervised learning, more precisely clustering: no label (no “correct group”) is avail-
able, and the groups must be discovered from the distribution of the data only.

Q5.9. Because this distribution is unknown: we only have access to a finite sample drawn from
it. The error on the distribution can only be estimated (on data that were not used for training)
or bounded, which is the subject of Section 6.

Q5.10. False. We observe a finite sample {(x;,y;)}7, drawn from the distribution, not the
distribution itself; supervision only means that each observed input comes with its output.

Q5.11. The labels are used only during the training phase, by the learning algorithm, to select
the model h. In the prediction phase, the model only needs the feature vector x of the new
input: its label is precisely what we want to predict.

Q5.12. They change with the lighting conditions (brightness), with the viewing angle and with
the distance to the camera (apparent size), although the object is the same; the same cat can
thus be represented by very different vectors. Good features should be invariant to such nuisance
factors.

Q5.13. No. The positive class is, by convention, the class of interest, the one we want to detect
(spam, fraud, disease), even if it is an undesirable event.

Q5.14. False. PCA only uses the inputs x; (it diagonalizes their covariance matrix) and never
uses a label: it is an unsupervised dimension reduction method.

Q5.15. A distribution shift: the habits of the fraudsters (and of the customers) have changed,
so that the new data no longer follow the distribution of the training data. The model should
be monitored and retrained on recent data.

Q5.16. In reinforcement learning there is no fixed dataset of correct answers: the data are
generated by the interaction of the agent with its environment, and the agent only receives a
reward (or a punishment), which says how good an action was, not which action was the correct
one.

Section 6 Statistical Learning Theory

Q6.1. The 0-1 loss is piecewise constant, hence neither convex nor differentiable, and minimizing
the empirical 0-1 risk is NP-hard in general. A convex surrogate leads to a convex problem that
can be solved efficiently; the hinge loss max(0,1 — yh(x)) is moreover an upper bound on the
0-1 loss.

Q6.2. The errors are 0, 0.5 and —0.5. Squared loss: (0+0.2540.25)/3 = 1/6 ~ 0.167. Absolute
loss: (04+0.5+0.5)/3 =1/3~0.333.

Q6.3. False. Unbiasedness holds for a hypothesis fixed before seeing S. The hypothesis h% is
chosen on S precisely because its empirical risk is small, so its training error is optimistic on
average: E[R%(h%)] < E[RS(hy)] = RY(hy) < E[RY(h%)], where hy is the best hypothesis of
H (Figure 42).
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Q6.4. When H grows, the approximation error decreases (or stays the same) and the estimation
error typically increases. The approximation error does not depend on m, whereas the estimation
error typically decreases when m grows.

Q6.5. A polynomial of degree d has d + 1 coefficients; when d + 1 approaches the number m
of points, the polynomial can (almost) interpolate the data, noise included. It then oscillates
wildly between the training points, so that its error on new points becomes very large although
its training error is close to 0.

Q6.6. Because it is an expectation with respect to the distribution D, which is unknown. We
use the empirical risk, i.e. the average loss on the sample S, which is an unbiased estimate of
the true risk for a fixed hypothesis.

Q6.7. No: h% is chosen on S to have a small empirical risk, so its training error is typically opti-
mistic (Figure 42). This is why we need bounds that hold uniformly over H, or an independent
test set.

Q6.8. When A — 0, we recover plain empirical risk minimization over a large class, with a risk
of over-fitting. When A\ — oo, the parameters are forced towards 0 and the model becomes
(almost) constant: under-fitting.

Q6.9. ¢ = /In(2/8)/(2m) = /In40/2000 ~ /3.69/2000 = 0.043: with probability at least
95%, the true risk is within 4.3 points of the empirical risk.

Q6.10. The deviation term behaves as 1/y/m, so m must be multiplied by 4. Doubling In |H|
means squaring |H|, i.e. going from 10® to 10° hypotheses: multiplying |#| by 1000.

Q6.11. True: ¢ increases with In(1/0), so it decreases when ¢ increases. But the guarantee then
holds with a smaller probability 1 — §: precision and confidence must be traded off.

Q6.12. Hoeffding’s inequality for variables with range K reads e~ 2me*/K*
term is multiplied by K: RY(h) < R4(h) + K+/(In|H| +1In(2/0))/(2m).

, so the deviation

Q6.13. d + 1 = 6, the number of parameters (five weights and a bias).

Q6.14. The first part is true. The second part is false: one must show that no set of 4 points
can be shattered. For linear classifiers in R2, four collinear points or the XOR configuration are
not shattered, but this is not enough on its own: one must also check the other configurations
(a point inside the triangle formed by the other three, or four points in convex position).

Q6.15. On the stability constant § of the algorithm (and on the bound K on the loss); for
regularized convex problems, 3 behaves as 1/ (it is 042 /) in the example of the section).

Q6.16. Because it only concerns the hypothesis actually returned by the algorithm: the depen-
dence between g and S is controlled through stability (replacing one example changes the loss
by at most 3/m), which implies that the gap R*(8s) — R%(0s) satisfies the bounded-differences
condition of McDiarmid’s inequality.

Section 7 Learning Procedure

Q7.1. The selected configuration would be the one that is best on these particular examples,
partly by chance: the test score of the selected model would then over-estimate its generalization
performance (see Proposition 11.1), and the test set would in fact have been used as a validation
set.

Q7.2. A new model, learned on the whole training set with A;___; none of the 10 models learned
during the cross-validation is used.

Q7.3. Over-fitting (high variance): the model fits the learning set much better than new data.
One can regularize more, choose a simpler model (e.g. a shallower tree), collect more data or
use an ensemble method such as bagging.
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Q7.4. The means and variances are computed with the validation folds, which therefore influence
the model: it is a (usually mild) data leakage. The scaler must be fitted on the learning folds
only, e.g. by putting it in a pipeline with the model.

Q7.5. 4 x 3 = 12 candidate values, each requiring 5 models, i.e. 60 models, plus one final model
learned on the whole training set with the selected values: 61 models.

Q7.6. False. Its estimate is almost unbiased, but it requires m trainings and its variance can be
large, because the m learned models are almost identical and their errors strongly correlated.
In practice, k =5 or k = 10 is a better trade-off.

Q7.7. Hardly: the gap between the two curves is small and the validation curve no longer
increases, so the model under-fits (high bias). One should rather use a more flexible model or
better features.

Q7.8. Because it is the maximum of many noisy estimates: the selected configuration is partly
the one that was lucky on these folds, so its score is optimistic (Proposition 11.1). The perfor-
mance must be measured on data that played no role in the selection: a test set or the outer
loop of a nested cross-validation.

Q7.9. Accuracy 0.99, Recall 0 and balanced accuracy (0 + 1)/2 = 0.5: the balanced accuracy
reveals that the classifier is no better than a random guess.

Q7.10. An AUC of 0.5 means that the scores rank a positive example above a negative one only
half of the time, as a random ranking does. With very rare positives, even a small False Positive
Rate produces many more false alarms than true detections, so that the Precision is low; the
AUC, which does not depend on the class proportions, hides this.

Q7.11. MSE = (4+4+0+0)/4 =2, RMSE =2~ 141 and MAE = (24+2+0+0)/4 = 1.

Q7.12. False. R? =1— MSE,/MSEyj is negative as soon as the model makes larger squared
errors than the constant predictor g, which can happen on new data (e.g. with an over-fitted
model). It is only guaranteed to be non-negative on the training set of a least-squares model
with an intercept.

Q7.13. Accuracy = 970/1000 = 0.97, Recall = 40/50 = 0.8, Precision = 40/60 ~ 0.667 and
Fy = 2TP/(2TP + FN + FP) = 80/110 ~ 0.727.

Q7.14. True: as a harmonic mean, Fy lies between min(Precision, Recall) and max(Precision, Recall).
It is moreover smaller than their arithmetic mean and closer to the smaller of the two, so a
model cannot get a good F; with only one of them high.

Q7.15. From Fg = (1 + 8%)PR/(B8?P + R), with P the Precision and R the Recall: Fz — P
when § — 0 and F3 — R when 8 — +o0.

Q7.16. With exp, an increasing function, the ranking of the examples is unchanged, so the ROC
curve and the AUC are unchanged. With — f, the ranking is reversed: every correctly ranked
pair becomes badly ranked, so the AUC becomes 1 — AUC (the curve is reflected through the

point (1/2,1/2)).

Section 8 Supervised Algorithms

Q8.1. Tt is 0 (each training point is its own nearest neighbor, unless two identical inputs have
different labels), which says nothing about the test error: the training error of k&-NN must not
be used to choose k; a validation set or a cross-validation must be used instead.

Q8.2. With two classes and an odd k, the majority vote can never be tied. With an even k, a
2-2 tie must be broken by an arbitrary convention (smallest label, random choice, or the label
of the nearest neighbor), which makes the rule less natural.
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Q8.3. The edge is 0.1'/% ~ 0.63: the “neighborhood” must cover about 63% of the range of
every feature to contain only 10% of the points, so it is no longer local. This is the curse of
dimensionality, already visible in dimension 5.

Q8.4. The examples correctly classified strictly outside the margin, i.e. with y;({(w,x;)+b) > 1
(case i) of the KKT analysis). Since w = ). a;y;X;, they do not contribute to w, and removing
them from the training set does not change the solution.

Q8.5. v =2/ |wll, =2/vVI+16 =2/5 = 0.4.

Q8.6. False. A larger C penalizes the slack variables more heavily, so the solution tolerates
fewer margin violations, at the price of a larger ||w||,, i.e. a narrower margin 2/ ||wl|,. It is a
small C that favors a wide margin.

Q8.7. The kernel K (x,x’) is then close to 0 as soon as x # x': the similarity becomes very local,
the boundary wraps around individual training points, most points become support vectors and
the model overfits (zero training error, poor test error).

Q8.8. The constrained form minimizes the loss over a ball. The L; ball has corners on the axes,
where the level sets of the loss typically touch it first, so that some coordinates are exactly 0;
the Lo ball is smooth, so the contact point generally has all its coordinates nonzero (Figure 67).

Q8.9. Pr(y=1]x) =1/(1+e m3) = 1/(1 +1/3) = 3/4, and the odds are Pr(y = 1 |
x)/Pr(y=0|x)=em3 =3 (“3 to 17).

Q8.10. With d = 784 features and an offset, each vector has d+1 = 785 coordinates: (¢—1)(d+
1) = 9 x 785 = 7065 parameters with a reference class, and ¢(d + 1) = 7850 for the softmax
version (which is over-parameterized, since the probabilities are invariant to a common shift of
the vectors).

Q8.11. The 0-1 loss is neither convex nor continuous in the parameters, and minimizing the
empirical 0-1 risk is computationally hard (NP-hard in general, even for linear classifiers). Con-
vex surrogates which upper bound it (hinge, logistic, exponential) can be minimized efficiently,
and making them small also makes the 0-1 risk small.

Q8.12. Decision trees: a split x; < s only depends on the order of the values of feature j, which
any increasing transformation (in particular standardization or min-max scaling) preserves; the
threshold is simply transformed accordingly.

Q8.13. When A — 00, all the weights tend to 1, so h(x) tends to the global mean L 3. y;
(underfitting). When A — 0, the weight of the closest training point dominates all the others
exponentially, so h(x) tends to the output of the nearest neighbor of x (if it is unique): we
recover the 1-NN regression rule (overfitting).

Q8.14. Gy =1 -3 x (1/3)> = 2/3. Yes: 1 — 3, pj is maximal under 3, p; = 1 when all the
p; are equal, and the maximum for L classes is 1 — 1/L.

Q8.15. The error is 0.2 before the split and 0.5 x0+0.5x 0.4 = 0.2 after: the error criterion sees
no improvement, although a pure node has been created. The Gini gain is 0.32 — 0.5 x 0.48 =
0.08 > 0: as a strictly concave function of the proportions, the Gini impurity (or the entropy)
rewards splits that increase purity even when the majority classes do not change.

Q8.16. The k-NN rule and kernel regression (the whole training set), and the kernel SVM (the
support vectors only). Linear and logistic regression, the linear SVM (through w and b) and
decision trees (through their rules) only store a fixed set of parameters.

Section 9 Neural Networks

Q9.1. False. It stops at the first hyperplane that separates the training set, which depends on
the initialization and on the order in which the examples are visited. Novikoff’s theorem only
bounds the number of updates by R?/+?%; maximizing the margin is the job of the SVM.
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Q9.2. By Theorem 9.1, at most R%/9? = 4/0.01 = 400 updates, whatever the dimension d, the
number of examples m and the learning rate .

Q9.3. A perceptron is a linear classifier, and no line separates the two classes of the XOR
dataset (Fig. 74). The hidden layer computes a new representation (x; V 3, x1 A x2) of the
data, in which the two classes become linearly separable, so that a single output perceptron
suffices.

Q9.4. 20 x (10+1) +20 x (20 + 1) 4+ 3 x (20 + 1) = 220 + 420 + 63 = 703 parameters.

Q9.5. An affine function x — Wx + b (Proposition 9.2): it has exactly the expressive power
of a linear model, whatever its depth and width. Non-linear activations are needed for depth to
be useful.

Q9.6. Both are equal, by invariance to the addition of a constant: (e!,e?,e3)/(e! +e? + €3) ~
(0.090, 0.245, 0.665). Computing €% directly may overflow in single precision, which is why
we subtract maxy, zj, first.

Q9.7. False. The universal approximation theorem is an existence result with a possibly huge
number of hidden units, and it says nothing about learning or generalization. Some functions
require exponentially fewer units with a deep network, and deep networks learn hierarchical
representations that generalize better in practice.

Q9.8. The loss is —Ilnps = —1In0.2 ~ 1.61 and, by Proposition 9.4, V¢ = p — e; =
(0.7, —0.8, 0.1): the score of the true class is pushed up, the others down, proportionally to
their probabilities.

Q9.9. Backpropagation costs a forward and a backward pass, about 3P = 3 x 10% operations per
example. Finite differences require one forward pass per parameter, about P? = 102 operations:
backpropagation is roughly 300 000 times cheaper.

Q9.10. All the units of a layer would compute the same function and receive the same gradient,
so they would remain identical during the whole training (if all the weights are equal to 0, the
errors 89 = o) (al?)) © (WEFDT§E+D)) of the hidden layers are even exactly zero, so that only
the last layer learns). Random initialization breaks this symmetry.

Q9.11. They are multiplied by 1/(1 — p) = 1.25, so that their expectation is unchanged. At
test time, all units are kept and nothing else is done.

Q9.12. The variance is 2/ni, = 2/512 =~ 0.0039, so the standard deviation is 1/2/512 = 1/16 =
0.0625.

Q9.13. (3 x 3 x32+41) x 64 = 18496 parameters. This number does not depend on the size of
the images, thanks to weight sharing; only the size of the output feature maps does.

Q9.14. The convolution gives n’ = 32 — 5+ 1 = 28, and the pooling divides it by 2: the output
is 14 x 14 (per filter).

Q9.15. Its cell state is updated additively, ¢; = f; ® ¢;—1 + iy ® €, so that dc;/dc;—1 contains
the term diag(f;) instead of a product diag(tanh’)W. When the forget gate is close to 1, the
gradient flows through many time steps without shrinking, as in a residual connection.

Q9.16. For a fixed generator, the optimal discriminator is D*(X) = pdata(X)/(Pdata(X) +pa(x)).
If p¢ = pdata, then D*(x) = 1/2 everywhere: the discriminator can do no better than a coin
toss.

Section 10 Advanced Supervised Algorithms

Q10.1. By Proposition 10.1, E[(y — h(x))?] = 0.3%2 +0.16 +0.25 = 0.09 + 0.16 + 0.25 = 0.5. The
squared bias (0.09) and the variance (0.16) depend on the algorithm and can be reduced; the
noise term (0.25) is the Bayes error: no predictor can remove it.
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Q10.2. The hypothesis hy is fixed and does not depend on S: Rg(hy) is an average of m i.i.d.
variables with mean R(hs) (see Proposition 1.14 in Section 1). The hypothesis h is chosen
using S, so the losses £(h(x;),y;) are no longer independent variables with mean R(h): we have
to take a supremum over H, which is precisely where the Rademacher complexity comes in.

Q10.3. Both the complexity term 2C/y/m and the confidence term +/log(1/5)/(2m) scale as
1/y/m: multiplying m by 4 divides the guaranteed gap by 2. Dividing it by 10 requires 100
times more data.

Q10.4. The variance: the model is very sensitive to its training sample (it over-fits), while its
bias is small. Bagging, or a random forest if the model is a deep tree, is designed precisely to
reduce the variance while keeping the bias almost unchanged.

Q10.5. A given example is never drawn in m draws with probability (1 —1/m)™ — e~! ~ 0.37.
Hence about 1 — e~ ! ~ 63% of the distinct examples appear in the bootstrap sample (some of
them several times), and the remaining 37% are out-of-bag.

Q10.6. To decorrelate the trees. For T' models with variance o and pairwise correlation p, the
variance of their average is po? + (1 — p)o?/T: adding trees only kills the second term, and only
a smaller p decreases the first one. Trees grown on bootstrap samples of the same dataset look
alike, since they all split first on the most informative features.

Q10.7. False. Adding trees only reduces the Monte Carlo variability of the average: the test
error decreases and reaches a plateau (Figure 96). Over-fitting in a forest is controlled by the
depth of the trees, by p’ and by m/, not by T. This is the opposite of boosting, where T' must
be chosen by early stopping.

Q10.8. If ¢, = 1/2, then ap = %lnl = 0: h; is no better than random guessing
and is ignored in the vote (the weights of the examples do not change either, since
Zy = 1). If g < 1/2, the weights of the misclassified examples are multiplied by

e/ Zy = /(1 —er)/ee [ (2v/ee(1 —&1)) = 1/(2¢) > 1, e.g. by 5 when &, = 0.1.

Q10.9. It is not useless: —h; has a weighted error of 0.2. AdaBoost computes a; =
11n(0.2/0.8) = —In2 < 0, so that ayhy = (In2)(—hy): the classifier is used with its predictions
reversed, and Z; = 21/0.8 x 0.2 = 0.8 < 1 still decreases the bound. Only e, = 1/2 carries no
information.

Q10.10. These predictions are over-optimistic (a deep tree or a 1-NN classifier has a zero training
error). The meta-model would give a large weight to the base learners that best memorize the
data, which are not the ones that generalize best. It must be trained on predictions made
on examples that the base learners have not seen: a validation set or, better, the out-of-fold
predictions of the Super Learner.

Q10.11. Since —9¢/0H = y — H, the pseudo-residuals are the ordinary residuals y; — Hy—1(x;).
No: unlike bagging, each round decreases the training loss, and boosting eventually fits the noise;
T is chosen by early stopping on a validation set, together with the learning rate v (Figure 101).

Q10.12. We get 1—-0.9 = 0.1 and 1 —0.1 = 0.9. The second example, which is misclassified, has
a pseudo-residual 9 times larger, and drives the least-squares fit of the next weak learner. As
AdaBoost, gradient boosting focuses on the badly predicted examples, but the pseudo-residuals
of the logistic loss are bounded by 1, whereas the weights of AdaBoost can grow exponentially.

Q10.13. Here g(x;) = gjgt_l) —y; and h(x;) = 1, so that, by (10.6), the value of the leaf is

>y — gjgt_l))/(ﬁj\ +A): 6/3 =2 (the mean residual) for A =0, and 6/4 = 1.5 for A = 1. The
regularization shrinks the leaf values towards 0, all the more as the leaf contains few examples.

Q10.14. We have dp(x,x') = |21 — 2)]: it is a pseudo-distance, but not a distance, since two
distinct points with the same first coordinate are at distance 0 (M is PSD but singular). One
can take L = (1 0) € R'*2: the metric projects the data onto the first axis and discards the
second feature.
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Q10.15. False. Standardization amounts to using the Mahalanobis distance with M =
diag(1/s%,...,1/s2): it solves the scale problem, but it does not use the labels, so a noisy
feature receives the same importance as an informative one. A supervised method such as
LMNN can shrink the irrelevant directions (down to 0 when M is singular).

Q10.16. Optimizing over L removes the PSD constraint, hence the eigenvalue decomposition
(of cost O(d?)) needed by the projection at each iteration, and a rectangular L € R™*¢ directly
performs a dimensionality reduction. But the objective, which is convex (piecewise linear) in
M, becomes a non-convex function of L, since d3;(x,x’) = ||L(x — x')||3 is quadratic in L and
appears with a minus sign in the push term: we lose the guarantee of reaching a global minimum.

Section 11 Applications and Learning in Practice

Q11.1. 5 binary features (or 4 if one modality is dropped as a reference, which avoids a redundant
column in a linear model with an intercept). The encoding 1,...,5 introduces an order and
distances between the modalities (modality 5 would be “five times” modality 1), which are
meaningless for a nominal feature.

Q11.2. False. The splits of a decision tree only depend on the order of the values of each
feature, which is not changed by an increasing affine transformation. Standardization matters
for distance-based methods, gradient-based methods and penalized models.

Q11.3. The mean of the target over this single example is 1: the encoded feature reveals the
label of the example, so the model learns “this feature equal to 1 means fraud” on the training
set, which does not generalize. Target encodings must be computed out-of-fold (and smoothed
towards the global mean for rare modalities).

Q11.4. Because the fact that a value is missing can itself be informative (values are often not
missing at random, e.g. a field left empty by a fraudster); after imputation by the mean or the
median, this information would be lost.

Q11.5. The model would be evaluated on customers (or on a period) that it has already seen
during training, which over-estimates its performance on new customers (or on the future). One
must use a group split, which keeps all the examples of a customer in the same set, or a temporal
split, in which the training set precedes the test set.

Q11.6. The inner validation folds, built from the outer training set, choose the hyper-
parameters; the outer test folds, never seen during the selection, estimate the performance of
the whole procedure.

Q11.7. 10% x 5 = 5000 models (plus one final refit). A random search with a fixed budget, e.g.
60 combinations (300 models), is usually almost as good, since it tests 60 distinct values of each
hyper-parameter instead of 10; Bayesian optimization is another option.

Q11.8. False. By Proposition 11.1, the expectation of the maximum of the estimates is at least
the maximum of the true performances: the best score is optimistic, and the more candidates
and the noisier the scores, the larger the bias. Use a test set or a nested cross-validation.

Q11.9. The synthetic examples interpolate minority examples: generated before splitting, they
put near-copies of the validation examples in the learning folds, which is a leakage. The valida-
tion folds must also keep the true class proportions.

Q11.10. By Proposition 11.2, t* = ¢pp/(crp + cpn) = 1/10 in the first case and 1/5 in the
second one.

Q11.11. No. The model has seen a prior P(Y = 1) = 1/2 instead of 1/100, so it largely over-
estimates the probability of the positive class on real data. The probabilities must be corrected
(the odds are divided by 99) or the threshold must be tuned on validation data with the true
proportions.
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Q11.12. Both can be small: when one copy is permuted, the model still gets the information
from the other one, so the performance decreases only partially. Permutation importance under-
estimates the importance of correlated features; one should permute groups of correlated features
together.

Q11.13. By additivity, h(x) = ¢o + 3_; ¢; = 0.10 + 0.30 — 0.05 + 0.15 = 0.50.

Q11.14. Not without a test: each accuracy has a 95% confidence interval of half-width about 2
points. Since both models are evaluated on the same examples, a paired test such as McNemar’s
test, which only looks at the examples on which they disagree, must be used.

Q11.15. The 10 training sets overlap a lot (any two of them share 8/9 of their examples), so the
scores are not independent and the variance of their mean is under-estimated: the test rejects
the null hypothesis too often. McNemar’s test or the 5 x 2 cross-validated t-test are preferable.

Section 12 Why PAC-Bayes for ensemble methods?

Q12.1. It is the weighted average of the risks: 0.5x0.14+0.3x0.240.2%x0.3 = 0.0540.064+0.06 =
0.17.

Q12.2. Q(h1) = 143 = 0.25 and Q(hg) = § = 0.75.

Q12.3. Both can happen. It is much better when the voters err on different points (Exam-
ple 12.1). It can be worse, but at most twice worse, as we will prove in Section 15.

Q12.4. It is true (any risk is at most 1), but it is vacuous: it gives no information.

Q12.5. The price in the bound measures how much the posterior has moved because of the
data; this only makes sense if the reference point, the prior, does not itself depend on the data.
Technically, the proof needs the prior to be independent of the sample (Section 14).

Section 13 From an error on a sample to a guarantee

Q13.1. By Markov’s inequality, P(Z > 0.2) < 0.02/0.2 = 0.1, whatever the distribution of Z.

Q13.2. Rg(h) = 0.05 and the margin is \/In 20/1200 = v/0.0025 = 0.05: Rp(h) < 0.10.

Q13.3. \/In20/(2m) < 0.01 iff m > In20/(2 x 10~4) ~ 15000.

Q13.4. Because the fluctuations of a coin of small bias are small (variance p(1 —p)), and the ki
adapts to them, whereas Hoeffding’s inequality pays for the largest possible variance, that of a
fair coin.

Q13.5. Because it was chosen with the same data: among many classifiers, some look good by
chance on this sample, and the selected one is likely to be one of them. Its empirical risk is
optimistic.

Q13.6. In K. Multiplying K by 10 only adds In 10 = 2.3 to the numerator.

Section 14 The PAC-Bayesian bound
Q14.1. In % =1n4 ~ 1.39.

Q14.2. Tt is 400 (the term Q(h)In % is infinite): the bound becomes vacuous. The prior
must give a positive weight to every voter we may want to use.

Q14.3. Step 2: we exchange the expectation over the sample and the average over P, and we
apply Markov’s inequality to Epe*®. This is only possible if P does not depend on S.

Q14.4. Because the only random event of the proof (Step 2) does not involve @Q: once it holds,
the change of measure gives the inequality for every Q.
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Q14.5. In 24200 — 1 1789 ~ 7.49; the margin is 1/7.49/4000 ~ 0.043, so the bound is 0.243.

Q14.6. For A\ = 0 it is the prior. For A\ — oo, it puts all its weight on the voter(s) with the
smallest empirical risk (empirical risk minimization).

Section 15 From the Gibbs classifier to the majority vote
Q15.1. Wg =03 < %: the vote is right.

Q15.2. Rp(Bg) <0.2.

Q15.3. ep = 0.2 — 0.3/2 = 0.05, and the tandem bound is 4 x 0.05 = 0.2.

Q15.4. The voters always agree: dp = 0, and ep = p (when one errs, both err). The tandem
bound is 4p, worse than the first-order bound 2p.

Q15.5. Because the joint error is the Gibbs risk of pairs of voters drawn from QZ, and
KL(Q?||P?) = 2KL(Q| P).

Q15.6. Mg =1 — 2Wg; the vote errs when Mg <0, i.e. Wg > %

Section 16 Learning with the bounds

Q16.1. Because the bound holds, with probability 1 — §, simultaneously for all posteriors; in
particular for @), whatever the way it was found.

Q16.2. Yes for A: it only indexes posteriors, and Seeger’s bound holds for all of them. No for
the prior: it must be fixed before seeing the data used in the bound.

Q16.3. About e~ ! a~ 37% for one tree, and e~? ~ 14% for two trees (the examples out of both
bootstrap samples). With bootstrap samples of size m/2: e 12 ~61% and e ! ~ 37%.

Q16.4. The first-order bound only sees the average error of the trees: its minimizer keeps the
few best trees, which are similar, and the vote loses its diversity.

Q16.5. ”“;”2: the ¢y (ridge) regularization of linear models and SVMs.

Section 17 Deriving a self-bounding algorithm, step by step

Q17.1. The factor 4 and the terms M and ﬁ: for a fixed A they do not depend on @, so
they do not change the minimizer.

Q17.2. Because Q(h) appears both in the row and in the column h of the symmetric table of
joint errors.

Q17.3. Gibbs: its own empirical error }A{S(h). Tandem: its average joint error with the vote,
es(h, @), i.e. the errors it shares with the other voters.

Q17.4. Because Q* appears on both sides of (17.3): it is a fixed-point equation, solved by
iterations.

Q17.5. Yes: the kl tandem bound holds for all posteriors, in particular for the one returned,
whatever its quality.

Q17.6. Yes for the kI certificate, which does not depend on A and holds for all ). For the
linear certificate, A is a parameter of the bound: it must be fixed in advance, or chosen in a grid
at the price of a union bound (In %)
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