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Part 1

Preliminaries



CHAPTER 1

Introduction

1.1. A simple example: coin tossing

Let us start things off with a simple illustrative example. Suppose someone hands you
a coin that has an unknown probability 6 of coming up heads. You wish to determine this
probability (coin bias) as accurately as possible by means of experimentation. Experimen-
tation in this case amounts to repeatedly tossing the coin (this assumes, of course, that the
bias of the coin on subsequent tosses does not change, but let’s say you have no reason to
believe otherwise). Let us denote the two possible outcomes of a single toss by 1 (for HEADS)
and 0 (for TAILS). Thus, if you toss the coin n times, then you can record the outcomes
as Xi,...,X,, where each X; € {0,1} and P(X; = 1) = 6 independently of all other X;’s.
More succinctly, we can write our sequence of outcomes as X™ € {0, 1}", which is a random
binary n-tuple. This is our sample.

What would be a reasonable estimate of #7 Well, by the Law of Large Numbers we
know that, in a long sequence of independent coin tosses, the relative frequency of heads will
eventually approach the true coin bias with high probability. So, without further ado you
go ahead and estimate 6 by

0,(X") = % i X;
=1

(recall that each X; € {0, 1}, so the sum in the above expression simply counts the number
of times the coin came up HEADS). The notation 6, (X") indicates the fact that the above
estimate depends on the sample size n and on the entire sample X".

How accurate can this estimator be? To answer this question, let us fix an accuracy
parameter € € [0,1]. Given 0 and n, we can partition the entire set {0,1}" into two disjoint
sets:

G = {:c” e {0,1}": |§n(a:”) -0 < 8}
Bne = {x” e {0,1}": |§n(x”) — 4| > 5}.

As the notation suggests, the n-tuples in G,, . are the “good ones:” if our random sequence
of tosses X™ happens to land in G,, ., then our estimate é’\n will differ from the true bias 8 by
at most ¢ in either direction. On the other hand, if X" lands in B,, ., then we will have no
such luck. Of course, since we do not know 0, we have no way of telling whether X™ is in

G, or in B, .. The best we can do is to compute the probability of a bad sample for each
possible value of #. This can be done using the so-called Chernoff bound [HR90]

(1.1) P!(B,.) = P! (}§n(xn) — 0] > 5) < 9¢7 2
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(soon you will see where this comes from). Here, P} denotes the distribution of the random
sample X™ when the probability of heads on each toss is §. Now, Eq. (1.1) says two things:
(1) For any desired accuracy e, probability of getting a bad sample decreases exponentially
with sample size n. (2) In order to guarantee that the probability of a bad sample is at most

0, you will need
S 1 | 2
=92 % 5

coin tosses!. Thus, if you toss the coin at least this many times, then, no matter what 6 is,

you can assert with confidence at least 1 — ¢ that 6 is somewhere between @L —¢ and @L +e.
This leads to the following

OBSERVATION 1.1. For any true value 0 of the coin bias,

n(z,8) = [2—; log @ﬂ

tosses suffice to guarantee with confidence 1 — & that the estimate §n has accuracy €.

In view of this observation, we can call the function (g,0) — n(e, ) the sample complexity
of coin tossing.

This simple example illustrates the essence of statistical learning theory: We wish to learn
something about a phenomenon of interest, and we do so by observing random samples of
some quantity pertaining to the phenomenon. There are two basic questions we can ask:

(1) How large of a sample do we need to achieve a given accuracy with a given confi-
dence?
(2) How efficient can our learning algorithm be?

Statistical learning theory [Vap98, Vid03| primarily concerns itself with the first of these
questions, while the second question is within the purview of computational learning theory
[Val84, KV94|. However, there are some overlaps between these two fields. In particular, we
can immediately classify learning problems into easy and hard ones by looking at how their
sample complexity grows as a function of 1/ and 1/J. In general, an easy problem is one
whose sample complexity is polynomial in 1/ and polylogarithmic in 1/§ (“polylogarithmic”
means polynomial in log(1/d)). Of course, there are other factors that affect the sample
complexity, and we will pay close attention to those as well.

1.2. From estimation to prediction

The coin tossing example of Section 1.1 was concerned with estimation. In fact, esti-
mation was the focus of classical statistics, with early works dating back to Gauss, Laplace
and the numerous members of the Bernoulli clan (the book by Stigler [Sti86] is an excellent
survey of the history of statistics, full of amusing anecdotes and trivia, and much historical
and scientific detail besides). By contrast, much of statistical learning theory (and much
of modern statistics too) focuses on prediction (see the book by Clarke, Fokoué and Zhang
[CFZ09] for a comprehensive exposition of the predictive view of statistical machine learning
and data mining). In a typical prediction problem, we have two jointly distributed random

1Unless stated otherwise, log will always denote natural logarithms (base e).
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variables? X and Y, where only X is available for observation, and we wish to devise a means
of predicting Y on the basis of this observation. Thus, a predictor is any well-behaved?® func-
tion from X (the domain of X) into Y (the domain of Y). For example, in medical diagnosis,
X might record the outcomes of a series of medical tests and other data for a single patient,
while Y € {0,1} would correspond to the patient either having or not having a particular
health issue.

The basic premise of statistical learning theory is that the details of the joint distribution
P of X and Y are vague (or even completely unknown), and the only information we have
to go on is a sequence of n independent observations (Xi,Y1),...,(X,,Y,) drawn from P.
Assuming we have a quantitative criterion by which to judge a predictor’s accuracy, the same
basic question presents itself: How large does the sample {(X;,Y;)}?; have to be in order
for us to be able to construct a predictor achieving a given level of accuracy and confidence?

Of course, not all learning problems involve prediction. For example, problems like
clustering, density estimation, feature (or representation) learning do not. We will see later
that the mathematical formalism of statistical learning theory is flexible enough to cover
such problems as well. For now, though, let us focus on prediction to keep things concrete.
To get a handle on the learning problem, let us first examine the ideal situation, in which
the distribution P is known.

1.2.1. Binary classification. The simplest prediction problem is that of binary clas-
sification (also known as pattern classification or pattern recognition) [DGL96]. In a typical
scenario, X is a subset of R?, the p-dimensional Euclidean space, and Y = {0, 1}. A predictor
(or a classifier) is any mapping f : X — {0,1}. A standard way of evaluating the quality of
binary classifiers is by looking at their probability of classification error. Thus, for a classifier
f we define the classification loss (or risk)

Lo(f) =PUC) £Y) = [ Ly Plde.dy),
Xx{0,1}
where 1y, is the indicator function taking the value 1 if the statement in the braces is true,
and 0 otherwise. What is the best classifier for a given P? The answer is given by the
following

PROPOSITION 1.1. Given the joint distribution P on X x {0,1}, let n(z) := E[Y|X =
x] =P(Y = 1|X = z). Then the classifier

L ifn(x) 2 1/2
0, otherwise

(1.2) fp(x) = {

minimizes the probability of classification error over all f : X — {0, 1}, i.e.,

Le(fp) = min  Le(f)

2Please consult Appendix A for basic definitions and notation pertaining to probability distributions
and random variables.

3In fancy language, “well-behaved” will typically mean “measurable” with respect to appropriate o-fields
defined on X and Y. We will ignore measurability issues in this course.
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REMARK 1.1. Some terminology: The function 1 defined above is called the regression
function, the classifier in (1.2) is called the Bayes classifier, and its risk

Lp = Lp(fp)
is called the Bayes rate.

PRrOOF. Consider an arbitrary classifier f : X — {0,1}. Then

Lo(f) = / 1 10ay oy P, dy)
Xx{0,1}
= /pr(dw) {Prix (1) 11y + Prix (012)1@)20y }

(1.3) = /X Py (dz) {n(x)1(s@21 + (1 = 0(2)) 1520},

=L4(f,x)
where we have used Eq. (1.2.1), the factorization P = Px x Py|x, and the definition of 7.
From the above, it is easy to see that, in order to minimize Lp(f), it suffices to minimize
the term £(f,z) in (1.3) separately for each value of x € X. If we let f(z) = 1, then
U(f,x) =1—n(x), while for f(z) = 0 we will have ¢(f, z) = n(z). Clearly, we should set f(x)
to 1 or 0, depending on whether 1 — n(z) < n(x) or not. This yields the rule in (1.2). O

1.2.2. Minimum mean squared error prediction. Another prototypical example
of a prediction problem is minimum mean squared error (MMSE) prediction [CZ07], where
X CRPY CR, and the admissible predictors are functions f : X — R. The quality of such
a predictor f is measured by the MSE

Lo(f) = BUX) =Y = | (fa) = )*Plar.dy).
X
The MMSE predictor is characterized by the following

PROPOSITION 1.2. Given the joint distribution P on X X Y with X C RP and Y C R, the
regression function fr(x) := E[Y|X = z] is the MMSE predictor. Moreover, for any other
predictor f we have

Le(f) = If = foll2apy) + Lbs
where for any function g : X — R

9120y = [ lote)*Px(ds) = Elg(X)]
X
is the squared L* norm with respect to the marginal distribution Px, and L% := Lp(f}).
Proor. Consider an arbitrary predictor f : X — R. Then
Lp(f) =E(f(X) - Y)*

=E(f(X) - fp(X) + fp(X) - Y)?

= E(f(X) = fp(X))* + 2E[(f(X) — [(X))(fp(X) = V)] + E(fp(X) - Y)*
= If = follia(py) + 2BI(F(X) = fo(X))(fp(X) = V)] + L.
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Let us analyze the second (cross) term. Using the law of iterated expectation, we have
E[(f(X) Fp(XO)(fp(X) = Y)] = E[E[(f FRX(Fp(X) = Y)|X]]
E[(f(X) = [o(X))E[(fp(X) — )IXH
B[(f(X) = fp(X0))(fp(X) - E[Y|X])]
=0,

where in the last step we used the definition f}(z) := E[Y|X = z]. Thus,

Le(f) = If = f5lZape) + Lp = Lp,

where equality holds if and only if f = f% (with Px-probability one). O

1.2.3. A general prediction problem. In the general case, X and Y are arbitrary
sets, admissible predictors are functions f : X — Y (or, more generally, f : X — U for some
suitable prediction space U), and the quality of a predictor f on a pair (z,y) € X X Y is
judged in terms of some fixed loss function £ : U xY — R by ¢(f(x),y), the loss incurred in
predicting the true y by uw = f(x). The expect loss, or risk, of f is then

Le(f) == Bl(f(X),Y)] = / @) )P, dy)

This set-up covers the two previous examples:

(1) If X CRP,Y = U = {0,1}, and €(u,y) := 1{uzy, then we recover the binary
classification problem.

(2) IXCR?,Y CR=U, and {(u,y) := (u—y)?, then we recover the MMSE prediction
problem.

Given P and /¢, we define the minimum risk

(1.4) Lp:= inf B[(f(X),Y)]
fX=U

where we use inf instead of min since there may not be a minimizing f (when that happens,

one typically picks some small € > 0 and seeks e-minimizers, i.e., any fX: X — U, such that

(1.5) Lp(f2) < Le(f) +¢

for all f: X — U). We will just assume that a minimizer exists, but continue to use inf to
keep things general.

Thus, an abstract prediction problem is characterized by three objects: a probability
distribution P of (X,Y) € X x Y, a class of admissible predictors f : X — U, and a loss
function £ : U x Y — R. The solution to the prediction problem is any f; that attains the
infimum in (1.4) (or comes e-close as in (1.5)). Once such a f} is computed, we can use it to
predict the output Y € Y for any given input X € X by Y = f5(X), where the interpretation
is that the random couple (X, Y) ~ P pertains to the phenomenon of interest, X corresponds
to its observable aspects, and Y corresponds to some unobservable characteristic that we
may want to ascertain.



1.3. Goals of learning

We will close our introduction to statistical learning theory by a rough sketch of the
“goals of learning” in a random environment. Please keep in mind that this is not meant to
be a definitive treatment, which will come later in the course.

So far we have discussed the “ideal” case when the distribution P of (X,Y’) is known.
Statistical learning theory deals with the setting where our knowledge of P is only partial (or
nonexistent), but we have access to a training sample (X1,Y1),...,(X,,Y,) of independent
draws from P. Formally, we say that the pairs (X;,Y;),1 < i < n, are independent and
identically distributed (i.i.d.) according to P, and we often write this as

(X, V)™ P i=1,....n
To keep the notation simple, let us denote by Z the product space X x Y and let Z; = (X;,Y;)
for each 7. Our training sample is then Z™ = (Z;,...,Z,) € Z". Roughly speaking, the goal
of learning is to take Z™ as an input and to produce a candidate predictor fn : X — U as
an output. Note that since Z" is a random variable, so is fn A learning algorithm (or a
learner) is a procedure that can do this for any sample size n. Thus, a learning algorithm is
a box for converting training samples into predictors.

Let’s suppose that we have some learning algorithm to play with. Given a sample Z" of
size n, it outputs a candidate predictor f,,. How good is this predictor? Well, let’s suppose
that someone (say, Nature) hands us a fresh independent sample Z = (X,Y) from the
same distribution P that has generated the training sample Z”. Then we can test ﬁ by
applying it to X and seeing how close U= ﬁl(X ) is to Y by computing the instantaneous

loss ((U,Y) = K(ﬁ(X).Y). The ezpectation of the instantaneous loss w.r.t. the (unknown)
distribution P,

(1.6) Lo(F) = / F (o)) P, )

is called the generalization error of the learner at sample size n. It is crucial to note that
Lp(ﬁl) is a random wvariable, since ﬁl is a function of the random sample Z". In fact, to
be more precise, we should write the generalization error as the conditional expectation
E[ﬁ(ﬁ(X),YﬂZ”], but since Z = (X,Y) is assumed to be independent from Z", we get
(1.6).

Now, we will say that our learner has done a good job when its generalization error is
suitably small. But how small can it be? To answer this question (or at least to point towards
a possible answer), we must first agree that learning without any initial assumptions is a
futile task. For example, consider fitting a curve to a training sample (X1, Y1), ..., (X, Ya),
where both the X;’s and the Y;’s are real numbers. A simple-minded approach would be to
pick any curve that precisely agreed with the entire sample — in other words, to select some
fn, such that f,,(X;) =Y; for all i = 1,...,n. But there is an uncountable infinity of such
functions! Which one should we choose? The answer is, of course, there is no way to know,
if only because we have no clue about P! We could pick a very smooth function, but it could
very well happen that the optimal f} tends to be smooth for some values of the input and
rough for some others. Alternatively, we could choose a very wiggly and complicated curve,
but then it might just be the case that f} is really simple.
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A way out of this dilemma is to introduce what is known in the artificial intelligence
community as an inductive bias. We go about it by restricting the space of candidate
predictors our learner is allowed to search over to some suitable family 3, which is typically
called the hypothesis space. Thus, we stipulate that f, € H for any sample Z". Given P,
let us define the minimum risk over H:

(L.7) Ly(30) = inf L(f)

Clearly, Lp(H) > L3, since the latter involves minimization over a larger set. However,
now, provided the hypothesis space H is “manageable,” we may actually hope to construct
a learner that would guarantee that

(1.8) Lp(fa) ~ L>(H)  with high probability.

Then, if we happen to be so lucky that f} is actually in H, we will have attained the Holy
Grail, but even if we are not so lucky, we may still be doing pretty well. To get a rough idea
of what is involved, let us look at the excess risk of f, relative to the best predictor f5:

(1.9) Ep(fa) = Lp(fa) = Lp = Lp(fa) = Lp(H) + Lp(30) = L.
Eest Eapprox

If the learner is good in the sense of (1.8), then we will have
Ep(f.) ~ L(H) — L with high probability,

which, in some sense, is the next best thing to the Holy Grail, especially if we can choose
H so well that we can guarantee that the difference L} (H) — L3 is small for any possible
choice of P.

Note the decomposition of the excess risk into two terms, denoted in (1.9) by E.y and

E.pprox- The first term, Eqy, depends on the learned predictor f,,, as well as on the hypothesis
class H, and is referred to as the estimation error of the learner. The second term, Eqapprox,
depends only on H and on P, and is referred to as the approzimation error of the hypothesis
space. Most of the effort in statistical learning theory goes into analyzing and bounding
the estimation error for various choices of J{. Analysis of E,pp0x is the natural domain of
approximation theory. The overall performance of a given learning algorithm depends on
the interplay between these two sources of error. The text by Cucker and Zhou [CZ07] does
a wonderful job of treating both the estimation and the approximation aspects of learning
algorithms.

1.3.1. Beyond prediction. As we had briefly pointed out earlier, not all learning prob-
lems involve prediction. Luckily, the mathematical formalism we have just introduced can
be easily adapted to a more general view of learning (details are in Chapter 6). Consider
a random object Z taking values in some space Z according to an unknown distribution P.
Suppose that there is a very large class F of functions f : Z — R, and for each f € F we can
define its expected loss (or risk)

(1.10) Le(f) = BI(2)) = [ f(2)P(02)
8



Suppose also that J has the property that there exists at least one fj € J that achieves

(1.11)

Lp(fp) = J{Ielg Lp(f).

The class & may even depend on P. Let’s see how we can describe some unsupervised
learning problems in this way:

(1.12)

(1.13)

¢ Density estimation. Suppose that Z C R? for some d, and that P has a probability

density function (pdf) p. We can construct a suitable class F as follows: pick a
nonnegative function ¢ : R x R — R*, and let F = Fp, consist of all functions of
the form

fa(z) = €(p(2), a(2)),

as g ranges over a suitable class of pdf’s ¢ on R%. Then

Lo(f;) = Be [£(0(2).0(2)] = | p()e(p(2), ()

This is fairly general. For example, if we assume that p > 0 on Z, then we can let
’ 2 . . . .
((u,v') = |“ — 1|, in which case we recover the L? criterion:

Le(f) = [ 902 a(2)

2
== = 1| dz = []p - qll7,
21| as = ol
known as Chi-squared divergence, x?(q||p). Or we can let £(u, u’) = log(u/u’'), which
gives us the relative entropy (also known as the Kullback-Leibler divergence):

Lolf,) = / p(2) log%dz — Dipllg).

Clustering. In a basic form of the clustering problem, we seek a partition of the
domain Z of interest into a fixed number, say k, of disjoint clusters Cy,..., Cg,
such that all points z that belong to the same cluster are somehow “similar.” For
example, we may define a distance function d : Z x Z — R™' and represent each
cluster C;, 1 < j <k, by a single “representative” v; € Z. A clustering C is then
described by k pairs {(C;,v;)}_;, where Z = Ule C;. Consider the class F = J,
of all functions of the form

k
fe(z) = Z 1zecyd(z,v))

as C runs over all clusterings {(C;,v;)}5_,. We can then evaluate the quality of our
clustering C by looking at the expectation
k

Z ]—{Zecj}d(Z; Uj)

j=1

Lp(fc) =Ep

Feature learning. Broadly speaking, feature learning refers to constructing a
representation of the original input Z that could be fed to a supervised learning
algorithm further down the line. There could be multiple reasons for wanting to
do this, ranging from computational considerations to a desire to capture “salient”
characteristics of the data that could be relevant for prediction, while “factoring

9



out” the irrelevant parts. Mathematically, a feature is a mapping ¢ : Z — Z into
some other representation space Z, so that each point z € Z is represented z = (z),
and it is this representation that will be used by another learning algorithm down
the line. (Ideally, good feature representations should be agnostic with respect to
the nature of the learning problem where they will be used.) One way to score the
quality of a feature is to consider a loss function of the form ¢ : Z x Z — R™, so
that ¢(z,2) is small if z is well-represented by z. Then, for a fixed collection ® of
candidate feature maps, we could consider a class 3 = Jg ¢ of functions of the form

fol2) =L(2,0(2)),  pe@.

This is a very wide umbrella that can cover a wide variety of unsupervised learning

tasks (e.g., clustering).
These examples show that unsupervised learning problems can also be formulated in terms
of minimizing an appropriately defined expected loss. The only difference is that the loss
function may sometimes depend on the underlying distribution, which is unknown. However,
under suitable assumptions on the problem components, it is often possible to find an alter-
native hypothesis space H which (unlike F) does not depend on P, such that the minimum
expected loss Ly(F) can be related to the minimum expected loss L (). Just as before,
a learning algorithm is a rule for mapping an i.i.d. sample Z" = (Zy,...,Z,) from P to an

element f,, € H. The objective is also the same as before: ensure that
Lp(f,) ~ L(H)  with high probability.

Thus, we can treat supervised learning and unsupervised learning on the same footing.

10



CHAPTER 2

Concentration inequalities

In the previous chapter, the following result was stated without proof. If Xi,..., X,
are independent Bernoulli(#) random variables representing the outcomes of a sequence of n
tosses of a coin with bias (probability of HEADS) 6, then for any ¢ € (0, 1)

(2.1) P ( @\n — (9’ > €> < 9e2ne’

where

—~ 1 <&

is the fraction of HEADS in X" = (X1,...,X,,). Since § = E0,, (2.1) says that the sample (or
empirical) average of the X;’s concentrates sharply around the statistical average § = EXj.
Bounds like these are fundamental in statistical learning theory. In this chapter, we will
learn the techniques needed to derive such bounds for settings much more complicated than
coin tossing. This is not meant to be a complete picture; a detailed treatment can be found
in the excellent recent book by Boucheron, Lugosi, and Massart [BLM13].

2.1. The basic tools

We start with Markov’s inequality: Let Y € R be a nonnegative random variable. Then
for any ¢t > 0 we have

(2.2) P(Y >1t) < %
The proof is simple:

(2.3) P(Y > t) = E[1{y>y]
(2.4) < E[Ylt{yzt}]
(2.5) < %;
where:

e (2.3) uses the fact that the probability of an event can be expressed as the expec-
tation of its indicator function:

PY e A)= / Py (dy) = / Lizeay Py (dy) = E[1{yea]
A Y
e (2.4) uses the fact that

Y>t>0 —

Y
—>1
;=

11



e (2.5) uses the fact that
Y >0 - Yl{yzt} <Y,

so consequently E[Y 14| < EY.
Markov’s inequality leads to our first bound on the probability that a random variable
deviates from its expectation by more than a given amount: Chebyshev’s inequality. Let X
be an arbitrary real random variable. Then for any ¢ > 0

(26) P(xX - BX| >0 < oA

where Var X := E[|X — EX|?] = EX? — (EX)? is the variance of X. To prove (2.6), we
apply Markov’s inequality (2.2) to the nonnegative random variable Y = | X — EX|?:

(2.7) P([X -EX|>#)=P (| X - EX|* > )

E|X — EX|?
< - =R
iy t2 9
where the first step uses the fact that the function ¢(z) = x? is monotonically increasing on
[0,00), so that a > b > 0 if and only if a® > »°.

Now let’s apply these tools to the problem of bounding the probability that, for a coin

with bias 6, the fraction of HEADS in n trials differs from 6 by more than some € > 0. To that

end, let us represent the outcomes of the n tosses by n independent Bernoulli(d) random
variables Xi,..., X, € {0,1}, where P(X; =1) =0 for all 5. Let

1 n

(2.8)

Then

1 n
EZXi] Z EX -
’L:1 ’L 1 *P(X 71)

and

Var = Var

ZX ] LS Vg - 2020

where we have used the fact that the X;’s are i.i.d., so Var[X; +... + X, | =Y » , Var X; =
n Var X;. Now we are in a position to apply Chebyshev’s inequality:

Var[@ ] 6(1—-0)
(2.9) P (|6, 0| >¢) < ==
At the very least, (2.9) shows that the probability of getting a bad sample decreases with

sample size. Unfortunately, it does not decrease fast enough. To see why, we can appeal to
the Central Limit Theorem, which (roughly) states that

P< n (gn—9>2t)w—°°>1—<1>(t)§ L ¢

g2 ne

—t2/2

(1 — 6) Vor t

12



where ®(t) = (1/v/2m) ffoo e~ /2dx is the standard Gaussian CDF. This would suggest

something like
~ ne?
P <6’n —6> ) ~ —_— ],
=) =o0 (i)
which decays with n much faster than the right-hand side of (2.9),

2.2. The Chernoff bounding trick and Hoeffding’s inequality

To fix (2.9), we will use a very powerful technique, known as the Chernoff bounding trick
[Che52]. Let X be real-valued random variable. Suppose we are interested in bounding the
probability P(X > EX + t) for some particular t > 0. Observe that for any s > 0 we have

(2.10) P(X >EX +t)=P (es(X—EX) > ¢'t) < e 'E [es(X—EX)} 7

where the first step is by monotonicity of the function ¢(z) = e** and the second step is by
Markov’s inequality (2.2). The Chernoff trick is to choose an s > 0 that would make the
right-hand side of (2.10) suitably small. In fact, since (2.10) holds simultaneously for all
s > 0, the optimal thing to do is to take the infimum of the bound over s > 0:

P(X > EX +1) < infe B [ 7PY].
s>
However, often a good upper bound on the moment-generating function E [eS(X’EX)} is

enough. One such bound was developed by Hoeffding [Hoe63] for the case when X is
bounded with probability one:

LEMMA 2.1 (Hoeffding). Let X be a random variable, such tha P(a < X <b) =1 for
some —o00 < a < b < oo. Then for all s >0

(2.11) E [¢(XB0] < ¢ 0m?/8,

To prove the lemma, we first start with a useful bound on the wvariance of a bounded
random variable:

LEMMA 2.2. IfU is a random variable such that P(a < U <b), then

bh— 2
(2.12) Var[] < ¢ 4a> .
PROOF. We use the fact that, for any real-valued random variable U,
(2.13) Var[U] < E[(U — ¢)?, Ve e R.

(In particular ¢ = EU achieves equality in the above bound.) Now let ¢ = “T“’, the midpoint
of the interval [a, b]. Then, since a < U < b almost surely, we know that

b—
[ p—

Using this ¢ in (2.13), we obtain Var[U] < E[(U — ¢)?] < (bjf)Q, as claimed. O
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REMARK 2.1. The bound of Lemma 2.2 is actually sharp: consider

vl with prob. 1/2
~ |b, with prob. 1/2°

Then

2 4 p? \> (b—a)?
VM[U]:EUQ—(EU)Z:a;r —(“;r ) _ ! 4“).

Now we can prove Hoeffding’s lemma:

PROOF (OF LEMMA 2.1). Without loss of generality, we may assume that EX = 0.
Thus, we are interested in bounding E[e*X]. Let’s consider instead the logarithmic moment-
generating function

Y(s) := log Ele*"].
Then

(2.14) H(s) = E[Xes*] E[X?es¥] E[Xe® ]}

" _ .
re O~ S - e
(we are being a bit loose here, assuming that we can interchange the order of differentiation

and expectation, but in this case everything can be confirmed rigorously). Now consider
another random variable U whose distribution is related to X by

E[f(X)e*]

(215) BI(U)) = =g

for any real-valued function f : R — R. To convince ourselves that this is a legitimate
construction, let’s plug in an indicator function of any event A:

E[l{XGA}BSX]

(2.16) PIU € Al = Ellwen] = =55

It is then not hard to show that this is indeed a valid probability measure. This construction
is known as the twisting (or tilting) technique or as exponential change of measure.
We note two things:

(1) Using (2.16) with A = [a, b], we get

E[1{,<x<pye™]
E[esX]

(2.17) Pla<U<b = =1,

since a < X < b. Moreover, if A is any event in the complement of [a,b], then
P[U € A] = 0, since E[1{xcaye**X] = 0. That is, U is bounded between a and b with
probability one, just like X.

(2) Using (2.15) first with f(U) = U and then with f(U) = U?, we get

E[Xes¥] E[X?esX]

(2.18) E[U] = B[] E[esX]

E[U?] =

14



Comparing the expressions in (2.18) with (2.14), we observe that ¢”(s) = Var[U]. Now,
since a < U < B, it follows from Lemma 2.2 that ¢"(s) < (b—a)® “) . Therefore,

//w” )dvdt < <b8_“>

where we have used the fact that ¢/(0 1¥(0) = 0. Exponentiating both sides, we are
done. 0

We will now use the Chernoff method and the above lemma to prove the following

THEOREM 2.1 (Hoeffding’s inequality). Let X, ..., X,, be independent random variables,
such that X; € [a;, b;] with probability one. Let S, == ., X;. Then for anyt >0

21
(2.19) P (S, —ES, >t) <exp (— ST (b = ai)Q) ;
(2.20) P (S, — BS, < —t) < exp (— - ) :
>z (bi — a;)?
Consequently,
(2.21) P (]S, —ES,| >1t) <2exp (— n 2 ) :
>z (b — a;)?

PrRoOOF. By replacing each X; with X; — EX;, we may as well assume that EX; = 0.
Then S, =Y . ; X;. Using Chernoff’s trick, for s > 0 we have

(2.22) P(S,>t)=P (eSS" > eSt) < e 'R [685"} .

Since the X;’s are independent,

(2.23) E [¢] = E [ F-+X0)] — B

ﬁein] — ﬁE [ein]
=1 i=1

Since X; € [a;, b;], we can apply Lemma 2.1 to write E [eSXi} < 5 (0i=ai)*/8 - Qubstituting
this into (2.23) and (2.22), we obtain
P (Sn > t) < e—st H 682(b¢—az‘)2/8
i=1

— s ¢ b 2

= exp _St+§;( ; — a;)
If we choose s = W, then we obtain (2.19). The proof of (2.20) is similar. O

i=10i—ai

Now we will apply Hoeffding’s inequality to improve our crude concentration bound
(2.9) for the sum of n independent Bernoulli(f) random variables, Xi,...,X,,. Since each
X; € {0, 1}, we can apply Theorem 2.1 to get, for any ¢ > 0,

i=1

> t) < 2 2/m
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Therefore,

P([6.—0|=¢) :P<ZXi—n9
i=1
which gives us the claimed bound (2.1).

Theorem 2.1 extends with essentially the same proof to the case that the random variables
Xq,..., X, are not necessarily independent, but form a martingale difference sequence, or,
equivalently, the partial sums Y, = X; + ... + X} form a martingale. A random process
(Y, : n > 0) is a martingale with respect to a filtration of o-algebras F = (F,, : n > 0) if
E [Y(] is finite, Y, is F,, measurable for each n > 0, and E[Y,,11|F,] = Y,. A random process
(B, : n > 1), is a predictable process for the filtration F if B, is F,_; measurable for each
n > 1.

> na) < 26’2”52,

THEOREM 2.2. (Azuma-Hoeffding inequality with centering) Let (Y, : n > 0) be a
martingale and (B, : n > 1) be a predictable process, both with respect to a filtration
F=(F,:n>0), such that P{|Y,, — B,| < ¢,/2} =1 for alln > 0. Then

212
P{Y, =Yy >t} <exp (_n—
Zizl sz

22
P{Y, — Yy < —t} < exp (—n— .
Ez’:l sz

2.3. From bounded variables to bounded differences: McDiarmid’s inequality

Hoeffding’s inequality applies to sums of independent random variables. We will now
develop its generalization, due to McDiarmid [McD89], to arbitrary real-valued functions of
independent random variables that satisfy a certain condition.

Let X be some set, and consider a function g : X® — R. We say that g has bounded

differences if there exist nonnegative numbers ¢y, ..., ¢,, such that
(2.24) SUP G(T1,y oy T, Ty Tig 1y -+ ) — I0f g1, .o T, T a1, o, X)) <
zeX reX
forall e = 1,...,n and all x1,...,2;,1,2;41,...,2, € X. In words, if we change the ith

variable while keeping all the others fixed, the value of g will not change by more than c;.

THEOREM 2.3 (McDiarmid’s inequality [McD89]). Let X" = (Xi,...,X,) € X" be an
n-tuple of independent X-valued random variables. If a function g : X — R has bounded
differences, as in (2.24), then, for all t > 0,

2.5 P (4(X") ~ Eg(x") 2 0) S exp (—sm—3 )
(2.26) P (Bg(X") - g(X™) > ) < exp (—ZL) |

PROOF. Let us first sketch the general idea behind the proof. Let Z = ¢(X") and
V = Z —EZ. The first step will be to write V as a sum )., V;, where the terms V; are
constructed so that:

(1) V; is a function only of X' = (Xi,...,X;), and E[V;|X*1] = 0.
16



(2) There exist functions A;, B; : X™! — R such that, conditionally on X!,
A(XTH <V < B(XTH,
and, moreover, B;(X"™!) — A;(X*1) < ¢;.

Provided we can arrange things in this way, we can apply Lemma 2.1 to V; conditionally on
Xt

(2.27) E[e?V| X1 < e/s,

Then, using Chernoft’s method, we have
P(Z-EZ>t)=P(V >1t)
< e R [esV}
= 'R -es Xin V;]

_ 6—stE e’ Z?;ll ViesVn:|

— eiStE es Z?gll ‘/ZE |:65V"

]

—st_s%¢2/8 sty
<e e n/E[ez“l },

where in the next-to-last step we used the fact that Vi, ..., V,,_; depend only on X"~!, and
in the last step we used (2.27) with ¢ = n. If we continue peeling off the terms involving
Viie1, Vieea, oo, Vi, we will get

2 n
S 2
P(Z—-EZ>t)<exp (—st—I— 3 ;1 Ci) .

Taking s = 4t/ > ¢?, we end up with (2.25).

=1 "1
It remains to construct the V;’s with the desired properties. To that end, let

Vi = E[Z|X"] - B[Z]X",

where E[Z|X"] = EZ, and, by telescoping,
> Vi=> {E[ZIX|-E[Z|X"} =E[Z|X"|-EZ=Z-EZ=V.
=1 =1

Note that V; depends only on X by construction, and that

E[V|X""'] = E[E[Z|X"] - E[Z]X"]

Xifl]

_ E[E[Z\Xi‘l,Xi] XH} ~E[Z|X]
— E[Z| X" - B[Z|X"]
—0,

17



where we have used the law of iterated expectation in the conditional form E[E[U|V, W]|V] =
E[U|V]. Moreover, let

Ai(XT) = inf Blg(X"™ 2, X]4) — g(X™)|X]
pAS
Bi(Xiil) = SupE[g(Xiil,.%, Xin+1> - g(Xn)’Xlil]a

zeX

where we have used the fact that the X;’s are independent, and where X7 | := (Xij1,..., X,).
Then evidently A;(X~1) <V; < B;(X"!), and

Bi(X™Y) — A(XY) = supsup Blg(X, 2, X7,) — g(X o, X2 )X

reX x’'eX
= sup sup (/ [g(X"  x aly) — g(XTH 2 2] P(dfff?+1)>
x x/
< /825 sup |g(X* 7Y, af ) — g(XTh 2 2| P(dalyy)
xT X
S Cia

where the last step follows from the bounded difference property of g. O

2.4. McDiarmid’s inequality in action

McDiarmid’s inequality is an extremely powerful and often used tool in statistical learning
theory. We will now discuss several examples of its use. To that end, we will first introduce
some notation and definitions.

Let X be some (measurable) space. If @ is a probability distribution of an X-valued
random variable X, then we can compute the expectation of any (measurable) function
f:X—= Rw.urt. Q. So far, we have denoted this expectation by Ef(X) or by Eq f(X). We
will often find it convenient to use an alternative notation, Q(f).

Let X" = (Xy,...,X,) be n independent identically distributed (i.i.d.) X-valued random
variables with common distribution P. The main object of interest to us is the empirical
distribution induced by X", which we will denote by P,. The empirical distribution assigns
the probability 1/n to each X, i.e.,

1 n

Here, 6, denotes a unit mass concentrated at a point x € X, i.e., the probability distribution
on X that assigns each event A the probability

02(A) = Lizeay, V measurable A C X.

We note the following important facts about P,,:

(1) Being a function of the sample X", P, is a random variable taking values in the
space of probability distributions over X.
(2) The probability of a set A C X under P,

1 n
Pn<A) = E Z lix,eay,
i=1

18



is the empirical frequency of the set A on the sample X". The expectation of P,(A)
is equal to P(A), the P-probability of A. Indeed,

%Zl{xi@‘\}] ZE ]-{XeA} ZP X GA (A)
=1

(Think back to our coin-tossing example — this is a generalization of that idea, where
we approximate actual probabilities of events by their relative frequencies in a series
of independent trials.)

(3) Given a function f: X — R, we can compute its expectation w.r.t. Py:

1 n
_E;f(X

which is just the sample mean of f on X™. It is also referred to as the empirical
expectation of f on X™. We have

-y fom] =SS BSX) = BAX) = P(S)

We can now proceed to our examples.

EPn(A) -

EPn(f) =

2.4.1. Sums of bounded random variables. In the special case when X =R, P is a
probability distribution supported on a finite interval, and g(X™) is the sum

= in
=1

McDiarmid’s inequality simply reduces to Hoeffding’s. Indeed, for any z" € [a,b]" and
x} € [a,b] we have

i—1 i—1

g(&? 7$i7$?+1) —g(l' 7x;7x?+1) :xi_x; < b—a.

Interchanging the roles of x} and x;, we get
g(a' g, aly) — g(a wg ) = 2t -1 S b - a
Hence, we may apply Theorem 2.3 with ¢; = b — a for all 7 to get
P (lg(X") - By 2 1) < 2emp (2 ).
2.4.2. Uniform deviations. Let X;,..., X, be nii.d. X-valued random variables with
common distribution P. By the Law of Large Numbers, for any A C X and any € > 0
nh_}rgloP (|P.(A) — P(A)| >¢)=0.
In fact, we can use Hoeffding’s inequality to show that
P (|P.(A) — P(A) =€) < 262",

This probability bound holds for each A separately. However, in learning theory we are often
interested in the deviation of empirical frequencies from true probabilities simultaneously
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over some collection of subsets of X. To that end, let A be such a collection and consider
the function
(2.28) g(X") :=sup|P,(A) — P(A)|.

AeA
Later in the course we will see that, for certain choices of A, Eg(X"™) = O(1/+/n). However,
regardless of what A is, it is easy to see that, by changing only one X;, the value of g(X™)
can change at most by 1/n. Let 2" = (z1,...,,), choose some other z; € X, and let z7;)
denote 2" with x; replaced by x/:

T = (Ii_17$i7$?+1), ,IZ) = (Ii_laxgvx?+l)'

Then

g9(z") = g(f;)) = sup | Pyn(A) = P(A)| = sup | Py (A") — P(A')

AcA AeA
= sup inf { P (A) — P(A)‘ — Py (4) — P(4) }
< sup { | Pon(4) = P(A)] = [Py (4) = P(4)] ]

AcA
< sup | P (A4) = Py, (4)

AcA

1

= —sup ‘1{:01-6A} — 1{m;eA}\
n AcA
1

< -,

n

Interchanging the roles of " and Tl We obtain

S

g(zy) —g(@") <

Thus,
n n 1
|9($ ) _g(x(i))| < o

Note that this bound holds for all 7 and all choices of ™ and x?i). This means that the function

g defined in (2.28) has bounded differences with ¢; = ... = ¢, = 1/n. Consequently, we can
use Theorem 2.3 to get

P (|g(X") — Bg(X")| > €) < 2¢7°"
This shows that the uniform deviation g(X™) concentrates sharply around its mean Eg(X™).

2.4.3. Uniform deviations continued. The same idea applies to arbitrary real-valued
functions over X. Let X" = (X3,...,X,,) be as in the previous example. Given any function
f: X —=[0,1], Hoeffding’s inequality tells us that

P (IP.(f) ~ BJ(X)| 2 &) < 2¢72".

However, just as in the previous example, in learning theory we are primarily interested in
controlling the deviations of empirical means from true means simultaneously over whole
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classes of functions. To that end, let F be such a class consisting of functions f : X — [0, 1]
and consider the uniform deviation

g(X™) = Sup [P (f) = P(I-

An argument entirely similar to the one in the previous example! shows that this g has
bounded differences with ¢; = ... = ¢, = 1/n. Therefore, applying McDiarmid’s inequality,
we obtain

P (|g(X") - Eg(X")| > ) < 2¢7""

We will see later that, for certain function classes F, we will have Eg(X"™) = O(1/y/n).

2.4.4. Kernel density estimation. For our final example, let X" = (Xi,...,X,)
be an n-tuple of i.i.d. real-valued random variables whose common distribution P has a
probability density function (pdf) f, i.e.,

P(A):/Af(x)d:c

for any measurable set A C R. We wish to estimate f from the sample X"™. A popular
method is to use a kernel estimate (the book by Devroye and Lugosi [DLO1] has plenty of
material on density estimation, including kernel methods, from the viewpoint of statistical
learning theory). To that end, we pick a nonnegative function K : R — R that integrates to
one, [ K(z)dz =1 (such a function is called a kernel), as well as a positive bandwidth (or
smoothing constant) h > 0 and form the estimate

o= o (5.

It is not hard to verify” that fn is a valid pdf, i.e., that it is nonnegative and integrates to
one. A common way of quantifying the performance of a density estimator is to use the L!
distance to the true density f:

uﬁ—mﬂzé

Note that || f,, — |1 is a random variable since it depends on the random sample X™. Thus,
we can write it as a function g(X") of the sample X". Leaving aside the problem of actually
bounding Eg(X™), we can easily establish a concentration bound for it using McDiarmid’s
inequality. To do that, we need to check that g has bounded differences. Choosing =™ and

fulw) = f(2)| da.

IExercise: verify this!
2Another exercise!
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i) as before, we have

g9(z") = g(af))

h h
1
i—1 n
1 T—x 1 rT—x 1 T—x
_ [ =N"K J K U — K 1) — d
/Rnh, (h)+nh(h> nh 2 (h)f($)x
j=1 =it1
1 T — T T —
<— | IK - K £l d
< [ () o () o
2 x
< = —)d
~ nh Ji (h> o
2
n
Thus, we see that g(X"™) has the bounded differences property with ¢; = ... = ¢, =2/n, so
that

P (lg(X") - Eg(X")| > ¢) < 2¢7"/2.

2.5. Subgaussian random variables

Often bounds proven for collections of Gaussian random variables can be readily extended
to collections of random variables with similar exponential bounds, defined as follows.

DEFINITION 2.1. A random variable X is said to be subgaussian with scale parameter v,
92U2
if X has a finite mean and E [eS{X_E[X]}] <e 2 forallseR.

Sometimes v/2

is called the proxy variance because a Gaussian random variable with variance
o? is subgaussian for v? = ¢2. Also, if X is subgaussian with scale parameter v, then the
variance of X, o2, satisfies 02 < /2.

The definition of subgaussian random variable meshes very well with Hoeffding’s bounds.
Hoeffding’s lemma, Lemma 2.1, can be restated as follows. If U is a random variable such
that for some parameters a,b, P{U € [a,b]} = 1, U is subgaussian with scale parameter
v = b’Ta IfS, =X+ -+ X,, where X;,..., X, are independent random variables, such
that X; is subgaussian with scale parameter 14, then S,, is subgaussian with proxy variance
given by v? = v2 + ... + /2. The methodology used to derive the Chernoff inequality shows

that if X is subgaussian with scale parameter v, then
(2.29) P{X-E[X]>vt}<e 2

for all ¢ > 0. The bound (2.29) together with the equation v* = v + --- + 12 discussed
above for sums of indepedent subgaussian random variables, is essentially a restatement of
Hoeffding’s inequality, Theorem 2.1.

The following lemma addresses the distribution of the maximum of a collection of sub-
gaussian random variables.
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LEMMA 2.3 (Maximal lemma for subgaussian random variables). Suppose X1, ..., X, are
mean zero, and each is subgaussian with scale parameter v. (The variables are not assumed
to be independent.) Then

2.30 E max X;| <v+2logn
(2.30) [max X;| < vy/2log
t2
(2.31) P {maxXi > V(\/Zlogn—irt)} < e tvZlosn—y fort >0

PROOF. Starting with Jensen’s inequality, for any s > 0,

esE[maxi X;] S E [esmaxi Xi} —E [max ein:|
i

Zein] _ Z E [ein} < ne82”2/2.

Taking the logarithm of each side yields E [max; X;] < 10% + sv?/2. Letting s = @
yields (2.30).

Note that {max; X; > ¢} = U;{X; > ¢} so by the union bound, P {max; X; > ¢}
> P{X; > c}. By the assumptions and the bound (2.29), P {Xi > I/(\/W-i-t)}
exp(—(v/2logn + t)?/2) for each i. Assembling with ¢ = v(v/2logn + t) yields

P {maXXi > V(\/Zlogn+t)} < nexp(—(y/2logn + t)?/2) = e~ tV2ls -7,
and (2.31) is proved. O

<E

A IA
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CHAPTER 3

Minima, convexity, strong convexity, and smoothness of functions

3.1. The minima of a function

Suppose f is a real-valued function with domain S. A point z* € S is a minimizer
of fif f(z*) < f(x) for all z € S. The set of all minimizers of f over S is denoted by
arg mingeg f(z). It is possible there are no minimizers, but f must have an infimum, where
the infimum of f is the maximum value V€ R U {—o0o} such that f(x) > V for all z €
S. The infimum of f is denoted by inf,ecg f(y). The set of minimizers of f is denoted by
argminges f(z) = {x € S: f(x) = infyes f(y)}. Maximizers of f are similarly related to the
supremum of f, which satisfies sup,cg f(y) = —infyes —f(y).

THEOREM 3.1. (Weierstrass extreme value theorem) Suppose f : S — R is a continuous
function and the domain S is a sequentially compact set. (For example, S could be a closed,
bounded subset of R™ for some m.) Then there exists a minimizer of f. In other words,

arg mingegs f(z) # 2.

PROOF. Let V = inf,cs f(z). Note that V' > —o0. Let (z,) denote a sequence of points
in S such that lim,_,~, f(z,) = V. By the compactness of S, there is a subsequence (x,, ) of
the points that is convergent to some point z* € S. In other words, limy_,o z,, = x*. By
the continuity of f, f(z*) = limy_, f(2n, ), and also the subsequence of values has the same
limit as the entire sequence of values, so limy_, f(2,,) = V. Thus, f(2*) = V, which implies
the conclusion of the theorem. O

EXAMPLE 3.1. (a) If S = [0,1) or S = R and f(z) = 7=, there is no minimizer.
Theorem 3.1 doesn’t apply because S is not compact. (b) If S = [0,1] and f(x) = 1 for
0<z<0.5 and f(zr) =z for 0.5 <z <1 then there is no minimizer. Theorem 3.1 doesn’t

apply because f is not continuous.

3.2. Derivatives of functions of several variables

Suppose f : R" — R™. We say that f is differentiable at a point z if f is well enough
approximated in a neighborhood of x by a linear approximation. Specifically, an m x n
matrix J(x) is the Jacobian of f at x if

1o (@) = £ (@) = J(@)(a = 2)|

a3 la — =]

=0
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The Jacobian is also denoted by % and if f is differentiable at x the Jacobian is given by a

matrix of partial derivatives:

of1 of1
aj> 8?1 ':' B%n
8_:J: : : :
. Ofm Ofm
ox1 e Oy

Moreover, according to the multidimensional differentiability theorem, a sufficient condition
for f to be differentiable at x is for the partial derivatives % to exist and be continuous in a
J

neighborhood of z. In the special case m = 1 the gradient is the transpose of the derivative:
of
dz1
V=1 :
of
dxn

A function f: R™ — R is twice differentiable at x if there is an n x n matrix H(z), called

the Hessian matrix, such that
o a) — fz) = J() - (a—2) - sla—x)TH(@)(a — )| _ 0

la =]/

li

a—T

The matrix H(z) is also denoted by %(m), and is given by a matrix of second order partial

derivatives:
_o*f _*f
aZf O0xr10x1 " Ox10xn
2 =H = 5 : S
(Ox) ; X
92 f 92 f
8xn69c1 e OrnOzn

The function f is twice differentiable at x if both the first partial derivatives % and second

order partial derivatives 852;, exist and are continuous in a neighborhood of z.
10T
If f:R"™ — R is twice continuously differentiable and if z,« € R", then we can find the
first and second derivatives of the function t — f(x 4+ at) from R — R :
of (x + at) of p.
- = — o, = Vf(z+ at).
> flz+at)

at r+at
Pflr+at) 0% f
(875)2 - Z Z axﬁx] $+ataiaj
? J

= ol H(z + at)a.
If H(y) is positive semidefinite for all y, in other words a” H(y)a > 0 for all o € R and all
y, then f is a convex function.
3.3. Convex sets and convex functions

Let 3 be a Hilbert space (defined in Section 4.1). For example, H could be Euclidean
space R? for some d > 1. A subset F C H is convez if
fi,foedq = )\fl—i‘(l—)\)fgeg",V)\E[O,l]
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A function ¢ : F — R is convex if

90<>\f1 + (1 - )\)f2) < )‘Sp(fl) + (1 - A)@(fQ)? v.fla f2 € 3:7 A€ [07 1]
An element g € H is a subgradient of a convex function ¢ at f € F if

o(f)ze(f)+{g.f = f, VfeTF

The set of all subgradients of ¢ at f is denoted by d¢(f) and is referred to as the subdiffer-
ential of ¢ at f. We say that ¢ is subdifferentiable at f if Op(f) # @. In particular, it can
be shown that dp(f) # @ for every f in the interior of F. We say that ¢ is differentiable at
f if 0p(f) has only one element, in which case we refer to this element as the gradient of ¢
at f and denote it by V().

Given a convex function ¢ on JF, it is often of interest to find a minimizer of ¢ on F. We
have the following basic result:

LEMMA 3.1 (First-order optimality condition). Let ¢ : F — R be a differentiable convex
function. The point f* € F is a minimaizer of ¢ on F if and only if

(3.1) (Ve(f*), f=f) =0, VfeF
ProoOF. To prove sufficiency, note that, by definition of the subgradient,

p(f)Ze(f) + 9" F = 1)
for any g* € dp(f*). If (3.1) holds, then ¢(f) > ¢(f*) for all f € F. (Note that here we do
not require differentiability of ¢.)

To prove necessity, let f* be a minimizer of ¢ on F, and suppose that (3.1) does not
hold. That is, there exists some f € F, such that (Vo(f*), f — f*) < 0. By convexity
of F, f*+t(f — f*) € F for all sufficiently small ¢ > 0. Consider the function F(t) :=
o(f*+t(f — f*)). Since ¢ is differentiable, so is F. By the chain rule, which holds in a
Hilbert space, we have

FI0) = (Vo(f* +t(f = f), [ =[] =(Velf).f-f) <0

=0
But this means F'(t) < F(0) for all small ¢ > 0, which contradicts the optimality of f*. O

3.4. Strongly convex functions

DEFINITION 3.1. A function ¢ : F — R is m-strongly convex for some m > 0 if ¢ is
convex, subdifferentiable, and

(3.2) A Z o)+ g = 1)+ S = P
for all f,f" € F and all g € Op(f).

It is not hard to see that ¢ is m-strongly convex if and only if the function ¢(f) — 2| f||? is
convex.

LEMMA 3.2. Suppose F is a nonempty, closed, convex subset of a Hilbert space H, and
v F = R is m-strongly convex for some m > 0. Then the following hold:

(1) For any f,f' € F and 0 < X\ <1,

(3.3) e(Af+ (1 =X)f)) < Ao(f) + (1 = Ne(f) —
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(2) There exists a unique f* € F that minimizes . (Hence we write f* = argminses ¢(f).)

(3) For any f € F, o(f) —(f*) = ZNf — f*II?, where f* = argminses o (f).
(4) (Stability of minimizers under Lipschitz perturbations) Suppose B is an L-Lipschitz
function on F, i.e.,

[B(f) =B <LIf=fI, Vf[feF

and suppose f* is a minimizer of ¢ + B over F. Then |f*— f*H < L

(5) For any f € I, o(f) — o(f*) < 5:1IVe( I
(6) For any f,f' € F,

(3.4) (Vo(f) = Volf), f =) =mlf - fI*

PROOF. For part 1, let g be any choice of subgradient in dp(Af + (1 — A)f’). By the
definition of strong convexity,

35 ()2 o0 f+ =N+ 1= Ngf— )+ T e
36) ol = e +A=NF) = Mo~ ) + 27— g

Multiply both sides of (3.5) by A and both sides of (3.6) by 1 — A and then add the equations
together to obtain (3.3). Parts 2 and 4 are proved in homework. For Part 3, note that the
0 element of H is a subgradient of ¢ at f*, so Part 3 follows from (3.2) with f = f* and
g = 0. For Part 5, the definition (3.2) yields for any f,

() = o) =2 (Vo). f* = P+ ZIf = FIP

> min {(Ve(f). ) + 5 ]}

1 2
= VeI

For Part 6, we have
(F) 2 o)+ (Vo). ' = )+ Z I = 1P

m
o) 2 () + Vel ), f = )+ S = I
Adding these two inequalities and rearranging, we get (3.4). O

EXAMPLE 3.2. Let o(f) = ™ and §(f) = ™L — Lf for f € R. Then |f* — f*| =

}0 — %} = % In this case, the bound in (3.2) part 4 holds with equality.

3.5. Smooth convex functions

Let F denote a Hilbert space. We say that a differentiable (not necessarily convex)
function ¢ : F — R is M-smooth, for some M > 0, if the gradient mapping f — Vo(f) is
M-Lipschitz:

(3.7) IVe(f) = VeI < MIf = Il V[ ed.

We give some properties of smooth convex functions. Smoothness of a convex function
is very helpful in case a gradient descent algorithm is used to minimize the function.
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LEMMA 3.3. (Smooth functions in finite dimensions) Suppose F is a d-dimensional Eu-
clidean space, and @ is twice continuously differentiable. (By convexity, the Hessian satisfies,
V2(f) = 0 for all f, where A = B for symmetric matrices A and B means A— B is positive
semidefinite.) If @ is convex, then ¢ is M-smooth if V*¢(f) = MI for all f.

PRrROOF. Note that V(f')—Ve(f) = 0 4 (Veo(fy))dt where fy = (1—t)f+tf". Taking
the elements of F to be column vectors, the definition of gradient and the chain rule imply:

d
o= 5 (550) - Eaf (=15

Thus,
Ve(f') - Volf) = / (V2o(£) (f — f)dt = H(f' — f)

where H is the d x d matrix H = fol V2(fi)dt. Since V2p(f;) < MI for each t it follows
readily that H < M. So the spectral (i.e. operator) norm of H satisfies ||H|| < M. Hence
IVo(f) = VoA = IH( = HIF < IHHL = fl < M|[f = f'll. So ¢ is M-smooth. [

LEMMA 3.4. Suppose ¢ is an M-smooth convex function, and given o > 0 define the
gradient descent iteration map Gy o by Guo(f) = f —aVe(f). Then the following hold.

(a) For any f,f" € T, o(f') —o(f) < (Vo(f).f' = /) + 51 = I

(b) For any o >0 and f € F,

#Coalf) < ) = a (1= 5 ) IVR(DIP
In particular,
P(Goalf)) < o(f) fo<a<2
p(Go () < o(f) = aulIVe(PIP  (special case a = ;)
( ) < o(f) = s7lIVe(NI? if £ is a global minimizer of .
(

(c) o(f) = o(f) 2 (Vo(f), f' = ) + gV (') = V(I for any f, f' € F.
(d) ( Co-coercive property of the gradient of an M-smooth convex function):

1
(Vo(f') = Veolf). [/ = 1) = T IVe(f) = VoD
(e) (Contraction property of gradient descent map) If 0 < o < 2/M, then

1Goalf) = GoalI<NIf = FI VY F €T

(f) (Strict contraction property of gradient descent map) (As all results in this chapter,
this result is classical [Pol87].) If 0 < o < 2/M and ¢ is also m-strongly convex
for some m > 0, then

1Gealf) = Goal <nllf=fII Vf [ €T,

where n* = 1 — am(2 — aM) < 1. In particular, if f* is the minimizer of o,
||GWX( Y= < nllf=f*| forall f € F. Also, if 0 < a < ﬁ, thenn < /1 —am <
]_ _
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PROOF. ( ) Note that ¢(f') — ¢(f) = 1 d“" ft dt, where f; = (1 —t)f +tf’, and by the
= (Ve(fo), /' = f)- So

p(f) = o) = (Vo). [ = f) = /01<V90(ft) = Vo(f), f' = fdt

chain rule,

1

< / 1Y) = V(DI — Fldt
01
M| f; — "— flld

g/o I, — fIIF — flldt

! M
= [ty = P = 08 - 1P
0

(b) Follows from (a) by letting f' = G, o(f) and using f' — f = —aVo(f).

(c) Fix f, f' € F. For any g, the inequality holds for a function ¢ if and only if it holds
for (f) = o(f) — (g, f), because the contributions due to g are the same on each side of the
inequality. And ¢ is also M-smooth. Letting g = Vp(f) makes V@(f) = 0, so that f is a
global minimizer of ¢. The inequality for ¢ is true because it reduces to the last inequality
of part (b).

(d) By part (c), for any f, f" € F,

o(f") —e(f) = (Vo(f), [ — f)+—||V90( ") = Vo()?
o(f) = (f) = (Ve(f). f =)+ WHVSO(J“) — Vo(f)|?

Adding the respective sides of these equations and rearranging yields the desired inequality.
(e-f) We can prove (e) and (f) together, because taking m = 0 in (f) corresponds to (e).
Observe that

1Gpa(f) = Goa NP =1 = F = a(Vo(f) = Ve(f) |2
= If = f'I7 = 2a(f — f', Vo(f) = Veo(f) + a®[Ve(f) = V()

U= I~ a@— aM)(Volf) — Volf) f — 1)

© 2

< llf = fIF
where (a) follows from the co-coercive property of Lemma 3.4(d) and (b) follows from Lemma
3.2(6), which holds in the special case m = 0 by the convexity of . O

REMARK 3.1. The properties of strong convexity and smoothness of convex functions
are strongly related. Roughly speaking, the first gives a lower bound on the curvature of a
function and the second an upper bound. Moreover, the properties are dual properties for
the Legendre-Fenchel transform. If ¢ is a closed (means sets of the form ¢ <t are closed),
convez function and ¢*(y) = sup,ex(®,y) — @(x), then ¢ is m-strongly convex if and only if
©* is 1/m-smooth.
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CHAPTER 4

Function spaces determined by kernels

A powerful way of building complicated classifiers is to use linear combinations of simple
functions. The number of simple functions used is potentially infinite, so it is natural to
consider an infinite dimensional generalization of ordinary finite dimensional Euclidean space,
known as a Hilbert space. Some particular Hilbert spaces of functions are naturally specified
in terms of a kernel. Kernel methods are popular in machine learning for a variety of reasons,
not the least of which is that any algorithm that operates in a Euclidean space and relies
only on the computation of inner products between feature vectors can be modified to work
with any suitably well-behaved kernel. (See the representer theorem in Section 8.6.)

4.1. The basics of Hilbert spaces

Hilbert spaces are generalizations of the usual finite-dimensional Euclidean spaces. While
Hilbert spaces can be infinite dimensional, they retain many of the important key properties
of finite-dimensional Euclidean space. As long as an inner product is defined for pairs of
elements in the space, a notion of angle and, consequently, orthogonality, can be defined
for two elements in the space. Moreover, a Hilbert space has certain favorable convergence
properties, yielding (unique) linear projections of their elements onto closed linear subspaces,
or, more generally, unique nonlinear projections onto closed convex sets.

DEFINITION 4.1. A real vector space V is an inner product space if there exists a function
(-, )y 1 VXV =R, which is:
(1) Symmetric: (v,v"),, = (V',v)\, for all v,v" € V
(2) Bilinear: (awvy + Pug, V'), = alvy, V'), + B(ve, V'), for a, 5 € R and vy, vq,v" € V
(3) Positive definite: (v,v),, > 0 for allv € V, and (v,v),, = 0 if and only if v =0

Let (V, (:,-)y) be an inner product space. Then we can define a norm on V via

[ollv = 4/ (v, v)y-

It is easy to check that this is, indeed, a norm —

(1) It is homogeneous: for any v € V and any a € R,

vl = /v, av)y, = yfa2(v, )y = laly/(0.0)y = lol - [ollv

(2) It satisfies the triangle inequality: for any v,v" € V,
(4.1) o+ v'llv < lvllv + [[v']v-

To prove this, we first need to establish another key property of || - ||v: the Cauchy-
Schwarz inequality, which generalizes its classical Euclidean counterpart and says
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that
(4.2) [{v, )| < Nllv]fv']lv-
To prove (4.2), start with the observation |[v — A\/|} = (v — A/, v — Mv'),, > 0 for
any A € R. Expanding this yields
(0 = W0 = W)y = N2 [3 = 2000, o)y + [lolld > 0.
This is a quadratic function of A, and the above implies that its graph does not
cross the horizontal axis. Therefore,
A, )P < AR = (o)l < oliviivliv,
and the Cauchy-Schwarz inequality (4.2) is proved. Thus,
lv+ 2|y = (v+ 0" v+
= (v,v)y + (v, ')y, + (U, V), + V', V'),
= [y + 2{v, )y + V[
2

< ol + 2[ol 111 + 110117 = (lvllv + [1v'lIv)
where we’ve used the definition of norm, the bilinear and symmetry properties of the
inner product, and the Cauchy—Schwarz inequality. Since all norms are nonnegative,

we can take square roots of both sides to get the triangle inequality.
(3) Finally, ||v]ly > 0, and ||v||y = 0 if and only if v = 0 — this is obvious from definitions.

Thus, an inner product space can be equipped with a norm that has certain special
properties (mainly, the Cauchy—Schwarz inequality, since a lot of useful things follow from
it alone). Now that we have a norm, we can talk about convergence of sequences in V:

DEFINITION 4.2. A sequence of elements of V, {v,}°2,, converges to v € V if
(4.3) lim |lv, —v|lv =0.

n—0o0

Any norm-convergent sequence has the property that, as n gets larger, its elements get
closer and closer to one another. Specifically, suppose that {v,} converges to v. Then (4.3)
implies that for any € > 0 we can choose N large enough, so that ||v, — v|ly < /2 for all
n > N. But the triangle inequality gives

lvn — vmllv < ||on —vllv + [|Jom — v|lv < &, VY m,n > N.
In other words,

(4.4) lim  ||lv, — o] =0.

min(m,n)—oo
Any sequence {v,} that has the property (4.4) is called a Cauchy sequence. We have just
proved that any convergent sequence is Cauchy. However, the converse is not necessarily
true: a Cauchy sequence does not have to be convergent. This motivates the following
definition:

DEFINITION 4.3. A normed space (V,|| - ||v) is complete if any Cauchy sequence {v,}
of its elements is convergent. If the norm || - ||v is induced by an inner product and if it is
complete, then we say that V is a Hilbert space.
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For an example of an inner product space that is not complete, consider the space of
sequences of the form = = (zq,x9,...) with z; € R such that only finitely many of the x;’s
are nonzero, with the inner product (z,y) = > °, z;y;. There is a standard procedure of
starting with an inner product and the corresponding normed space and then completing
it by adding the limits of all Cauchy sequences. We will not worry too much about this
procedure. Here are a few standard examples of Hilbert spaces:

(1)

The Euclidean space V = R? with the usual inner product

(v,0") = Z V.

Jj=1

The corresponding norm is the familiar 5 norm, [|v|| = /(v,v).
More generally, if A is a positive definite d x d matrix, then the inner product

(v,0") 4 = (v, AV')
induces the A-weighted norm ||v]|4 := 1/ (v,v) , = v/ (v, Av), which makes R? into
a Hilbert space. The preceding example is a special case with A = I;, the d x d
identity matrix.
The space L*(R?) of all square-integrable functions f : R — R, i.e.,

f(x)dr < o,
R4

is a Hilbert space with the inner product

ey = [ F@lgfa)da

and the corresponding norm

I fll 2y == /Rd f2(x)dz.

Let (Q, B, P) be a probability space. Then the space L?(P) of all real-valued random
variables X : () — R with finite second moment, i.e.,

EX? = / X?*(w)P(dw) < 400,
Q
is a Hilbert space with the inner product
(X, X') pagpy = E[XX] = / X () X' () P(dw)
Q

and the corresponding norm

1X o) = \/ / X ()2P(dw) = VEX?.
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From now on, we will denote a typical Hilbert space by (I, (-, -)4); the induced norm will
be denoted by || - ||

An enormous advantage of working with Hilbert spaces is the availability of the notion
of orthogonality and orthogonal projection. Two elements h, g of a Hilbert space H are said
to be orthogonal if (h, g)4 = 0.

A subset H; of 3 is defined to be closed if the limit of any convergent sequence {h,} of
elements of H; is also contained in H;. A subset H; of H is a linear subspace if v; + vy € H;
whenever vy, v, € Hy. We have the following basic facts:

PROPOSITION 4.1 (Projection onto a subspace of a Hilbert space). Let H; be a closed
linear subspace of a Hilbert space H. For any g € JH there is a unique solution of the
optimization problem

minimize ||h — g|| subject to h € H;.

The solution is denoted by Ilg and is called the projection of g onto Hy. We can write
Ilg = arg min, 4, [|h — g|. The projection mapping I1 has the following properties:

(1) It is a linear operator: 1l(ag + bg') = allg + bIlg" for a,b € R, ¢g,¢' € H.

(2) 112 =11, i.e., II(Ilg) = Tlg for any g € H.

(3) If g € Hy, then Ilg = g.

(4) For any g € H and any h € 3y, (Ilg, h)q = (g, h) g
Let Hi be the set of all h* € K, such that (g, h'), =0 for all g € Hy. Then:

(1) Hi is also a closed linear subspace of H.

(2) Any element g of H can be uniquely decomposed as g = h + h*, where h € H, and

ht € 3. Furthermore, h =11(g).

REMARK 4.1. It is important for H; to be a closed linear subspace of H for the above
results to hold.

PROPOSITION 4.2 (Projections onto a closed convex subset of a Hilbert space). Let F be
a nonempty, closed, convex subset of H. Define the projection operator Il : H — F as

(4.5) I(g) := argmin || f — g]|*.
feg

Then:

(a) For any g, ll(g) exists and is unique.
(b) The projection operator is nonexpansive, i.e., for any g,q € H,

(4.6) ITI(g) —TI(g")|I < lg — 4|

PROOF. (a) The function ¢(f) := 3||f — g||* is strongly convex. Hence, by Lemma 3.2,
it has a unique minimizer in J.
(b) Note that Vio(f) = f — g. By the first-order optimality condition, for any f’ € JF,

(4.7) (Ve(Il(9)), f = 1l(g)) = (I(g) — g, f" — II(g)) > 0.
In particular, using this with f' = II(¢’), we get

(4.8) (I(g) — g, 11(g) — II(¢")) < 0.

Similarly,

(4.9) (¢' —11(¢"), (g) —T1(¢")) < 0.
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Adding the inequalities (4.8) and (4.9) and rearranging, we obtain

(4.10) ITI(g) — T(g)]I* < (g — ¢, T(g) — TI(g")).
Applying Cauchy—Schwarz to the right-hand side and canceling the factor of ||II(g) — II(¢’)||
from both sides gives (4.6). O

4.2. Reproducing kernel Hilbert spaces

A reproducing kernel Hilbert space (RKHS) is a family of functions on some set X that
forms a Hilbert space, with an associated kernel, as we describe later. Often in practice, the
norm of a function is an appropriate measure of the complexity of the function. Such classes
of functions are well suited to statistical learning theory because it makes sense to adjust
the complexity of the predictors/classifiers based on the availability of the data. To start
with, let us define what we mean by a kernel. We will stick to Euclidean feature spaces X,
although everything works out if X is an arbitrary separable metric space.

DEFINITION 4.4. Let X be a closed subset of RY. A real-valued function K : X x X — R
is called a Mercer kernel provided the following conditions are met:

(1) It is symmetric, i.e., K(z,2') = K(2/,z) for any x,2’ € X.
(2) It is continuous, i.e., if {x,} is a sequence of points in X converging to a point x,
then

lim K(z,,2') = K(x,2), Va' e X.

n—o0

(8) It is positive semidefinite, i.e., for all aq,...,a, € R and all z1,...,z, € X,

(411) Z O[Z‘O[jK(l'i,J]j) 2 0.

ij=1

REMARK 4.2. Another way to interpret the positive semidefiniteness condition is as

follows. For any n-tuple 2" = (1, ...,z,) € X", define the n x n kernel Gram matriz
Gr(z") = [K(zi, 2))]},_, -

Then (4.11) is equivalent to saying that G (x™) is positive semidefinite in the usual sense,
i.e., for any vector v € R" we have

(v, Gg(x")v) > 0.
REMARK 4.3. From now on, we will just say “kernel,” but always mean “Mercer kernel.”

Here are some examples of kernels. Additional examples are provided in the next section.

(1) With X = R4, K(z,2') = (x,2'), the usual Euclidean inner product.

(2) A more general class of kernels based on the Euclidean inner product can be con-
structed as follows. Let X = {x € R? : |lz]| < R}; choose any sequence {a;}32, of
nonnegative reals such that

o0

Z CLjR2j < Q.

=0
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Then
K(z,2") = Zaj<x,a:/>j
=0

is a kernel.

(3) Let X = R?, and let k : RY — R be a continuous function, which is reflection-
symmetric, i.e., k(—z) = k(z) for all z. Then K(z,2') := k(x — 2’) is a kernel
provided the Fourier transform of k,

k(€)= /]Rd e~ 80 k() du,

is nonnegative. A prime example is the Gaussian kernel, induced by the function
k(z) = elel?,
In all of the above cases, the first two properties of a Mercer kernel are easy to check. The
third, i.e., positive semidefiniteness, requires a bit more work. For details, consult Section 2.5
of the book by Cucker and Zhou [CZ07].
Suppose we have a fixed kernel K on our feature space X (which we assume to be a closed
subset of RY). Let L (X) be the linear span of the set {K (z',-) : 2’ € X}, i.e., the set of all
functions f : X — R of the form

(4.12) flz) = Z ¢; K(xj,x)

for all possible choices of N € N, ¢1,...,cy € R, and x1,...,zy € X. It is easy to see that
L (X) is a vector space: for any two functions f, f’ of the form (4.12), their sum is also of
that form; if we multiply any f € Lx(X) by a scalar ¢ € R, we will get another element of
L (X); and the zero function is clearly in £ (X). It turns out that, for any (Mercer) kernel
K, we can complete Ly (X) into a Hilbert space of functions that can potentially represent
any continuous function from X into R, provided K is chosen appropriately.

The following result is essential (for the proof, see Section 2.4 of Cucker and Zhou
[CZO07]):

THEOREM 4.1. Let X be a closed subset of R%, and let K : Xx X — R be a Mercer kernel.
Then there exists a unique Hilbert space (Hy, (-, ) ) of real-valued functions on X with the
following properties:

(1) For all x € X, the function K,(-) := K(z,-) is an element of Hy, and (K, K)o =
K(z,2') for all x,2" € X.

(2) The linear space Ly (X) is dense in Hy, i.e., for any f € Hy and any € > 0 there
exist some N € N, ¢1,....,cy € R, and xq,...,xxy € X, such that

N
o
j=1
(8) For all f € Hg and all x € X,
(4.13) f(@) = (Ko, [
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Moreover, the functions in Hg are continuous. The Hilbert space Hg is called the Repro-
ducing Kernel Hilbert Space (RKHS) associated with K ; the property (4.13) is referred to
as the reproducing kernel property.

REMARK 4.4. The reproducing kernel property essentially states that the value of any
function f € Hg at any point z € X can be extracted by taking the inner product of f and
the function K,(-) = K(x,-), i.e., a copy of the kernel K centered at the point x. It is easy
to prove when f € Lk (X). Indeed, if f has the form (4.12), then

N
<f7 KCU)K = <ZCJKIj7KI>
=1
NJ
= ZCJ‘<K%"K$>K

1

K

J
N
= Z CJK(xja CL’)
j=1
= f(x).
Since any f € Hx can be expressed as a limit of functions from £k (X), the proof of (4.13)
for a general f follows by continuity.

For any function f: X — R, define the sup norm by || f|lc := sup,ex | f(z)].

LEMMA 4.1. Let Hy be the RHKS generated by a kernel K and let Cc = sup,ex / K (z, ).
If Cx < o0, the values of any function f € Hy can be bounded in terms of the kernel as
follows:

(4.14) 1flloe < Ckll -
PROOF. For any f € Hx and = € X,

[f @) = [(f, Ka) el < I8zl = [ fll e v/ K (2, %),

where the first step is by the reproducing kernel property, and the second step is by Cauchy—
Schwarz. Taking the supremum of both sides over X yields (4.14). O

4.3. Kernels and weighted inner products

This section gives a fuller explanation of how to understand the use of an RKHS norm
for the purpose of regularization. For a given learning application it makes sense to select
the norm so that predictors that we might expect to naturally arise would be the ones with
smaller norm. It is similar to the selection of a prior probability distribution in the Bayesian
estimation framework.

Let X denote a closed subset of R? for some d > 1. Suppose we wish to consider classifiers
of the form g(z) = sgn(>_, ¢;¢0i(z)) for some set of functions w4, ...,1, on X. For a given
learning problem these functions would typically represent features that we expect to be
useful for classification. One way to view the kernel method is as a way to introduce an
inner product, and hence a norm, for linear combinations of the ¥’s. See the final two
paragraphs of this section.
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To explore this view we need to understand how the choice of kernel affects the norms
of functions. This is addressed by the following two propositions and some example kernels.
For simplicity we begin by considering the case of finitely many basis functions (i.e. a
finite dictionary of features). At the end of the section we return to the application to
regularization.

PROPOSITION 4.3. Let ¢1,...,v%, be linearly independent continuous functions on a set
X, assumed to be a closed subset of a finite dimensional Fuclidean space. Let K be the Mercer
kernel defined by K(z,2') = > ¢ Yi(x);(z). Then oy, ..., 1, is a complete orthonormal
basis for the RKHS (K, (-, Vi) . That is, H is the set of linear combinations of V1, . .., 1y,

and (i, V) = L=y

PROOF. Let 3y be the linear span of 91, ..., 1,, which is a complete vector space. Each
f € Hy has a representation of the form f = > "  ¢;;, and the representation is unique
because of the assumed linear independence of y,...,1,. We can thus define an inner

product (-, )y on Hy by
<Zci¢,., Zc;¢j> =3 el
i=1 j=1 P i=1

Then (Hy, (-,-)y) is a finite dimensional Hilbert space and ,...,1, forms a complete
orthonormal basis for it. To complete the proof we show that this space equals (Hg, (-, ) x)-

The assumed form of K implies that for any fixed z € X, K, € H,, so as vector spaces,
:H:K C :H:w. AlSO,

(e o = ( 00, @) )

_ Z Z i) i (2) Lpimyy
KK

So (-, )y restricted to the subspace Hy agrees with (-,-)x. That is, the Hilbert space
(Hg, (-,-)k) is a subspace of (H,, (-, ),). To show that the spaces are equal it suffices
to show that the orthogonal complement of Hy within 3, (Hx)*, contains only the zero
vector. Let g € (Hx)*. Since g € H,, there is a vector ¢ so that g = ", ¢;1;, and since

j=1
gL Hg,
0= (K 9)y = <Zq/’i($)¢m ch¢j> = ZCW@'(:U)
i=1 j=1 P i

for all x. By the assumed linear independence of 1, ...,,, it follows that ¢ = 0 so that
g = 0, as claimed. O

The following proposition generalizes Proposition 4.3 to the case of a countably infinite
basis. The assumption of linear independence is replaced by a stronger assumption. Let
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2 ={ceRY: > X ¢ < oo} With the inner product (c,d) = 377 ¢ic}, €% is a Hilbert
space.

PROPOSITION 4.4. Suppose K is a continuous kernel on X x X that has a representation
of the form

(4.15) K(z,2') = Z%(x)@/h‘(x,)a
i=1
such that the functions ; are continuous functions on X, and the following condition holds:
(4.16) cel’and Y cphi=0 = c=0.
i=1

Then 1, 1s, ... forms a complete orthonormal basis for the RKHS Hy.

PROOF. Let H, = {d> 77, ¢ty : ¢ € £} . By the assumption (4.16), each f € 3, is
represented by a unique ¢ € (2. We can thus define an inner product (-,-),, on Hy by

n

< Z Ciwiy Z C;-lpj> = Z CZ'C;.
i=1 j=1 (4

=1

Moreover, the mapping ¢ — >, ¢;¢b; from ¢* to H, is a Hilbert space isomorphism. The rest
of the proof is the same as the proof of Proposition 4.3. O

REMARK 4.5. If K and the 1;’s are continuous and satisfy (4.15), then the convergence
in (4.15) is absolute and uniform on compact subsets of X. (Details in problem set 4, 2017).

Some examples popular in machine learning are given in the previous section. Additional
examples, along with their expansions, are given here.

EXAMPLE 4.1. (Bilinear kernels) Suppose K(v,2') = 1+ (x,2') for z,2" € R Then
K(z, ") =" g i(x)i(a) with g =1 and ¢;(x) = x; for 1 <i <d. Thus Hg consists of
functions of the form fy.,(z) = b+ (w,x) for b € R and w € RY, and || fo.ll% = 0* + [Jw|*.

EXAMPLE 4.2. (Polynomial kernels) Suppose K(z,2") = (1 + (z,2'))* for z,2" € R%.
Then

K(z,2") = (1 + 1) 4 202l + - - + zqzy)"
d
D C R 1
(j07-~~7jd)€Zi+1:j0+...+jd:k Jo Jd i=1

where (jo jlk... jd) is the multinomial coefficient. Thus, Hg has a complete orthonormal basis

consisting of all functions of the form

d
JoJv - Jd) g
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for (jo,---,ja) € Zi“ 2 Jo+ ...+ Ja = k. The functions in Hy consist of the multivariate
polynomials on R® with degree less than or equal to k.

EXAMPLE 4.3. (Gaussian kernel in one dimension) Suppose K(z,z") = exp (—W)
for z,x’" € R. Then

(-
(

where V;(x) = exp (—%) j_ﬁ

To check condition (4.16), suppose ¢ € £ is such that Yo ci(x) = 0, or equivalently,
h(z) = Yoy czj—% = 0. The series defining h and its derivatives of all orders are absolutely
convergent on compact subsets, so by the dominated convergence theorem h can be repeatedly

differentiated term by term. Thus, the k'™ derivative of h evaluated at x = 0 is given by:

-2 (75)

The assumption h = 0 therefore implies that ¢, = 0 for all k, or ¢ = 0. Thus, condition

(4.16) holds. Therefore, by Proposition 4.4, 11,1s, ... forms a complete orthonormal basis
for the RKHS H.

= Ck\/H

=0

EXAMPLE 4.4. (Radial basis functions) Suppose K(z,z') = exp <—M> for xz, 2" €

R®. The functions of the form K,(-) = exp <—w) are called radial basis functions. The

radial basis functions each have unit norm and form a complete basis for Hy, although they
are not orthonormal. A complete orthonormal basis for Hy can be found by deriving a series
representation for K:

][ + 2]

(o) = exp (I exp )

2 /12 o AV
g (Y § )
2 k!

k=0
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Combining analysis from the previous two examples, we find that Hy has a complete or-
thonormal basis consisting of functions of the form:

d
H:UHQ) L ji
exp | — , , T
()l

for d > 0 and (j1,...,74) € Zi. The functions in Hy thus include all the multivariate
polynomials on R,

The following proposition shows that Mercer kernels can be represented by series expan-
sions in great generality.

PROPOSITION 4.5. (Mercer’s representation theorem, measure free version) Suppose K (z,y)
is a Mercer kernel on X x X, where X is a closed subset of R? (or more generally, X could be
any complete separable metric space). Then there is a sequence of continuous functions (1;)
on X such that (4.15) and (4.16) hold, and 1,1s, ... forms a complete orthonormal basis
for the RKHS H.

PRrROOF. (Not self-contained. Reading is optional.) Mercer’s theorem is usually stated
and proved based on the integral operator associated with K and a reference measure v
on the Borel subsets of X with support X. The representations have the form K(z,y) =
Yooy Aihi(2)i(y), but the nonnegative constants A; can be incorporated into the functions
1;, because we are not concerned with orthonormality of the functions relative to the ref-
erence measure. Since X is assumed to be separable there exists a countable dense subset
{q1,q2, ...} of X. Given K, by putting a sufficiently small positive probability mass on each of
these points we can construct a discrete probability measure v which is strictly positive on X
(i.e. every open nonempty set has strictly positive measure) such that [ K(z,y)*v(dz)v(dy) <
00, from which it follows that K € A(X,v), where A(X,v) is defined in [FMO09]. Therefore
we can apply [FMO09, Theorem 2.4] to conclude the existence of a sequence of continuous
functions (¢);) on X such that (4.15) is satisfied. The sequence satisfies (4.16) because the
functions in the sequence are orthogonal in L?*(X,v). The last statement of the proposition
follows from Proposition 4.4. O

EXAMPLE 4.5. (Cauchy kernel function) The Cauchy kernel function is given by K (z,z") =
m for x, 2’ € R, where v is a scale parameter. The Cauchy kernel is similar to the
Gaussian kernel, but it decreases much more slowly as ||z — || — co. The positive semidefi-
nite property follows from the fact that the Fourier transform of W is real and positive.
Although Proposition 4.5 applies for this kernel, the proof of the proposition is nonconstruc-
tive, and there does not seem to be a natural way to find a complete orthonormal basis as
there is for the case of Gaussian kernel function. Still, in applications, the Cauchy kernel

can be used in much the same way as the Gaussian kernel, for ezample in (8.51) or (8.52).

Kernels as measures of complexity of functions. Section 8.6 considers classifiers
of the form sgn(f) and Chapter 9 considers regression functions of the form f, where f is
assumed to be in some class of functions, and the ERM algorithm selects ]?as the solution
to an optimization problem. To avoid overfitting, the complexity of f is either constrained,
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or a penalty involving the complexity of f is added to the objective function. For many
applications it is reasonable to optimize over functions f having the form f(z) = >, a;¢;(x),

such that a finite or infinite set of functions (@Z]) has been predetermined to fit the application
well. In order to express prior knowledge about which coefficients are likely to be larger in the
application, a sequence of positive weights (w;);>1 could be selected, such that the complexity
of a function f(x) =}, aj%- () could be defined to be ) aj/w;. A larger weight w; for a
particular j, yields a smaller complexity cost for having a large value of a;.

If the weights (w;) are chosen such that K defined by K(z,z') = 3, wjzzj(x)%(x’)
is a Mercer kernel (roughly speaking, this requires that most of the weights are not too
large) then we can also write K (x,2') = >, ¥;(2)y;(2'), where 1; = \/wlz Therefore, since
flx) =3, \/a;—jlbj (), it follows from Proposition 4.3 or 4.4 that || f||% = >, a}/w;. In other
words, the complexity measure is the squared RKHS norm of f for the kernel K. In this
sense, the kernel K defines a measure of complexity of f.

41






Part 2

Basic Theory



CHAPTER 5

Formulation of the learning problem

Now that we have seen an informal statement of the learning problem, as well as acquired
some technical tools in the form of concentration inequalities, we can proceed to define the
learning problem formally. Recall that the basic goal is to be able to predict some random
variable Y of interest from a correlated random observation X, where the predictor is to
be constructed on the basis of n i.i.d. training samples (X1, Y1),...,(X,,Y,) from the joint
distribution of (X,Y). We will start by looking at an idealized scenario (often called the
realizable case in the literature), in which Y is a deterministic function of X, and we happen
to know the function class to which it belongs. This simple set-up will let us pose, in a clean
form, the basic requirements a learning algorithm should satisfy. Once we are done with the
realizable case, we can move on to the general setting, in which the relationship between X
and Y is probabilistic and not known precisely. This is often referred to as the model-free or
agnostic case.

This order of presentation is, essentially, historical. The first statement of the learning
problem is hard to trace precisely, but the “modern” algorithmic formalization seems to
originate with the 1984 work of Valiant [Val84] on learning Boolean formulae. Valiant
has focused on computationally efficient learning algorithms. The agnostic (or model-free)
formulation was first proposed and studied by Haussler [Hau92] in 1992.

The material in this chapter closely follows the exposition of Vidyasagar [Vid03, Ch. 3].

5.1. The realizable case

We start with an idealized scenario, now often referred to in the literature as the realizable
case. The basic set-up is as follows. We have a set X (often called the feature space or
input space) and a family P of probability distributions on X. We obtain an i.i.d. sample
X" = (Xy,...,X,) drawn according to some P € P, which we do not know (although it may
very well be the case that P is a singleton, |P| = 1, in which case we, of course, do know P).
We will look at two basic problems:

(1) Concept learning: There is a class C of subsets of X, called the concept class, and
an unknown target concept C* € € is picked by Nature. For each feature X; in our
sample X", we receive a binary label Y; = 1;x,ec+y. The n feature-label pairs form
the training set

(51) (X17 }/1) = (X]_, 1{X1€C*})7 ey (Xn, Yn> = (Xn’ 1{Xn€C*})'

The objective is to approximate the target concept C* as accurately as possible.
(2) Function learning: There is a class F of functions f : X — [0, 1], and an unknown
target function f* € F is picked by nature. For each input point X; in the sample
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X" we receive a real-valued output Y; = f*(X;). The n input-output pairs
(52) (Xlai/l) = (Xlaf*(Xl))aa(Xn7f*(Xn))

The objective is to approximate the target function f* as accurately as possible.
(Note: the requirement that f map X into [0, 1] is imposed primarily for technical
convenience; using appropriate moment and/or tail behavior assumptions on P, it
is possible to remove this requirement, but the resulting proofs will be somewhat
laborious.)

We will now consider these two problems separately.

5.1.1. Concept learning. As we already stated, the goal of concept learning is to
approximate the target concept C* as accurately as possible on the basis of the training data
(5.1). This is done by means of a learning algorithm. An algorithm of this sort should be
capable of producing an approximation to C* given the training set of the form (5.1) of any
size n. More precisely:

DEFINITION 5.1. A concept learning problem is specified by a triple (X, P, C), where X
is the feature space, P is a family of probability distributions on X, and C is a concept class.
A learning algorithm for (X, P, @) is a sequence A = {A,}2, of mappings

Ap s (X x{0,1})" — C.

If P consists of only one distribution P, then the mappings A,, may depend on P; other-
wise, they may only depend on P as a whole. The idea behind the above definition is that
for each training set size n we have a definite procedure for forming an approximation to the
unknown target concept C* on the basis of the training set of that size.

For brevity, let us denote by Z; the ith training pair (X;,Y;) = (Xj, 1{x,ec+}), and let us
denote by Z the set X x {0,1}. Given a training set Z" = (Z1,...,Z,) € Z" and a learning
algorithm A, the approximation to C* is

CTL - An(Zn) = ATL(Zlv ceey ZTL) = A” ((Xh 1{X160*}7 ceey (Xn7 l{XnEC*})) :
Note that én is an element of the concept class € (by definition), and that it is a random
variable since it depends on the random sample Z". It is often referred to as a hypothesis
output by the learning algorithm A.

How shall we measure the goodness of this approximation C,? A natural thing to do is
the following. Suppose now we draw a fresh feature X from the same distribution P € P
as the one that has generated the training feature set X™ and venture a hypothesis that X
belongs to the target concept C* if X € C,, i.e., if 1{Xeén} = 1. When would we make a
mistake, i.e., misclassify X7 There are two mutually exclusive cases:

(1) X is in C*, but not in C,, ie, X €C*n @‘;, where 65 = X\an is the complement
of C,, in X. R R
(2) X is not in C*, but it is in C,,, i.e., X € (C*)°NC,,.
Thus, we will misclassify X precisely when it happens to lie in the symmetric difference
C*AC, = (C"NCHU((C) N ).
This will happen with probability P(C’*Aan) — note, by the way, that this is a random
number since C,, depends on the training data Z". At any rate, we take the P-probability of
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the symmetric difference C*AC, as our measure of performance of A. In order to streamline
the notation, let us define the risk (or loss) of any C' € € w.r.t. C* and P as

Lp(C,C*):= P(CAC™Y) = P(X € CAC™).
EXERCISE 5.1. Prove that

Lp(C,C") = / 1 1ioecy — Liec
X

In other words, Lp(C,C*) is the squared L*(P) norm of the difference of the indicator
functions Ic(-) = Lyccy and Ic+(-) = Lpecy, Lp(C,C*) = ||Ic — Ic-

? P(da).

%Q(P)'
Roughly speaking, we will say that A is a good algorithm if
(5.3) Lp(C,,C*) =0 as n — oo

for any P € P and any C* € €. Since én is a random element of €, the convergence in (5.3)
can only be in some probabilistic sense. In order to make things precise, for any C' € C let
us denote by Pc the joint distribution of a pair Z = (X,Y), where X ~ P and Y = 1ixccy.
Then we define the following two quantities:

ra(n,e,P) :=sup Pi (Z" € Z" : Lp(A,(Z"),C) > ¢)
cee

Ta(n,e,P) :=supra(n,e, P)
pPe?
where P denotes the n-fold product of P. For a fixed P (which amounts to assuming that
the features X™ were drawn i.i.d. from P), r4(n,e, P) quantifies the worst-case “size” of
the set of “bad” samples, where we say that a sample X" is bad if it causes the learning
algorithm A to output a hypothesis C,, = A, (Z") whose risk is larger than . The worst
case is over the entire concept class C, since we do not know the target concept C*. The
quantity 74(n,e, P) accounts for the fact that we do not know which P € P has generated
the training feature points.
With all these things defined, we can now state the following;:

DEFINITION 5.2. (PAC for concept learning in realizable learning setting) A learning
algorithm A = {A,} is probably approximately correct (or PAC) to accuracy ¢ if
(5.4) lim 74(n,e,P) = 0.

n—oo

We say that A is PAC if it is PAC to accurary € for every € > 0. The concept class C
is called PAC learnable to accuracy € w.r.t. P if there exists an algorithm that is PAC to
accuracy €. Finally, we say that C is PAC learnable if there exists an algorithm that is PAC.

The term “probably approximately correct,” which seems to have first been introduced
by Angluin [Ang88], is motivated by the following observations. First, the hypothesis én
output by A for some n is only an approximation to the target concept C*. Thus, L p(é\n, C*)
will be, in general, nonzero. But if it is small, then we are justified in claiming that én is

approximately correct. Secondly, we may always encounter a bad sample, so Lp(C,,, C*) can
be made small only with high probability. Thus, informally speaking, a PAC algorithm is one
that “works reasonably well most of the time.”
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An equivalent way of phrasing the statement that a learning algorithm is PAC is as
follows: For any € > 0 and § > 0, there exists some n(e,d) € N, such that

(5.5) Pr(Z" € 7" : Lp(An(27),0) > ) <6,  ¥n >n(e,8),YC € C,¥P € .

In this context, ¢ is called the accuracy parameter, while ¢ is called the confidence parameter.
The meaning of this alternative characterization is as follows. If the sample size n is at least
n(e,d), then we can state with confidence at least 1 —§ that the hypothesis C,, will correctly
classify a fresh random point X € X with probability at least 1 — €.
The two problems of interest to us are:
(1) Determine conditions under which a given concept class € is PAC learnable.
(2) Obtain upper and lower bounds on n(e,d) as a function of £,5. The following
terminology is often used: the smallest number n(e,d) such that (5.5) holds is
called the sample complexity.

5.1.2. Function learning. The goal of function learning is to construct an accurate
approximation to an unknown target function f* € F on the basis of training data of the
form (5.2). Analogously to the concept learning scenario, we have:

DEFINITION 5.3. A function learning problem is specified by a triple (X, P, F), where X is
the input space, P is a family of probability distributions on X, and F is a class of functions
f:X—=10,1]. A learning algorithm for (X, P,F) is a sequence A = {A,}2, of mappings

A, (X x[0,1)" = F.
As before, let us denote by Z; the input-output pair (X;,Y;) = (X;, f*(X;)) and by Z the

product set X x [0,1]. Given a training set Z" = (Zy,...,7,) € Z" and a learning algorithm
A, the approximation to f* is

Fo = An(Z7) = A (X0, £5(X0)), -5 (Xs £1(X))) -

As in the concept learning setting, fn is a random element of the function class F.

In order to measure the performance of A, we again imagine drawing a fresh input point
X € X from the same distribution P EAfP that has generated the training inputs X". A
natural error metric is the squared loss | f,,(X) — f*(X)|?. As before, we can define the risk
(or loss) of any f € F w.rt. f* and P as

(5.6)  Lp(f. f) =Ep|f(X) = fFOPF = If = fZep) = /If (z)*P(dx).
Thus, the quantity of interest is the risk of fn'

o(Fon ) = [ 1F(o) = @) P(a),
Keep in mind that Lp(]?n, f*) is a random variable, as it depends on ]?n, which in turn

depends on the random sample Z" € Z".

REMARK 5.1. The concept learning problem is, in fact, a special case of the function
learning problem. Indeed, fix a concept class € and consider the function class F consisting
of the indicator functions of the sets in C:

?:{[CCGG}
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Then for any f = I and f* = I+ we will have
LP(fa f*) = H[C — Ie- H%Z(P) = P(CAO*>7
which is the error metric we have defined for concept learning.

If for each f € F we denote by Py the joint distribution of a pair Z = (X,Y’), where
X ~ Pand Y = f(X), then for a given learning problem (X, P, ¥) and a given algorithm A
we can define
ra(n,e, P) =sup P} (Z" € Z" . Lp(An(Z"), f) > ¢)
fes
Ta(n,e,P) :=supra(n,e, P)
Pe?
for every n € N and ¢ > 0.The meaning of these quantities is exactly parallel to the corre-
sponding quantities in concept learning, and leads to the following definition:

DEFINITION 5.4. (PAC for function learning in realizable learning setting) A learning
algorithm A = {A,} is PAC to accuracy ¢ if
lim 7?,4(71,5, T) = 0,

n—oo

and PAC if it is PAC to accuracy € for all € > 0. A function class F = {f : X — [0,1]}
is PAC-learnable (to accuracy ) w.r.t. P if there exists an algorithm A that is PAC for
(X, P, F) (to accuracy € ).

An equivalent way of stating that A is PAC is that, for any £, > 0 there exists some
n(e,d) € N such that

P (Z" € 7" : Lp(An(Z™), f) > €) <5,  V¥n>n(e,8),Yf € F,YP € P.

The smallest n(e, ) € N for which the above inequality holds is termed the sample complex-
1ty.

5.2. Examples of PAC-learnable concept classes

To make these ideas concrete, let us consider two examples of PAC-learnable concept
classes. Given what we know at this point, the only way to show that a given concept
class is PAC-learnable is to exhibit an algorithm which is PAC. Later on, we will develop
generic tools that will allow us to determine PAC-learnability without having to construct
an algorithm for each separate case.

5.2.1. Finite concept classes. First, we show that any finite concept class is PAC-
learnable. Thus, consider a triple (X, P, €), where X and P are arbitrary, but the concept
class is finite: |G| < co.

Let Z" = (Zi, ..., Z,) be a training set, where, as usual, Z; = (X;,Y;) with Y; = 1¢x,ccx).
We say that the ith training pair Z; is a positive example if Y; =1 (i.e., if X; € C*), and is
a negative ezample otherwise. By hypothesis, € = {C,,,}}_,. Consider the (random) set

F(Z") = {m € [M]:Y; = 1{xec, for all i € [n]}.
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In other words, F(Z™) consists of all concepts in € that are consistent with the training data.
If C* = C,,+, then evidently m* € F(Z"), so F(Z") is nonempty. We consider an algorithm
that returns an arbitrary element of F(Z"), say, the smallest one:

(5.7) Cp=An(Z") = Cs,, where i, = {m:me F(Z")}.
THEOREM 5.1. The algorithm A defined in (5.7) satisfies
(5.8) Ta(n,e,P) < M(1—¢e)".

Therefore, this algorithm is PAC, so the class C is PAC-learnable.

PRrROOF. Fix some P € P and € > 0 and consider the set
B ple) :={m e [M]: P(C,,AC+) > c}.
This set is deterministic, and evidently

P [P(@nAC’*) > 5] = P" [y, € Boe p]
= > P, =m].

mG‘Bm*,P

The event {m,, = m} happens only if m € F(Z") N B,,+ p. Since C* = C,,~ fits the training
data perfectly [and, in particular, m* € F(Z")], C,, will fit the training data perfectly if and
only if none of the X;’s fall into C,,,« AC,,. If m € F(Z™) N B,,= p, then it must also be the
case that P(C,,AC,,~) > ¢. Thus,

Ptm, =m] < P"[X; & C, A« for all i € [n]]
< (1-¢)",

where the second inequality uses the fact that the X;’s are independent and the fact that
P(C,AC, > e. Since | B« p| < M, we obtain the bound

P |P(C,ACH) > g} < M(1—e)"
Since this bound holds for all P € P and for all choices of C*, we get (5.8). O

COROLLARY 5.1. The sample complezity of learning a finite concept class of cardinality

M satisfies
1 M
> -1 — .
ez s ()

PrOOF. From (5.8), we see that 74(n,e, P) < § for all n satisfying M (1 —e)™ < J. Since
(1 — &)™ < e, a sufficient condition is 6 > e~ log(M/4). O

5.2.2. Axis-parallel rectangles. We take X = [0, 1]?, the unit square in the plane, let
P be the class of all probability distributions on X (w.r.t. the usual Borel o-algebra), and let
C be the collection of all azis-parallel rectangles: that is, a set C'is in € if and only if it is of
the form

C = lay, bi] x [ag, by
= {($17$2) €01 a1 <y < by, ap < a9 < b2}
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FIGURE 1. An axis-parallel rectangle.

for some 0 < a; <b; <1and 0 <ay < by <1 (see Figure 1).

We now describe our learning algorithm. Given a training set Z" = (Zl, ceey Zn) =
( (X1, Y1),..., (X, Yn)), we partition the examples into positive and negative ones, as before.
Our algorithm A = {A,}2, is the following intuitive rule: for each n, we take

(5.9) C, = A, (Z") = smallest rectangle C' € € that contains all positive examples in Z".

Figure 1 shows a particular instance of this algorithm. We will now prove the following
result, originally due to Blumer et al.  BEHWS89]:

(o} 0}
by |- - 2 .
C
0} } -+ (0}
+
E +
el ~ o
+ Ch
as ---
01 |
I (0] I
I I
I 0 I
I I
a1 b1

FIGURE 2. The hypothesis C, produced by algorithm (5.9). Positive (resp.,
negative) examples are shown as crosses (resp., zeros).

THEOREM 5.2. The algorithm A defined in (5.9), i.e., the one that returns the smallest
axis-parallel rectangle that encloses all positive examples in Z", satisfies

(5.10) Ta(n,e,P) <4(1 —e/4)".
Therefore, this algorithm is PAC, and the class € is PAC-learnable.

PROOF. Since no positive example can lie outside C*, the hypothesis én produced by
the algorithm (5.9) must lie inside C*: C,, C C*. Therefore,

(5.11) C,AC* = C* N (Cy)° = C*\Ch.
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If P(C*) < ¢, then from (5.11) it follows that Lp(C,, C*) = P(C*\@n) < P(C*) < €. Thus,
we will assume that P(C*) > e. Suppose that C* = [ay, b1] % [az, bs] and C,, = [ay, by] % [da, ba),
and consider the following four rectangles:

Vi = a1, @) X [ag, by,

o~

Vo = (b1, b1] X [ag, by,
H, = [Glabﬂ X [a2752),
Hy = a1, b] X (gz,bQ]

(see Figure 3). From (5.11), we see that the symmetric difference C,AC* is exactly equal

Vi |2

Hj|

FiGure 3. The four rectangles Vi, V5, Hy, Hy used in the proof of Theo-
rem 5.2. The target concept C* is in blue, the hypothesis C), returned by our
algorithm is green.

to the union of these four rectangles, which we will denote by E:
C,AC* = E =V, UV,U H, U H,.

(Note, by the way, that V3, Vs, Hy, Hy, E are all random rectangles, since they depend on the
hypothesis C,, and thus on the random training set Z™.) Our goal is show that P(E) < ¢
with high probability.

We claim that, with probability at least 1—4(1—e/4)", each of the rectangles V1, V5, Hy, Ho
has P-probability of no more than /4. Assuming this is the case, then P(F) = P(V; UV, U
H, U H,) < e with probability at least 1 —4(1 —¢/4)". From this, we conclude that, for any
C*,

(5.12) fg*uvlez";Lp@&xz“%cv)>gjf;fg*@?lez":f«E)>wg < 4(1— /),

Since this bound holds for all C* and for all P € P, we get (5.10).
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It now remains to prove the claim. We first focus on P(V;). To that end, let A; be the
smallest rectangle of the form [ay, a] X [ag, by], such that P(A;) > €/4. Such a rectangle exists
by the continuity of probability, and, moreover, [a1,a) X [ag, by] < /4. Consider the event

n

(5.13) U{Xi € A,

i=1

i.e., that A; is hit by at least one training example. If this event occurs, then V; C [ay,a) X
[as, bs], so if this event occurs, P(V}) < ¢/4. In other words,

O{Xi € A1} C{P(W) <¢e/4}.

or, taking the contrapositive,
{P(V1) > e/4} C([{Xi & Ar}.
i=1

The probability of the event that there are no training examples in A; can be computed as

(5.14) P (m{Xz ¢ A1}> = HP (Xi & Ay)
(5.15) =[P (X & A"
(5.16) <(l—¢/4)",

where (5.14) is by independence of the X;’s, (5.15) follows from the fact that the X;’s are
identically distributed, and (5.16) follows from the fact that P(A;) > /4 by construction.
Therefore,

P[P(Vl) > 5/4} < P[Xi ¢ Al,w] < (1-¢e/a)".
Similar reasoning applies to Vs, Hy, Hy. Thus, with probability at least 1 — 4(1 — &/4)",
pPWi) <e/4, P(Va)<e/4, P(H\)<e/4, P(Hy) <e/4,
and the claim is proved. 0

COROLLARY 5.2. The sample complezity of learning azis-parallel rectangles satisfies

S 410g(4/5)‘

(5.17) n(e,d) > .

ProoF. From (5.10), 74(n,e,P) < § for all n such that 4(1 —¢/4)" < §. Following the
same reasoning as in the proof of Corollary 5.1, we get (5.17). OJ

5.3. Agnostic (or model-free) learning

The realizable setting we have focused on in Section 5.1 rests on certain assumptions,
which are not always warranted:
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e The assumption that the target concept C* belongs to € (or that the target function
f* belongs to F) means that we are trying to fit a hypothesis to data, which are a
priori known to have been generated by some member of the model class defined by
C (or by ¥). However, in general we may not want to (or be able to) assume much
about the data generation process, and instead would like to find the best fit to the
data at hand using an element of some model class of our choice.

e The assumption that the training features (or inputs) are labelled noiselessly by
1oy (or by f(z)) rules out the possibility of noisy measurements or observations.

e Finally, even if the above assumption were true, we would not necessarily have a
priori knowledge of the concept class € (or the function class F) containing the
target concept (or function). In that case, the best we could hope for is to pick our
own model class and seek the best approximation to the unknown target concept
(or function) among the elements of that class.

The model-free learning problem (also referred to as the agnostic case), introduced by Haus-
sler [Hau92|, takes a more general decision-theoretic approach and removes the above re-
strictions. It has the following ingredients:

e Sets X, Y, and U

e A class P of probability distributions on Z := X x'Y

e A class F of functions f : X — U (the hypothesis space)
e A loss function £ :Y x U — [0,1]

The learning process takes place as follows. We obtain an i.i.d. sample Z" = (Zy,...,Z,),
where each Z; = (X;,Y;) is drawn from the same fixed but unknown P € P. A learning
algorithm is a sequence A = {A,,}°°, of mappings

A, 71" = F.
As before, let
Fo=An(Z") = An(Zh, ..., Z0) = A (X1, ), o (Xy Yi)).

This is the hypothesis emitted by the learning algorithm based on the training data Z™. Note
that, by definition, J/C;L is a random element of the hypothesis space &, and that it maps each
point x € X to a point u = ]?n(x) € U. Following the same steps as in the realizable case, we
evaluate the goodness of fAn by its expected loss

Le(F) = Ep[0(Y, Fu(X))|27] = / B P(d. ),

where the expectation is w.r.t. a random couple (X,Y) € Z drawn according to the same P

but independently of Z". Note that Lp( fn) is a random variable since so is fn In general,
we can define the expected risk w.r.t. P for every f in our hypothesis space by

Lo(f) == BplU(Y, (X))] = / . S(@)P(da.dy)

as well as the minimum risk

Ly(9) = inf Lre(f).
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Conceptually, L} (F) is the best possible performance of any hypothesis in F when the samples
are drawn from P; similarly, Lp(f,,) is the actual performance of the algorithm with access
to a training sample of size n. It is clear from definitions that

0< Lp(F) < Lp(f) < 1.

The goal of learning is to guarantee that L p(]?n) is as close as possible to L (F), whatever
the true P € P happens to be. In order to speak about this quantitatively, we need to assess
the probability of getting a “bad” sample. To that end, we define, similarly to what we have
done earlier, the quantity

(5.18) ra(n, ) = sup P" <Z" €7 Lp(f,) > Lo(F) + e>
Pep

for every € > 0. Thus, a sample Z™ ~ P" is declared to be “bad” if it leads to a hypothesis

whose expected risk on an independent test point (X,Y) ~ P is greater than the smallest

possible loss L} (F) by more than e. We have the following:

DEFINITION 5.5. (PAC for model-free setting) We say that a learning algorithm for a
problem (X,Y, U, P, F () is PAC to accuracy ¢ if

lim 74(n,e) = 0.
n—oo

An algorithm that is PAC to accuracy € for every e > 0 is said to be PAC. A learning problem
specified by a tuple (X, Y, U, P, F ) is model-free (or agnostically) learnable (to accuracy ¢)
if there exists an algorithm for it which is PAC (to accuracy € ).

Let us look at two examples.

5.3.1. Function learning in the realizable case. First we show that the model-free
framework contains the realizable set-up as a special case. To see this, let X be an arbitrary
space and let Y = U = [0, 1]. Let F be a class of functions f : X — [0, 1]. Let Px be a family
of probability distributions Py on X. To each Py and each f € F associate a probability
distribution Py r on X x Y as follows: let X ~ Px, and let the conditional distribution of ¥’
given X = x be given by

Pyix,r(BIX = z) = 1{@)en)

for all (measurable) sets B C Y. The resulting joint distribution Py s is then uniquely
defined by its action on the rectangles A x B, AC X and B CY:

Prs(Ax B)i= [ Prixs(Blo)Pxlds) = [ 1yiemPr(do
A A

Finally, let ? = {Px;: f € F, Py € Px}. Finally, let ((y,u) := |y — u|?.

Now, fixing a probability distribution P € P is equivalent to fixing some Py € Px and
some f € F. A random element of Z = X x Y drawn according to such a P has the form
(X, f(X)), where X ~ Pyx. An ii.d. sequence (X1,Y1),...,(X,,Y,) drawn according to P
therefore has the form

(Xla f(X1>>7 et (Xm f(Xn))v
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which is precisely what we had in our discussion of function learning in the realizable case.
Next, for any P = Px y € P and any other g € J, we have

Ly ,(g) = / ly — g(2) Py s(dz, dy)
XxY
:/ Ly |y — g(x)|*Px (dx)
XxY

- / (@) — g()]? Py (dx)

=|f- 9||%2(PX)7

which is precisely the risk Lp, (g, f) that we have considered in our function learning formu-
lation earlier. Moreover,

* . . 2 .
LPX7f :;Iel:f}“LPXJ(g) :;Ie]gnf—gHLQ(PX) :O
Therefore,

ra(n,e) = Psu[éT Py ¢ (Zn SV LPX,f(ﬁl) > L*Px,f + 5)
X, f

= sup sup Py} <X” e X" : Lp(ﬁ,f) > 8)
PxePx feF

= fﬂ(n,e, [Px)

Thus, the function learning problem in the realizable case can be covered under the model-
free framework as well.

5.3.2. Learning to classify with noisy labels. An agnostic classification problem
can be built up from a realizable classification problem, as explained in this section. Start
with a realizable classification problem with binary labels (X, Px, €), under the usual 0-1 loss.
Here Px is a family of probability measures on (the Borel subsets of) X. Let C* denote the
target (i.e. true) concept and let C' be another concept. Then for a given Px € Px and target
concept C*, the expected loss for using concept C' to classify is Lp (C*,C) = Px(C*AC). A
learning algorithm A = (A,,) {n>n} is sought to produce C, = A, (Z™) that makes PX(C*Aan)
small with high probability.

Let 0 < n < 1/2 denote a crossover probability. Given the above realizable classification
problem, we can define a corresponding agnostic one by modeling the labels as noisy labels.
Specifically, the agnostic model is denoted by (X,Y = {0, 1}, P, €), again under 0-1 loss. An
element Py ¢+ of P corresponds to a (Px,C*) pair, such that Px ¢« is the joint probability
distribution of (X,Y’) where X has probability distribution Px and Y = 1;xcc+) @ W, where
W is independent of X with the Bernoulli(n) probability distribution, and “@” denotes XOR
(i.e. modulo 2) addition. In words, the original label of an input X, 1yxcc+}, is toggled with
probability n to produce the label Y.

This model fits into the agnostic framework if it is interpreted appropriately, as follows.
Given the true concept is C* and an instance of X and W, we interpret 1{xcc+} as a nominal
or preliminary label, and Y = 1;xcc«y @ W as the true label. Thus, as usual in this section,
the training data and test data are generated independently with the same joint distribution
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of (X,Y). Assuming the true concept is C* and C' is a given classifier, the loss for using C
to predict Y is one if and only if 1;xccy # Y. Therefore, the expected loss for truth Px c-
and classifier C' satisfies the following:

Lp o (C) = Pxc-(lixecy #Y)
= Px(1{xecy # Lixecy @ W)
= Px(W # 1lixec-ncy)
= (1 =n)Px(C"AC) +n(1 — Px(C*AC))
=n+ (1 —2n)Px(C*AC)

Thus, Lp, .(C) is a (linear) increasing function of Px(C*AC). Hence, to have Lp, .. (C.)
close to its minimum possible value, we want én to make PX(C’*Aan) as small as possible,

just as in the realizable case. In other words, we want to maximize the probability that én
correctly predicts the nominal label determined by C*. So, in the end, we could view the
nominal label 1;xec+y as the true label, and Y as a noisy version of the true label.

5.4. Empirical risk minimization

Having formulated the model-free learning problem, we must now turn to the question
of how to construct PAC learning algorithms (and the related question of when a hypothesis
class is PAC-learnable in the model-free setting).

We will first start with a heuristic argument and then make it rigorous. Suppose we
are faced with the learning problem specified by (X,Y,U,P F ¢). Given a training set
Z" = (Zy,...,%y,), where each Z; = (X,,Y;) is independently drawn according to some
unknown P € P, what should we do? The first thing to note is that, for any hypothesis
f € F, we can approximate its risk Lp(f) by the empirical risk

(5.19) %ZK(Y;,J”(XZ-)),

whose expectation w.r.t. the distribution of Z" is clearly equal to Lp(f). In fact, since ¢ is
bounded between 0 and 1, Hoeffding’s inequality tells us that

1 >
= WY, f(X;)) = Lp(f)| <  with probability at least 1 — 2¢7>"",
n
i=1
We can express these statements more succinctly if we define, for each f € &, the function
(¢ :Z —[0,1] by
(5.20) Ue(2) = Ls(z,y) =Ly, f(x)).

Then the empirical risk (5.19) is just the expectation of ¢; w.r.t. the empirical distribution
P,:

1 n
i=1
and, since Lp(f) = Ep[l(Y, f(X))] = P({;), we will have
(5.21) |P.(Lf) — P(ly)| <€ with probability at least 1 — 2¢~2"".
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Now, given the data Z" we can compute the empirical risks P,(¢f) for every f in our
hypothesis class F. Since (5.21) holds for each f € F individually, we may intuitively claim
that the empirical risk for each f is a sufficiently accurate estimator of the corresponding
true risk Lp(f) = P({s). Thus, a reasonable learning strategy would be to find any f, € F
that would minimize the empirical risk, i.e., take

~

1 n

(5.22) fo=argmin P, ({;) = argmin—Zﬁ(Y;,f(Xi)).

fex feg N
The reason why we would expect something like (5.22) to work is as follows: if a given f* is
a minimizer of Lp(f) = P(¢;) over T,

f* = argmin P({;),
fex

then its empirical risk, P, (¢s), will be close to Lp(f*) = P({s+) = L}(F) with high proba-
bility. Moreover, it makes sense to expect that, in some sense, f,, defined in (5.22) would be
close to f*, resulting in something like

P((;) ~ Pu(lr,

) & Po(ly) =~ P(lg-)
with high probability.

Unfortunately, this is not true in general. However, as we will now see, it is true under
certain regularity conditions on the objects P, &, and ¢. In order to state these regularity

conditions precisely, let us define the induced loss function class
Lgiz{ffifegj}.

Each ¢y € L5 corresponds to the hypothesis f € F via (5.20). Now, for any n € N and any
g > 0 let us define

(5.23) q(n,e) :=sup P" (Z” € Z" :sup|P,(ly) — P(ly)| > 6) )

Pe? feF
For a fixed P € P, quantity sup;cq |P.(y) — P({y)| is the worst-case deviation between
the empirical means P, (¢;) and their expectations P(¢;) over the entire hypothesis class J.
Given P, we say that an i.i.d. sample Z" € Z" is “bad” if there exists at least one f € JF, for
which

| Pally) = P(Ly)| = e
Equivalently, a sample is bad if

sup | P, (¢f) — P(y)| > e.
feF

The quantity g(n,e) then compensates for the fact that P is unknown by considering the
worst case over the entire class P. With this in mind, we make the following definition:

DEFINITION 5.6. We say that the induced class Lg has the uniform convergence of em-
pirical means (UCEM) property w.r.t. P if

lim ¢(n,e) =0

n—oo
for every e > 0.
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THEOREM 5.3. If the induced class L5 has the UCEM property, then the empirical risk
minimization (ERM) algorithm of (5.22) is PAC.

PRrROOF. Fix g, > 0. We will now show that we can find a sufficiently large n(e, d), such
that r4(n,e) <0 for all n > n(e, d), where r4(n, ) is defined in (5.18).
Let f* € ¥ minimize the true risk w.r.t. P, i.e., P(f*) = L(F). For any n, we have

Lp(fa) = Ly = P(t7,) = P(f")
= f(ﬁfn) — Pn(zzfn)jr Pu(f7) - Pn(ef*)jr Po(ly-) = P(45),

Ty Ts T35

where in the second line we have added and subtracted P, (5 7 ) and P, (E f*). We will now

analyze the behavior of the three terms, T}, T5, and T3. Since fn minimizes the empirical
risk P, (¢y) over all f € F, we will have

Ty =Py(l7) — Pu(ty) <0

Next,

Ty = P(t5,) = Pu(l7,) < sup[Pu(ly) = P(¢y)] < sup|Pu(ly) = P(y)],
fesr feg

and the same upper bound holds for 75. Hence,

(5.24) Lp(fa) — Lp(F) < 2sup | P (Lg) = ()]

Now, since L5 has the UCEM property, we can find some sufficiently large ng(e, d), such
that

q(n,e/2) = sup P" (Z” € Z" :sup |P,(Ly) — P(4y)| > 8/2) <0, Vn > ng(e, ).
Pe? fex
From this it follows that, for all n > ng(e, ), we will have
P (Z” csup | P, (ly) — P(ly)| > 5/2) < 0, VP e .
feg
From (5.24), we see that

Lp(F) 2 Lp(@) +e = swlPuly) = P(Ly)] = /2

for all n. However, for all n > ng(e,d) the latter event will occur with probability at most
d, no matter which P is in effect. Therefore, for all n > ng(e,d) we will have

ra(n,e) = sup P" ( : Lp(fn) > Ls(F) —I—s)
Pe?

< sup P" (Z” Sup|P (ls) — (ﬁf)|25/2>
Pe?

= q(n,e/2)
<4,
which is precisely what we wanted to show. Thus, 74(n,e) — 0 as n — oo for every € > 0,
which means that the ERM algorithm is PAC. U
58



This theorem shows that the UCEM property of the induced class L4 is a sufficient
condition for the ERM algorithm to be PAC. Now the whole affair rests on us being able to
establish the UCEM property for various “interesting” and “useful” problem specifications.
This will be our concern in the chapters ahead. However, let us give you a hint of what to
expect. Let us start with the following result:

PROPOSITION 5.1 (Finite hypothesis classes). Consider a learning problem (X,Y,U, P, F, (),
where the hypothesis class is finite: |F| < co. Then the induced function class Ly satisfies

(5.25) q(n,e) < 2|Fle 2,
and therefore has the UCEM property.

PROOF. By assumption, F = {f1,..., fu}, where M := |F| < oo. Therefore, for any
Pe?,

p" (Z" € Z":sup|P,(ly) — P(ly)| > 5)
fexF

— P (U (2" € 7 |Pu(ty,) — PULy,)] 2 e}>

m=1
M
<Y PUZMeZ:|Pty,) - Ply,)] 2 ¢),
m=1
by the union bound. Since the loss function ¢ takes values in [0, 1], each of the terms in the
sum above can be estimated using the Hoeffding bound:

PY(Z" € 2% |Pu({y,) — P(ly,)] > €) < 2e72%,

Combining these estimates and taking the supremum over P € P, we get (5.25). U

As we will see shortly, in many cases, even if the hypothesis class F is infinite, we will be

able to show that the induced class £5 is so well-behaved that the bound
Cre
Vn

(5.26) Ep. |sup |Pa(¢5) — P(y)|| <
feg

holds for every P, where Cs, > 0 is some constant that depends only on the characteristics
of the hypothesis class J and the loss function ¢. Since ¢; is bounded between 0 and 1, the
function

g(Z") = sup [P (ly) — P(ly)]
fex

has bounded differences with constants ¢; = ... = ¢, = 1/n. McDiarmid’s inequality then
tells us that, for any t > 0,

(5.27) p" (g(Z”) —Eg(Z") > t) < et

Let
4C3, 2 1
(5.28) no(e,0) == max{ gg’e, = log <5> } + 1.
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Then for any n > ng(e, d)
P(g(z") > 5> P (g(2") ~ Bg(2") > = — By(2"))

C
(g —Eg(Z") > %ne) because of (5.26)
4C2
<P (g( —Eg(Z") > ;) because n > 5;“
< e e using (5.27) with t = /2
2 1
<90 because n > = log (5)

for any probability distribution P over Z = X x Y. Thus, we have derived a very important
fact: If the induced loss class Ly satisfies (5.26), then (a) it has the UCEM property, and
consequently is model-free learnable using the ERM algorithm, and (b) the sample complex-
ity is quadratic in 1/e and logarithmic in 1/§. Our next order of business, taken up in the
next two chapters, will be to derive sufficient conditions on F and ¢ for something like (5.26)
to hold.

5.5. The mismatched minimization lemma

Since it arises repeatedly, we isolate an idea used in the proof of Theorem 5.3 so we can
easily refer to it later. Suppose we’d like to find a minimizer of a function G defined on

some domain U, but only an approximation, G of G is available. Then the following lemma
implies a minimizer of G nearly minimizes G as well, if G is uniformly close to G.

LEMMA 5.1. (Mismatched minimization lemma) Suppose that G isan e uniform approz-
imation of G for some € > 0, meaning that |G(u) — G(u)| < ¢ for all u € U.
(a) (Single version) For any @ € U, G(@) < G(@) + ¢
(b) (Double version) Suppose that u* is a minimizer of G, meaning that v* € U and
G(u*) < G(u) for allu € U. Then G(u*) < infuey G(u) + 2¢.

PROOF. Part (a) is immediate from the assumption |G(u) — G(u)| < € for all u € U. For
any u € U, G(u) > G(u) —e > G(u*) — e > G(u*) — 2¢. Therefore, inf,cy G(u) > G(u*) — 2¢,
which is equivalent to part (b). The proof of part (b) is illustrated in Figure 4. O

Lemma 5.1 implies (5.24) as follows. Let P be fixed. The expected loss as a function of
the predictor, f — P({), is approximated by the empirical expected loss as a function of
the predictor, f — P,(¢s). The bound |P({s) — P,(¢s)| < € holds uniformly over f € F for
€ = suPse.r | P(€f) — Pu(ly)]. So (5.24) is an instance of the double version of Lemma 5.1.
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G(u*)

infG |

FI1GURE 4. Illustration of the double version of the mismatched minimization lemma
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CHAPTER 6

Empirical Risk Minimization: Abstract risk bounds and
Rademacher averages

In the last chapter, we have left off with a theorem that gave a sufficient condition for
the Empirical Risk Minimization (ERM) algorithm

(6.1) f, = arg min P,(4y)
fegx
(6.2) = ar%;nn — ZE Y:, f(X3))

to be PAC for a given learning problem with hypothesis space F and loss function ¢. This
condition pertained to the behavior of the uniform deviation of empirical means from true
means over the induced class Ly = {{; : f € F}. Specifically, we proved that ERM is a PAC
algorithm if

(6.3) lim sup P" (sup |P.(ly) — P(ly)| > 6) =0, Ve >0,

n—oo Pc?P f

where P is the class of probability distributions generating the training data.

6.1. An abstract framework for ERM

To study ERM in a general framework, we will adopt a simplified notation often used in
the literature. We have a space Z and a class F of functions f : Z — [0, 1]. Let P(Z) denote
the space of all probability distributions on Z. For each sample size n, the training data are
in the form of an n-tuple Z" = (Z3,..., Z,) of Z-valued random variables drawn according
to some unknown P € P. For each P, we can compute the expected risk of any f € F by

(6.4 PU) = Bef(2) = [ 1)
The minimum risk over F is
(6.5) Lp(F) == }IelgP(f)-

A learning algorithm is a sequence A = {A,,},,>1 of mappings A,, : Z" — &, and the objective
is to ensure that

(6.6) P(f,) ~ L5(F) eventually with high probability.
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The ERM algorithm works by taking

~

(6.7) fn = argmin P,(f)
feF
1
(6.8) = srgmin - ; F(Z).

This way of writing down our problem hides most of the ingredients that were specified in
Haussler’s framework of model-free learning, so it is important to keep in mind that Z is an
input/output pair (X,Y’) and the functions f € F are really the induced losses for some loss
function ¢ and hypothesis class §. That is, they are functions of the form ¢,(z,y) = ¢(g(x), y),
or, in the case if classification for a set of concepts € and 0 — 1 loss, functions of the form
lo(z,y) = 1 (wecy#y}- However, recalling our discussion of unsupervised learning problems
in Chapter 1, we do not insist on splitting Z into input X and output Y, nor do we need to
imagine any particular structure for f.

We have seen (Theorem 5.3) that a uniform bound on the deviation empirical means in F
is a suffiicent condition for the consistency of ERM. In order to have a clean way of keeping
track of all the relevant quantities, let us introduce some additional notation. First of all,
we need a way of comparing the behavior of any two probability distributions P and P’ with
respect to the class F. A convenient way of doing this is through the F-seminorm

(6.9) |1P = Py = ilelg|P(f)—P/(f)|
(6.10) =sup Epf —Epf|
(6.11) = ilelg) /Zf(z)P(dz) - /Zf(z)P'(dz) :

We say that || - |5 is a seminorm because it has all the properties of a norm (in particular, it
satisfies the triangle inequality), but it may happen that ||P — P'||y = 0 for P # P’. Next,
given a random sample Z" we define the uniform dewviation

(6.12) An(2") = IIPn—PHgEilelgan(f) — P(f)]-

To keep things simple, we do not indicate the underlying distribution P or the function
class F explicitly. We will do this from now on, unless some confusion is possible, in which
case we will use appropriate indices. Thus, we will write L(f), L*(F), etc., and you should
always keep in mind that all expectations are computed w.r.t. the (unknown) data-generating
distribution P € P(Z). In the same spirit, we will denote by P,(f) the empirical risk of f
on the sample Z":

(6.13) P(f) = %Zf(Zi)

The following result is key to understanding the role of the uniform deviations A,(Z") in
controlling the performance of the ERM algorithm.
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PROPOSITION 6.1. The generalization loss for a learning algorithm satisfies:
(6.14) P(f,) < L*(F) 4+ 2A,(2") (if algorithm is ERM)
(6.15) P(f) < Pu(fa) + An(Z27) (for any algorithm,).

PROOF. The proposition follows immediately from the mismatched minimization lemma,
Lemma 5.1, with (6.14) corresponding to the double version of Lemma 5.1 and (6.15) cor-
responding to the single version. Let us give another proof in order to get comfortable with
the abstract notation of this section. Let f* be any minimizer of P(f) over F. Then

P(fa) = L*(F) = P(fa) = P(f")
= P(fa) = Pa(F) + BalFa) = Pa(f7) + Balf7) = P(S),
where P, ( fn) — P,(f*) <0 by definition of ERM,

P(fa) = Pal(f) < sup [Pu(f) = P(N)] < ([P0 = Plls = An(Z7),

and the same holds for P,(f*) — P(f*). This proves (6.14), while (6.15) is immediate from
(6.12). 0

REMARK 6.1. The bounds (6.14) and (6.15) are both useful in practice, and they have
different meanings. The bound (6.14) says that, if the uniform deviation A, (Z™) is small,
then the expected risk of the ERM hypothesis will be close to the minimum risk L*(F). That
is nice to know even though L*(F) is typically not computable from the data. The bound
(6.15) says that the empirical estimate P,( fn) 1s an accurate estimate of the generalization
performance of fn, and, of course, P, (fn) 1s computable from the data. Both bounds suggest
that the success of ERM depends on how small the uniform deviation A, (Z™) can be. Thus,
we need to develop tools for analyzing the behavior of A, (Z™).

6.2. Bounding the uniform deviation: Rademacher averages

Motivated by Proposition 6.1, we would like to have conditions implying A,,(Z") is small
with high probability. That can be achieved by first bounding E[A,,(Z")] and then showing
that the distribution of A,,(Z") is concentrated about its mean using McDiarmid’s inequality.
The following definition will play an important role for bounding E[A,,(Z")].

DEFINITION 6.1. Let A C R™ with A bounded. The Rademacher average of A, denoted
by R, (A), is defined by

R,.(A) sup |— giaill ,
( acA Z ]
where €1, . ..,€, are independent Rademacher (z.e., il with equal probability) random vari-

ables.

To motivate the use of Rademacher averages, suppose that P and J are such that if
Z" = (Zy,...,Zy,) is distributed according to P", then

1 n
(6.16) - > f(Z;) = P(f) for all f € F, with high probability.
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Condition (6.16) has to do with P, F, and n only; it doesn’t matter which random vector Z"
is used, as long as it has distribution P". So if Z,.1,..., Zs, are n more random variables
that are independent, each with distribution P, then

2n

1
(6.17) = N f(Z) ~ P(f) for all f € F, with high probability.

n

i=n+1

If (6.16), and hence (6.17), are true, then the left-hand side of (6.16) minus the left-hand
side of (6.17) is approximately zero, for all f € F, with high probability. That can be written
as:

1 n
(6.18) — Z e f(Z;) = 0 for all f € F, with high probability,
n 4

where ¢, = --- = ¢, = 1 and €,,1 = -+ = &9, = —1. Furthermore, if Z;,..., 25, are
mutually independent with distribution P, and if 7 : [2n] — [2n] is a random permutation,
uniformly distributed over all (2n)! possibilities, and independent of Z?" then

(6.19) Zaif(Zi) 4 Z&f(Zﬁ(i)) = Zgﬂ_l(i)f<Zi) = Zgif(z)

where €; = €;-1(;), so that ¢ is uniformly distributed over all &1 vectors of length 2n with
zero sum. The distribution of £ is close to the distribution of a vector of n iid Rademacher
variables, if n is at least moderately large. To summarize, (6.16) implies that
2n
1 ~ . . .
5, 2 Fi f(Z;) =0 for all f € F, with high probability.
n

i=1

(6.20)

It is reasonable to think the converse is true as well. If (6.20) is true, it means that the
lefthand sides of (6.16) and (6.17), which are independent of each other, are close to each
other with high probability. It seems that forces (6.16) and (6.17) to be true. That intuition
is behind the theorem given next.

Consider a class F of functions f : Z — [0, 1] from our formulation of the ERM problem.
The key result is that E[A,(Z")] is controlled by the mean of the Rademacher averages of
the random sets

(6.21) F(2") = {(f(Z),.... [(Z) : [ €T}
A useful way to think about F(Z™) is as a projection of F onto the random sample Z".

THEOREM 6.1. Fiz a space Z and let F be a class of functions f : Z — [0,1]. Then for
any P € P(Z)

(6.22) EA,(Z") < 2ER,(F(Z")).

PRrROOF. The idea of the proof is to use a symmetrization argument due to Vapnik-
Chernovenkis, and focused on by Giné and Zinn [GZ84|. Fix P € P throughout the proof.

By definition,
Zf )’
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Note that the mapping

y— E [sup

feg

1 n
LSz - y(f)u
n <
=1

is a convex mapping of y = (y(f) : f € F) to R, because the absolute value function is
convex, the supremum of a set of convex functions is convex, and the expectation of a random
convex function is convex. Let Z " be an independent copy of Z". For example, we could take
Zi= Zy,yi where Zy, ..., Zy, are distributed as above. Note that E [% Yo f(Zz)] = P(f).
So by Jensen’s inequality,

sup
fesr

E[A,(Z2")] <

Zf

For each i, (f(Z:), (Z:)) £ (£(Z:), f(Z:)), so that f(Z:)—f(Z;) L f(Z:)— f(Z;). That is, the

f(Z
distribution of f(Z;) — f(Z;) is symmetric. Thus, if €y, ...,&, are independent Rademacher
random Varlables (f(Zl) f( ))1<z<n d: <5z(f(Zz) - f(7z))>1§z§n Thus,

B2 < B sup é‘z(f(Zz-)—f(_z))‘
- Lo B
<E ?‘1611?) Zsz ?}elg ﬁ;gif(zz))’ = 2E[R,(F(2"))]

The above theorem and Proposition 6.1 imply the following key result on ERM.

COROLLARY 6.1. For any P € P(Z) and any n, a learning algorithms ﬁ satisfies the
bound

(6.23) P(f.) < L*(F) + AER,(F(Z")) + % (if ERM is used)
(6.24) P(fo) < Pu(fo) + 2ER,(F(2")) + % (for any algorithm)

with probability at least 1 — 6.
PROOF. By the first bound in Proposition 6.1,
P(fn) S LNF) +20,(2") = LY (F) + 2E[A(Z™)] + 2A,(Z") = 2E[A(Z™)])
with probability one, and by Theorem 6.1, E[2A,,(Z")] < 4E[R, (F(Z"))]. It thus suffices to

o (L
prove the probability that 2A,,(Z™) exceeds its mean by more than € = 1/ % is less than
or equal to §. Examining the definition (6.12) of A(Z™) shows that, as a function of Z™, it
has the bounded difference property for constants ¢; = % for all 7. Thus, by McDiarmid’s
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inequality,
P{2A, >2E[A,] +¢€} = P{A, > E[A,] +¢/2}

< exp G%) — exp (—ne?/2) = 4,

as desired. O

6.3. Structural results for Rademacher averages

The results developed above highlight the fundamental role played by Rademacher av-
erages in bounding the generalization error of the ERM algorithm. In order to use these
bounds, we need to get a better handle on the behavior of Rademacher averages. Recall that
the Rademacher average of a bounded set A C R" is defined as

|

(see Def. 6.1). It will also be convenient to introduce an alternative version, without the
absolute value:

n

1
R,(A) := ﬁEen sup

acA

&l
1

1=

1
R?L("A) = EEan

n
sup Z gia; | -
acA i—1

Both variants are used in the literature, and each has its pros and cons.

There is a natural geometrical interpretation of Rademacher averages. Note that if we let
¢ denote the vector of Rademacher random variables, e = (e1,...,¢,)*, then \/Lﬁe is a random
unit length vector, and R, (A) = \/LEE [supaeAU_A@, \%5)] . Note that sup,c4,_4(a, \%5) is
the half-width of the smallest slab normal to € that contains AU —A. Thus, R, (A)/n is the
average, over ¢, of such half-widths. For a similar geometrical interpretation for R°, use the
fact that € and —e have the same distribution to obtain RS (A) = \/LEE [supaef{(a, \/Lﬁd] =

——=E |infeea(a, J=¢) | . Therefore,

Ry (A) sup(a, —¢) — inf (a,

1 L 1 1 >
=5 = - —E€
2\/ﬁ aEA \/ﬁ acA \/ﬁ
Thus, RS (A)y/n is the average half-width of the smallest slab containing A, such that the
slab is normal to ¢, averaged over the possible values of €.! See the illustration in Figure 6.3.

First, we collect some results that describe how Rademacher averages behave with respect
to several operations on sets. Let A, B be two bounded subsets of R”. In addition to the
union A U B and the intersection A N B, we can also define:

e the translate of A by v € R,
A+v:={a+v:aec A},

ISimilar measures for the size of a set A have been studied, corresponding to taking € to be uniformly
distributed over the unit sphere in R™ or taking £ to be a vector of independent standard normal random
variables.
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(a) . (b)
2r%n

% 2r{n

FicUure 1. Hlustration of the geometrical interpretation of Rademacher aver-
ages. Ry (A) and R, (A), respectively, are the averages of r° and r shown, for
e uniformly distributed over the corners of the hypercube [—1,1]".

e the scaling of A by ¢ € R,
cA:={ca:a € A};
e the Minkowski sum of A and B:
A+B:={a+b:acAbec B},

e the convex hull and the absolute convex hull of A:

N
Conv(A):{Zcma m N >1,¢,>0forme [N],cl—l—...—I—cn:l}

m=1

N
absconv(A) = {Z cma™ N > 1, |ci| 4+ ...+ |en| = 1} = conv(A U (—A))
m=1
Some basic properties of Rademacher averages are as follows:
(1) Ry (A) < Ry(A) = Ry (AU—A)
°(A)=R,(A)if A=—-A
A+wv) = Ry (A) for any v € R,
) < Rn(A) + R (B)
) = R (A) + Ry(B)
n(A) = R (conV(A))

By (
Ry (
R,(AU
R, (A +
R, (cA)
R

These are all straightforward to prove. In particular, R, (A) = R, (conv(A)) follows from the
geometrical interpretation above, because a slab in R? contains A if and only if it contains

conv(A). Also, since absconv(A) = conv(A U (—A)), it follows that
R, (absconv(A)) = R,(conv(AU (—=A))) = R, (AU (-A)) = R,(A).

The properties listed above show what happens to Rademacher averages when we form
combinations of sets. This will be useful to us later, when we talk about hypothesis classes
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made up of simpler classes by means of operations like set-theoretic unions, intersections,
complements or differences, logical connectives, or convex and linear combinations.

The next result, often referred to as the finite class lemma, is based on the use of sub-
gaussian random variables — see Section 2.5.

LEMMA 6.1 (Finite class lemma). If A = {aV,...,a™} C R" is a finite set with
|aW|| < L forall j =1,...,N and N > 2, then
2L+/log N

(6.25) R(A) < =

PROOF. Let " be a vector of n i.i.d. Rademacher variables, and for every k € [N] let

1 n
Yy = - Zl 5ia§k).

A Rademacher random variable ¢; is mean zero and |g;| < 1, so it is subgaussian with scale
(k)

parameter one by Hoeffding’s lemma, Lemma 2.1. Therefore, €;a,;  is subgaussian with scale

parameter |a§k)\. A sum of independent subgaussian random variables is also subgaussian,
with the scale parameter of the sum given by the same formula as the standard deviation of
the sum. Specifically, Y}, is subgaussian with scale paremeter v given by v? = & Zi(agk))z =
|a®|2/n? < (L/n)?. Since |z| = max{x, —z}, we can write

(626) Rn(‘A) :E[maX{lea_Y'l?"'aYNa_YN}] :
The 2N random variables Y7, ..., £Y) are v-subgaussian with v = L/n. Therefore, Lemma
2.3 implies
R(A) < L+/2log(2N) < 2L\/logN7
n n
where the last step uses the fact that log(2N) < 2log N for N > 2. O

Next we discuss the so-called contraction principle for Rademacher averages that will
be used in later chapters. Suppose n > 1, and for 1 < ¢ < n let ¢; : R — R. Let
wov = (p1(v1),...,pn(v1). Given a subset A of R", let po A = {powv:v € A}. Recall
that RY(A) is the variation of R, (A) obtained by omitting the absolute value symbols in the
definition of R, (A).

PROPOSITION 6.2 (Contraction principles for Rademacher averages). If A is a bounded
subset of R™ and for i € [n]|, v; : R — R is an M-Lipschitz continuous function, then
R (poA) < MRS (A). Furthermore, if ¢;(0) =0 for alli (i.e., ¢(0) = 0) then R,(poA) <
2MR,(A).

ProoF. We first prove the contraction property for R?. By scaling, without loss of
generality we can assume that M = 1. Since the functions ¢y,...,y, can be introduced
one at a time, it suffices to consider the case that all the functions ¢; are equal to the
identity function, except ¢;. That is, it suffices to show that R (A) = R (A;), where
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A1 =A{(p(a1),a2,...,a,):a € A} and ¢ : R — R is Lipschitz-continuous with constant one.
Averaging over the values of €1, we get

Ry (A) = %E {sup (al + Zs,az> + sup (—al + Zel ) }

acA i—2 a’eA i—2

1
~ g (e e et}
(6.27) = %E sup <|a1 —aj| + Zezal + 251 ),

a,a’ €A

where the last equality comes from the fact that a and o’ can be swapped. Applying the
same equations with A replaced by A; yields:

(6.28) R (Ay) = %E sup (]gb(al P(ay)| + Zezaz + Zel )

a,a’ EA

Comparison of (6.27) and (6.28) and using the assumption |p(a1) — ¢(a})| < |a; — a}| yields
that Ry (A1) < R;(A). This completes the proof of R, (poA) < MR (A).

We shall show how the contraction principle for R,, follows from the contraction principle
for R?. Let 0 denote the zero vector in R”. We shall also use the fact that R (AU B) <
Ry (A)+ R;(B)if 0 € A and 0 € B. We find

Ro(poA) =R,((poA)U(—¢poA)U{0})
< Ry((poA)U{0}) + Ry((—poA)U{0})
=R (0o (AU{0})) + R (—po (AU{0}))
= 2R, (po (AU{0}))
<2MR;(AU{0}) <2MR,(A).

6.4. Spoiler alert: A peek into the next two chapters

We will start exploring the implications of the finite class lemma, Lemma 6.1, more fully
in the next two chapters, but we can give a brief preview here. Consider a learning problem
of the type described in Section 6.1 in the special case when F consists of binary-valued
functions on Z, ie., F ={f:Z — {0,1}}. From Theorem 6.1, we know that

(6.29) EA,(Z") < 2ER,(F(Z")),
where
(6.30) F(Z") ={(f(Z1),.... f(Zn)) : [ € T}.
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Note that because each f can take values 0 or 1, F(Z™) C {0,1}". Moreover, since for any
Z" € /™ and any f € J we have

(6.31)

:£:|f<ZZ)P SQVGi

the set F(Z") for a fired Z" satisfies the conditions of the finite class lemma with N =
|F(Z™)| < 2™ and L = /n. Hence,

(6.32) R.(F(Z™)) < 24/ w.

In general, since log|F(Z™)| < n, the bound just says that R, (F(Z")) < 2, which is not
that useful. However, as we will see in the next two chapters, for a broad range of binary
function classes F it will not be possible to pick out every single element in {0, 1}" by taking
the random “slices” F(Z™), provided n is sufficiently large. To make these notions precise,
let us define the quantity
(6.33) Sn(F) := sup |F(=")],

zneZn

which is called the nth shatter coefficient of F. Then we have the bound

(6.34) R, (F(Z™) < 2\/%.

Next, let
(6.35) V(F) :==max{n e N:S,(F) =2"}.

This number is the famous Vapnik—Chervonenkis (or VC) dimension of &, which has origi-
nated in their work [VCT71]. It is clear that if S,,(F) < 2" for some n, then S,,(F) < 2™ for
all m > n. Hence, V(F) is always well-defined (though it may be infinite). When it is finite,
we say that F is a VC class. What this means is that, for n large enough, a certain structure
emerges in the sets F(z"), which prevents us from being able to form any combination of
binary labels by sweeping through the entire . A fundamental result, which was indepen-
dently derived by Sauer [Sau72| and Shelah [She72] in different contexts (combinatorics
and mathematical logic respectively) and also appeared in a weaker form in the original work
of Vapnik and Chervonenkis [VC71], says the following:

LEMMA 6.2 (Sauer—Shelah). If F is a VC class, i.e., V(F) < oo, then

V()
(6.36) Sn(F) < Z <7Z> < (n+ 1)V,

Thus, the finite class lemma and the Sauer-Shelah lemma combine to give the following
important result, which we will revisit in the next two chapters:

THEOREM 6.2. If F is a VC class of binary functions, then, with probability one,

(6.37) R.(F(Z2") < 2\/ V() logn +1),

n
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Of course, the right hand side of (6.37) is therefore also an upper bound on ER, (F(Z")),
and such bound can be combined with Corollary 6.1. Consequently, for a VC class &, the
risk of ERM computed on an i.i.d. sample of size n from an arbitrary distribution P € P(Z)
is bounded by

-~ V(F)1 1 2log (1
(6.38) P(F)) < L*(%) +8\/ &) O§<”+ ) 4 i<5)
with probability at least 1 — . In fact, using a much more refined technique called chaining
originating in the work of Dudley [Dud78], it is possible to remove the logarithm in (6.37)
to obtain the bound
V(T
(6.39) R,(F(Z2") <C ( ),
n

where C' > 0 is some universal constant independent of n and F. We will not cover chaining
in this class, but we will use the above formula.

To summarize, Figure 2 shows a diagram of the proof that if the set of classifiers has low

VC dimension, then the ERM algorithm is PAC.

[ VC dimension V(F) is small (a hypothesis) ]

finite class lemma & Sauer-Shelah lemma

) is small with probability one ]

F(Z™)
Ry, (F(Z"))] is small ] McDiarmid inequality
symmetrization argument

[ Zn ] is Small‘\ A(Z™) — E[A(Z™)] is probably small]

A(Z") is probably small |

mismatched minimization lemma
[ Algorithm is PAC ]

FiGUuRE 2. Path for proving Theorem 8.1, which, roughly speaking, states
that the ERM algorithm is PAC for a model free learning problem (X, J,P)
such that the functions in J are binary valued, if the VC dimension of J is
finite.
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CHAPTER 7

Vapnik—Chervonenkis classes

A key result on the ERM algorithm, proved in the previous lecture, was that

P(f,) < L*(F) + 4ER,(F(Z") + 21%(1/5)

with probability at least 1 — §. The quantity R,,(F(Z"™)) appearing on the right-hand side
of the above bound is the Rademacher average of the random set

often referred to as the projection of F onto the sample Z". From this we see that a sufficient
condition for the ERM algorithm to produce near-optimal hypotheses with high probability
is that the expected Rademacher average ER,,(F(Z™)) = O(1/+/n), where the O(-) notation
indicates that the bound holds up to polylogarithmic factors in n, i.e., there exists some
positive polynomial function p(-) such that

ER,(5(2") < O ( M) |

n

Hence, a lot of effort in statistical learning theory is devoted to obtaining tight bounds on
ER,(F(Z2")).

One way to guarantee an O(1/y/n) bound on ER,, is if the effective size of the random
set F(Z") is finite and grows polynomially with n. Then the finite class lemma will tell us

that
Ro(5(Z") = O ( 10g”> |

n

In general, a reasonable notion of “effective size” is captured by various covering numbers
(see, e.g., the lecture notes by Mendelson [Men03] or the recent monograph by Talagrand
[Tal05] for detailed expositions of the relevant theory). In this chapter, we will look at
a simple combinatorial notion of effective size for classes of binary-valued functions. This
particular notion has originated with the work of Vapnik and Chervonenkis [VCT71], and
was historically the first such notion to be introduced into statistical learning theory. It is
now known as the Vapnik—Chervonenkis (or VC) dimension.

7.1. Vapnik—Chervonenkis dimension: definition

DEFINITION 7.1. Let € be a class of (measurable) subsets of some space Z. We say that
a finite set S = {z1,...,2,} C Z is shattered by C if for every subset S" C S there exists
some C' € € such that S"=SNC.
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In other words, S = {z1, ..., 2z, } is shattered by € if, for any binary n-tuple b = (by,...,b,) €
{0,1}", there exists some C' € € such that

(1{2160}7 ceey 1{Zn€C}) =b
or, equivalently, if
{(Lpsecys -y Lsecy) : C € CF = {0,1}",
where we consider any two C1, Cy € € as equivalent if 1. ccy = 1qzecp) for all 1 <i < n.

DEFINITION 7.2. The Vapnik—Chervonenkis dimension (or the VC dimension) of C is
V(C) := sup {]S| : S is shattered by (3}.
If V(€) < oo, we say that C is a VC class (of sets).

We can express the VC dimension in terms of shatter coefficients of C: Let

Sn(C):= sup [{SNC:C e C}
SCZ,|S|=n

denote the nth shatter coefficient of €, where for each fixed S we consider any two Cy,Cy € C
as equivalent if SN Cy; = SN Cy. Then € shatters a set S C Z with S| = n if and only if
{SNC:C e @} =2 Therefore, V(C) is also given by:

V(C) = sup {n eN:S,(C) = 2”}.

The VC dimension V' (€) may be infinite, but it is always well-defined. The following lemma
shows that V(€) = inf {n eN:S,.(C) < 2n+1}.

LEMMA 7.1. IfS,(C) < 27, then S,,(C) < 2™ for all m > n.

ProOOF. It suffices to prove the contrapositive, namely, that if m > n and S,,(C) = 2™,
then S, (€) = 2". So suppose m > n and S,,(C) = 2™. By the assumption S,,(C) = 2™, there
exists S = {z1,...,2m} C Z, such that for every binary n-tuple b = (by,...,b,) we can find
some C' € € satisfying

(7.1) (Lziecys - Lizmeoys Ynecys - - - Lemecy) = (br, -, by, 0, 0).

From (7.1) it immediately follows that

(7.2) (Lizecy - Lpnecy) = (br, ..., by).

Since b = (by, ..., b,) was arbitrary, we see from (7.2) that S,(C) = 2". O

There is a one-to-one correspondence between binary-valued functions f : Z — {0,1} and
subsets of Z:

Vf:Z—{0,1} let Cp:={z: f(2) =1}
VC C Zlet fo = 1.

Thus, we can extend the concept of shattering, as well as the definition of the VC dimension,
to any class F of functions f : Z — {0,1}:
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DEFINITION 7.3. Let §F be a class of functions f : Z — {0,1}, or let F be a class of
functions f : Z — {—1,1}. We say that a finite set S = {z1,...,z,} C Z is shattered by F if
it 1s shattered by the class

egZ:{CfifG?},
where Cy = {z € Z: f(z) = 1}. The nth shatter coefficient of F is S, (F) = S,,(Cy), and the
VC dimension of F is defined as V(F) = V(Cy).

In light of these definitions, we can equivalently speak of the VC dimension of a class of sets
or a class of binary-valued functions.

7.2. Examples of Vapnik—Chervonenkis classes

7.2.1. Semi-infinite intervals. Let Z = R and take C to be the class of all intervals of
the form (—o0, ] as t varies over R. We will prove that V(C) = 1. In view of Lemma 7.1, it
suffices to show that (1) any one-point set S = {a} is shattered by €, and (2) no two-point
set S = {a, b} is shattered by C.

Given S = {a}, choose any t; < a and t3 > a. Then (—o0,t;|NS = @ and (—o0, t5]NS =
S. Thus, S is shattered by €. This holds for every one-point set S, and therefore we have
proved (1). To prove (2), let S = {a,b} and suppose, without loss of generality, that a < b.
Then there exists no ¢ € R such that (—oo,t] NS = {b}. This follows from the fact that if
b € (—oo,t]N S, then ¢t > b. Since b > a, we must have ¢ > a, so that a € (—o0,t] NS as
well. Since a and b are arbitrary, we see that no two-point subset of R can be shattered by

C.

7.2.2. Closed intervals. Again, let Z = R and take C to be the class of all intervals of
the form [s,¢] for all s,£ € R. Then V(€) = 2. To see this, we will show that (1) any two
point set S = {a, b} can be shattered by € and that (2) no three-point set S = {a, b, c} can
be shattered by €.

For (1), let S = {a, b} and suppose, without loss of generality, that a < b. Choose four
points tq,1t9,1t3,t4 € R such that t; <ty < a < t3 < b < ty. There are four subsets of S: @,
{a}, {b}, and {a,b} = S. Then

[tl,tg] ns = @, [tg,tg] ns = {a}, [tg,t4] ns = {b}, [tl,t4] ns=.=s.

Hence, S is shattered by €. This holds for every two-point set in R, which proves (1).
To prove (2), let S = {a,b,c} be an arbitrary three-point set with @ < b < ¢. Then the
intersection of any [t1,ts] € € with S containing a and ¢ must necessarily contain b as well.
This shows that no three-point set can be shattered by €, so by Lemma 7.1 we conclude that
V(C) =2.

7.2.3. Closed halfspaces. Let Z = R?, and let € consist of all closed halfspaces, i.e.,

sets of the form
{2 = (21, 20) € R* 1 w2, + wazp > b}
for all choices of wy, w9, b € R such that (wy, ws) # (0,0). Then V(C) = 3.

To see that S3(€) = 23 = 8, it suffices to consider any set S = {21, 2, 23} of three non-
collinear points. Then it is not hard to see that for any S’ C S it is possible to choose a
closed halfspace C' € € that would contain S’, but not S. To see that S4(€) < 2%, we must
look at all four-point sets S = {z1, 29, 23, 24}. There are two cases to consider:
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F1cUrE 1. Impossibility of shattering an affinely independent four-point set
in R? by closed halfspaces.

(1) One point in S lies in the convex hull of the other three. Without loss of generality,
let’s suppose that z; € conv(S’) with S" = {29, 23,24}. Then there is no closed
halfspace C', such that C' .S = S’. The reason for this is that every such halfspace
C'is a convex set. Hence, if S” C C, then any point in conv(S’) is contained in C
as well.

(2) No point in S is in the convex hull of the remaining points. This case, when S
is an affinely independent set, is shown in Figure 1. Let us partition S into two
disjoint subsets, S7 and Ss, each consisting of “opposite” points. In the figure, S; =
{71, 23} and Sy = {29, z4}. Then it is easy to see that there is no halfspace € whose
boundary could separate S; from its complement Sy. This is, in fact, the (in)famous
“XOR counterexample” of Minsky and Papert [MP69], which has demonstrated the
impossibility of universal concept learning by one-layer perceptrons.

Since any four-point set in R? falls under one of these two cases, we have shown that no such
set can be shattered by €. Hence, V(C) = 3.
More generally, if Z = R? and € is the class of all closed halfspaces

d
{z eR?: ijzj > b}

i=1

for all w = (w1, ..., wy) € R? such that at least one of the w;’s is nonzero and all b € R,
then V(C) = d+ 1 [WD81]; we will see a proof of this fact shortly.

7.2.4. Axis-parallel rectangles. Let Z = R?, and let € consist of all “axis-parallel”
rectangles, i.e., sets of the form C' = [ay, b1] X [ag, bs] for all ay, by, as,bs € R. Then V(C) = 4.

First we exhibit a four-point set S = {z1, 29, 23, 24} that is shattered by €. It suffices to
take 2z = (—1,0), 2o = (1,0), z3 = (0,—1), z4 = (0,1). To show that no five-point set is
shattered by C, consider an arbitrary S = {z1, 29, 23, 24, z5}. Of these, pick any one point
with the smallest first coordinate and any one point with the largest first coordinate, and
likewise for the second coordinate (refer to Figure 2), for a total of at most four. Let S’
denote the set consisting of these points; in Figure 2, S’ = {z1, 22, 23, z4}. Then it is easy
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<3

21 <5 ?

<4
FI1GURE 2. Impossibility of shattering a five-point set by axis-parallel rectangles.

to see that any C' € € that contains the points in S’ must contain all the points in S\S” as
well. Hence, no five-point set in R? can be shattered by C, so V(€) = 4.

The same argument also works for axis-parallel rectangles in R?, i.e., all sets of the form
C = [ay,b1] X [ag, bo] X ... X [ag, by], leading to the conclusion that the VC dimension of the
set of all axis-parallel rectangles in R? is equal to 2d.

7.2.5. Sets determined by finite-dimensional function spaces—Dudley classes.
The following result is due to Dudley [Dud78]. Let Z be an arbitrary set, and let G be
an m-dimensional linear space of functions g : Z — R, which means there exist m linearly
independent functions v, ..., %, € G such that each g € G has a (unique) representation of
the form

m
g = Z Cj¢j7
j=1
for some coefficients ¢y, ..., ¢, € R. Let h be an arbitrary function on Z, not necessarily in

G,and let G+ h = {g+ h:ge G}. Consider the class of classifiers:
pos(§+ h) := {{Z €Z:g(z)+h(z) >0}:g€ 9}.
PRroOPOSITION 7.1. (VC Dimension of Dudley classes) V(pos(G + h)) = m.

PROOF. (Proof that V(pos(G + h)) > m.) Since the m functions v, ..., 1, are linearly
independent, there exists 21, ..., 2, € Z such that the m x m matrix (¢;(2))1<ij<m is full
rank. That is because the points z; can be selected greedily such that the rank of the first ¢
rows of the matrix is i for 1 < i < m. We shall show that pos(§+h) shatters {z1,..., 2z, }. To
that end, fix an arbitrary b € {0, 1}™. Since the square matrix (1;(2;))1<i j<m has full rank,
there exists an m vector ¢® = (cb,...,cb)) such that b; = > e V;(2:)ch + h(z) for i € [m).
Therefore, letting ¢)* = >~ 4;cb, we note that ¢* € § and ¢*(z) + h(z;) = b; for 1 < i <m,
so z; € pos(¢® + h) if and only if b; = 1, for 1 < i < m. Therefore, pos(§G + h) shatters
{z1,...,2m}, which completes the proof that V(pos(G + h)) > m.

(Proof that V' (pos(G + h)) < m.) To prove this, we need to show that no set of m + 1
points in Z can be shattered by pos(SG + h). For the sake of argument by contradiction, fix
m+ 1 arbitrary points z1, ..., 2,1 € Z and suppose that pos(G+ h) shatters {z1,..., zmi1}-
Let

9|zm+1 = {(9(21)7 e ag(szrl)) YOS 9}
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Note that G|,m+1 is a linear subspace of R™*! due to the fact that G is a linear space, and
the dimension of G| m+1 is less than or equal to m, because the rank of G is m. Therefore,

there exists some nonzero vector v = (vq,..., V1) € R™! orthogonal to §|,m+1, i.e., for
every g € §
(7.3) v1g(z1) + .. + Vmi19(Zmy1) = 0.

Consider two cases:

(a) If vih(z1) + ... + Vme1h(Zmy1) = 0 (for example if h = 0), it can be assumed that
v; < 0 for some i, because if not, the vector v could be replaced by —v. Let b be defined by
b; = 14y,>0y. Then for some ¢ eg,

(L) rhe)200 - L) e z0}) = D
and >, vi(g°(zi) + h(z;)) = 0. But each term of this sum is nonnegative and the i’ term
with v; < 0 is strictly positive, contradicting the sum equal to zero.
(b) If case (a) does not hold, then by replacing v by —wv if necessary, it can be assumed that
vih(z1) + ...+ Vg1 h(Zmy1) < 0. Let b be defined by b; = 1g,,>03. Then for some ¢’ € g,

(Lige)4h(1)208 - -+ Lgh () +h(zmen)20}) = D

and Y, vi(¢°(z1) + h(z)) = >, vih(2;) < 0, but each term in the first sum is greater than or
equal to zero, a contradiction. So in either case we reach a contradiction, so V(pos(§+h)) <
m. 0

This result can be used to bound the VC dimension of many classes of sets:
e Let C be the class of all closed halfspaces in RY. Then any C' € € can be represented
in the form C' = {2 : g(2) > 0} for g(z) = (w, z) — b with some nonzero w € R? and
b € R. The set G of all such affine functions on R? is a linear space of dimension
d + 1, so by the above result we have V(€) = d + 1.
e Let € be the class of all closed balls in RY, i.e., sets of the form

C={zeR%: ||z —z|’ <’}

where z € R? is the center of C and » € R* is its radius. The concept class
corresponds to the class of binary valued functions pos(9,), where G, is the set of
functions g : R — R of the form:
d
(7.4) g(z) =1 =z =P =r* =) |z -z
j=1
Expanding the second expression for g in (7.4), we get
d d d
9(2)=2) wjz ot =) ai =) A
j=1 j=1 j=1
d+1

= > es() + ()

where ¢; = z; and ;(z) = 2z; for j € [d], cay1 = 7% — Z?Zl x5, pai(z) = 1,

and h(z) = —Z;l:l z7. Note that cqp1 = r* — Z;l:l & > —Z;l:l ;. Thus, the
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constants c¢q,...,cqy1 are not quite arbitrary because they satisfy the constraint
Car1 > — Z?Zl c?. Let G denote the linear span of ¥y, ...,14.1. Then §, C G+ h
and G has dimension d+ 1. Therefore, V(C) = V(pos(9,)) < V(pos(§+h)) = d+1.

Next we show that that V(€) > d+1. By the first part of the proof of Proposition
7.1, there exists a set of d + 1 points in R? that is shattered by the set of closed
half spaces in the strict sense that none of the points is on the boundary of any
of the 29+! half spaces that shatter the points. Therefore, a set of 2¢%! balls, each
having a very large radius, exits, that shatter the points as well. So V(C) > d + 1.
In conclusion, we find V(€C) = d + 1.

7.2.6. VC dimension vs. number of parameters. Looking back at all these exam-
ples, one may get the impression that the VC dimension of a set of binary-valued functions
is just the number of parameters. This is not the case. Consider the following one-parameter
family of functions:

ge(2) :=sin(6z), g eR.

However, the class of sets
@:{{ZGR:QQ(Z)ZO}:QGR}

has infinite VC dimension. Indeed, for any n, any collection of numbers z1,..., 2, € R, and
any binary string b € {0,1}", one can always find some 6 € R such that

. +1, ifb =1
sgn(sin(fz;)) = {_1 b0

7.3. Growth of shatter coefficients: the Sauer—Shelah lemma

The importance of VC classes in learning theory arises from the fact that, as n tends
to infinity, the fraction of subsets of any {z1,...,2,} C Z that are shattered by a given VC
class C tends to zero. We will prove this fact in this section by deriving a sharp bound on the
shatter coefficients S,,(€) of a VC class €. This bound has been (re)discovered at least three
times, first in a weak form by Vapnik and Chervonenkis [VC71] in 1971, then independently
and in different contexts by Sauer [Sau72] and Shelah [She72] in 1972. In strict accordance
with Stigler’s law of eponymy’, it is known in the statistical learning literature as the Sauer-
Shelah lemma.

Let us first set up some notation. Given integers n,d > 1, let ( 2 d) denote the number
of subsets of a set of cardinality n with cardinality less than or equal to d. It follows that
(") = 2" for d > n, and, in general,

<d
n o /n
(L) -2 ()
with the convention that (’Z) =0 for ¢ > n.

L4No scientific discovery is named after its original discoverer”
(http://en.wikipedia.org/wiki/Stigler’s_law_of_eponymy)
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LEMMA 7.2 (Sauer—Shelah lemma). Let C be a class of subsets of some space Z with
V(C) =d < co. Then for all n,

(7.5) S, (@) < (S” d).

Also, (2) < (n+ 1) and, forn >d, (2) < (%)".

<d
Let C be a VC class of subsets of some space Z. The Sauer-Shelah lemma implies

S,(C 1)V ©
lim supﬁ < lim M
n— 00 2n n—00 2n

= 0.

In other words, as n becomes large, the fraction of subsets of an arbitrary n-element set
{z1,...,2,} C Z that are shattered by € becomes negligible. Moreover, combining the
bounds of the Sauer—Shelah lemma with the finite class lemma for Rademacher averages,
Lemma 6.1 (with L = v/n and N = (n + 1)), we get the following:

THEOREM 7.1. Let Z be an arbitrary set and let I be a class of binary-valued functions
f:Z — {0,1}, or a class of functions f : Z — {—1,1}. Let Z™ be an i.i.d. sample of size
n drawn according to an arbitrary probability distribution P € P(Z). Then, with probability
one,

Ro(F(2") < 2\/‘/(3'“) log(n + 1).

n

A more refined chaining techniqgue [Dud78] can be used to remove the logarithm in the
above bound:

THEOREM 7.2. There exists an absolute constant C' > 0, such that under the conditions
of the preceding theorem, with probability one,
V()

Ry(F(27) < Oy ==

7.3.1. Proof of the Sauer-Shelah lemma. Lemma 7.2 is proved in this section, based
on the technique of shifting [Fra87, Fra91]. We first write the definition of VC dimension
in case the base set consists of [n] = {1,...,n}, and subsets of [n]| are represented as binary
vectors. Let U € {0,1}". Given A C [n], if b € {0,1}" let 74(b) = (b; : i € A), called the
restriction of b to A, and let m4(S) = {ma(b) : b € S}. The support of a binary vector b is
{i:b; = 1}. A nonempty set A C [n] is said to be shattered by U if 74(U) contains all 21!
possible sequences. The VC dimension of U, denoted by V' (U), is the maximum d such that
there exists a subset of [n] of cardinality d that is shattered by U.

LEMMA 7.3. (Sauer-Shelah lemma, simple setting) Suppose W C {0,1}™ with V(U) = d.
Then |U| < (2). Also, (Z) < (n+1)% and, forn>d, (2, < (%e)d.

<d
Lemma 7.2 follows by applying Lemma 7.3 to U = {(f(z1),...,f(zn)) : f € F} for
arbitrary zi, ..., 2z, € Z, because for any such U, V(U) < V(F).
PROOF OF LEMMA 7.3. It is shown below that there exists V C {0, 1}" satisfying the
following three properties:
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(1) V] = [ul

(2) For any A C [n], if A is shattered by V then A is shattered by U

(3) V is downward closed. By definition, this means, for any b,0’ € {0,1}" such that
b < b (bitwise) and b € V, it holds that ' € V.

This will complete the proof, because the third property implies that V shatters the support
of any vector in V. Therefore by property 2, U shatters the support of any vector in V. 2
Thus, any vector in 'V can have at most d nonzero bits. So [U| = [V] < (2)). It remains to
show there exists V C {0, 1}" satisfying the three properties above. For that we refer to the
shifting algorithm described in pseudocode as Algorithm 1, describing how U is transformed
into V. For i € [n], 7; denotes the toggle function. It operates on binary vectors such that
7;(b) is obtained from b by flipping the it bit of b from 0 to 1 or vice versa. The algorithm
is illustrated in Figure 3.

Algorithm 1 Shifting algorithm

Input: U € {0,1}" for some n > 1
1. foriin [n]:
2 for bin U :
3 if b, =1 and 7;(b) ¢ U :
4. replace b by 7;(b)
5. repeat steps 1-4 until no further changes occur
6. return’V=1U

The algorithm terminates because the total number of 1’s strictly decreases each time a
change occurs in steps 1-4. Property 1 is true because |U| is never changed by the algorithm.
Property 3 is true because otherwise more changes would have been possible in steps 1-4. It
remains to check property 2. Consider the block of steps 2-4, executed for some i € [n]. Let
U denote the state just before execution of steps 2-4 and let U denote the state just after
execution of those steps. Suppose A C [n] such that U’ shatters A. It suffices to prove U also
shatters A.

The only changes to U made during the block of steps 2-4 is that the *" bit of some
vectors in U might be changed from 1 to 0. So if i € A then m4(U) = m4(U'), so that U also
shatters A.

So suppose i € A. Let b denote an arbitrary binary vector indexed by A. Since U shatters
A there is a vector b € U such that b = m4(b'). We need to show that b = m4(b”) for some
b” € W. If b; = 1 then, since the algorithm only turns 1’s into 0’s, ¥’ € U, so it suffices to
take b = b'. If b; = 0, then since U’ shatters A there must be another vector v € W such
that m4(b") = 7;(b). Since b = 1 and b € W, it must be that "” € U. Since v was not
modified by the block of steps 2-4, it must be that 7;(0") € U. Therefore, it suffices to take
b" = 1;(0""). Thus, U shatters A as claimed.

280 the number of sets shattered by U is greater than or equal to the cardinality of U, a result known
as Pajor’s lemma [Paj85].
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Initial U: After 2-4 for i € {1,2} :

OO O OO OO0 O K HEFEHO
CO0OO0CO0O0OORHEKIRR H H
OO0 OHRHRRFERKREREOOR
OO HMFEFORFROMFF M= O -
O~ O FRFOOROROOOO
[eNeoNoBoNoNoNoNoNeN o= =Ne]
OO OO0 OOHKFOORFRKF
O OO0 R KRR FHREFHOOHR
OO R KRR ORORHRFEOHR
O PO, OO, OF,OOOO

F1GURE 3. Ilustration of the shifting algorithm. The input set U is the set of
rows of the matrix on the left. The matrix on the right represents U after steps
2-4 of Algorithm 1 have been applied for i € {1,2}. Bits that were toggled are
shown in bold font. The input U shatters all singleton sets, all pairs except for
{1,2}, and the set {2,3,4}. After steps 2-4 have been applied for i € {1,2}, U
as shown on the right, shatters all singleton sets of columns, all pairs except
{1,2},{1,3} and {1,4}, and no triplets.

To prove the first upper bound on ( - d), recall that ( - d) is the number of subsets of n
distinct objects with cardinality less than or equal to d. The bound is true because there are
(n + 1) ways to make d draws with replacement from the set {0,1,--- ,n}, and the set of
nonzero numbers so drawn can be made to equal any subset of {1,...,n} with cardinality
less than or equal to d. For example, if d = 5 and n = 10, the draws (4, 6, 3,0, 0) correspond
to the set {3,4,6} and the draws (4,6,0,0,0) correspond to the set {4,6}.

The second upper bound on (" ) follows from:

<d
A\ [ n dndddndi(a) d\" ®
- = -] < ) =2 (1+=2) <e
() (€)= ()G = () G) 2 0+5) =
where (a) is due to the binomial theorem, and (b) follows from 1 + x < e”. O
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CHAPTER 8

Binary classification

In the first section of this chapter, we apply the results of the previous two chapters about
ERM, Rademacher averages and VC dimension, directly to the concept learning problem.
This brings to fruition the sneak preview given in Section 6.4. Then in Section 8.2 we turn
to the use of surrogate loss functions, which offers a way to regularize the empirical risk,
yielding in some cases convex optimization problems, and a parameter to trade between
approximation accuracy and generalization ability. Motivated by Section 8.2 the remaining
sections focus on various classes of classifiers and bounds on their Rademacher averages,
which can be used to give probabilistic performance guarantees.

8.1. The fundamental theorem of concept learning

A binary classification learning problem can be modeled as a triple (X, P, €), where X is a
general set, P (also denoted by P(Z)) is a set of probability distributions over Z = X x {0, 1},
and C is a class of subsets of X, with the following interpretation. A fresh observation is
modeled as a random couple Z = (X,Y), where X € X is called the feature vector and
Y € {0,1} is called the label '. In the spirit of the model-free framework, we assume
that the relationship between the features and the labels is stochastic and described by
an unknown probability distribution P € P(Z). As usual, we consider the case when we
are given an i.i.d. sample of length n from P. The goal is to learn a concept, i.e., a set
C C X such that the probability of classification error, P(1,y .z, # V), is small. As we have
seen before, the optimal choice is the Bayes classifier, Cp,,.. = {z : n(x) > 1/2}, where
n(x) .= P[Y = 1|X = z] is the regression function. However, since we make no assumptions
on P, in general we cannot hope to learn the Bayes classifier. Instead, we focus on a more
realistic goal: We fix a collection € of concepts and then use the training data to come up
with a hypothesis C),, € €, such that

P(lixep,y #Y) = mf P(lixecy #Y)

with high probability.
By way of notation, let us write Lp(C) for the classification error of C, i.e., Lp(C) :=
P(1lixccy #Y), and let L3(C) denote the smallest classification error attainable over C:

L} = inf L :
p(€) == inf Lp(C)
We will assume that a minimizing C* € C exists.

In the next section we will switch from using {0, 1}, which connects more directly to concept classifica-
tion, to {—1, 1}, which is more convenient for discussion of surrogate loss.
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The empirical risk minimization (ERM) learning algorithm for this problem was defined
in Chapter 5. Given the training data Z" = (Z1,...,7Z,), the ERM algorithm returns a

concept (', such that
6 € argmax Lp, (C),
n rg P Pn( )

where P,, is the empirical distribution of the training data. Chapter 5 showed that proba-
bilistic performance guarantees for ERM can be given if uniform convergence of empirical
means (UCEM) holds. Chapter 6 abstracts away the loss functions and considers a class
of functions F defined on a space Z. A key result of the chapter, based on a symmetriza-
tion technique, is that the UCEM property can be established if there are suitable upper
bounds on the average Rademacher complexity of F. In turn, Chapter 7 gives upper bounds
on Rademacher averages for classes of binary functions in terms of the VC dimension of
those classes. To combine these results we trace backwards from the abstract formulation of
Chapter 6 to the original problem.

For the concept learning problem with the usual 0-1 loss, each concept C' corresponds to
a function lc : Z — {0,1} defined by lo(z) = 1gyz1,, .03 Let Fe = {lc : C € C}. Thus, Fe
is a class of binary valued functions induced by € and the 0-1 loss function. The following
lemma shows that the VC dimension of € is the same as the VC dimension of the induced
class of functions.

LEMMA 8.1. Given a concept class C consisting of subsets of a base space X, let Fo =
{lc : C € C} denote the set of binary valued functions on X x {0,1} induced by the 0-1 loss.
In other words, Lc((2,Y)) = Liyz1y,c0yy- Then V(C) =V (Fe).

PROOF. To begin, we claim that for any {x1,...,z,} C X, € shatters {z1,...,x,} if and
only if Fe shatters {(x1,0),...,(x,,0)}. For any x € X, if 2z = (x,0), lc(2) = Lo((x,0)) =
1021 c0y} = Lizecy- Thus, for any b € {0,1}" and any C € C,

(1{x1€C}7 ceey 1{zn€C}) = b if and only if (fo((l’l, O)), c. ,éc(($n, 0))) =b.

The claim follows.

The next step is to show V(€) < V(Fe). Let n = V(€) if V(€) < oo and n be an arbitrary
positive integer if V(€) = oo. Then there exists {z1,...,x,} C X that is shattered by C.
Thus, by the claim just shown, {(z1,0),..., (z,,0)} is shattered by Fe. Therefore n < V(Fe).
Thus, V(€) < V(Fe).

The next claim is that Fe does not shatter any two point set of the form {(z,0), (z,1)}.
For any z € X and any C' € C, {c((2,0)) # lco((z,1)). Thus, there does not exist C' € €
such that (¢c((x,0)),lc((x,1)) = (1,1). Therefore, Fe does not shatter {(x,0),(x,1)}, as
claimed.

It remains to show V(€) > V(Fe). Let n = V(Fe) if V(Fe) < oo and n be an arbitrary
positive integer if V(Fe) = 0o. Then there exists {z1,...,2,} C X x {0, 1} that is shattered
by Fe. For each i, z; = (x;,b;) for some 0} € {0,1}. Since Fe does not shatter any two point
set of the form {(z,0), (x,1)}, the x;’s are distinct. Note that ¢¢(z;) = b, & e ((24,0)), where
“@” denotes modulo two addition. Therefore, {(z1,0),...,(x,,0)} is also shattered by Fe.
Therefore, by the claim shown at the beginning of the proof, {1, ..., z,} is shattered by C.
Thus, n < V(€), so that V(C) > V (Fe). O
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Warning: In what follows, we will use C' or ¢ to denote various absolute constants; their

values may change from line to line.

The bounds in Theorems 7.1 and 7.2 on R,,(F(Z™)) that hold with probability one are also
bounds on ER,,(F(Z")), so either of them can be combined with Corollary 6.1. In particular,
using the first part of Corollary 6.1 together with Lemma 8.1 implies the following bounds
for ERM for concept learning. The thread of the proof we have given is pictured in Fig. 2.

THEOREM 8.1. (Performance bounds for concept learning by ERM) Consider an agnostic
concept learning problem (X, P, C), and let § > 0. For any P € P, the ERM algorithm satisfies

(8.1) Lr() SL}FJ(@)Jrg\/V(G) loi(n—f—l) +\/210g7£1/6)

with probability at least 1 — 6. There is a universal constant C so that for any probability
distribution P on Z and § € (0,1), the ERM algorithm satisfies

(8:2) Lp(Co) < Li(€) + O\/ @ + \/ 2log (1/9) 1og7§1/ )

with probability at least 1 — 6.

Hence, a concept learning problem (X, P, €) is PAC learnable if V(€) < +o0. The converse
is also true; such results are sometimes called “no free lunch” results as discussed in the
homework. We thus have the following corollary.

COROLLARY 8.1. (Fundamental theorem of concept learning) A concept learning problem
(X, P, @) is PAC learnable if and only if V(C) < +oo.

8.1.1. Linear and generalized linear discriminant rules. Generalized linear dis-
criminant rules correspond to using a Dudley class of concepts, as described in Section
7.2.5, and repeated here. Let Z be an arbitrary set, and let § be an m-dimensional linear
space of functions ¢ : Z — R, which means there exist m linearly independent functions
U1,...,%Um € G such that each g € G has a (unique) representation of the form

m

g = Z Cjwja
j=1
for some coefficients ci, ..., ¢, € R. Let h be an arbitrary function on Z, not necessarily in

G,and let S+ h ={g+ h:g e G}. Consider the class of classifiers:
pos(G + h) := {{z €Z:g(2)+h(z) >0} g€ 9}.

By Proposition 7.1, the VC dimension of the class is m. Thus, Theorem 8.1 holds for the
family of Dudley classifiers with V(C) = m.

One of the simplest classification rules (and one of the first to be studied) is a linear
discriminant rule. Linear discriminant rules are the half-space classifiers in X = R¢, obtained
by thresholding linear functions. They correspond to concepts C' € C that can be represented
in the form

C={r:(w,z) >0} ={z:9(z) = 0}
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for g(2) = (w,2) — b with some nonzero w € R? and b € R. The set § of all such affine
functions on R? is a linear space of dimension d + 1, so by the above result we have V(€) =
d + 1. Thus, Theorem 8.1 holds for the family of half-space classifiers with V(€C) = d + 1.

8.1.2. Two fundamental issues. As Theorem 8.1 shows, the ERM algorithm applied
to the collection of all (generalized) linear discriminant rules is guaranteed to work well in
the sense that the classification error of the output hypothesis will, with high probability,
be close to the optimum achievable by any discriminant rule with the given structure. The
same argument extends to any collection of concepts € with VC dimension much smaller
than the sample size n. In other words, with high probability the difference Lp(C) — L% (C)
will be small. However, precisely because the VC dimension of § cannot be too large, the
approximation properties of € will be limited. Another problem is computational. For
instance, the problem of finding an empirically optimal linear discriminant rule is NP-hard.
In other words, unless P is equal to NP, there is no hope of coming up with an efficient ERM
algorithm for linear discriminant rules that would work for all feature space dimensions d. If
d is fixed, then it is possible to enumerate all projections of a given sample Z™ onto the class
of indicators of all halfspaces in O(n?!logn) time, which allows for an exhaustive search
for an ERM solution, but the usefulness of this naive approach is limited to d < 5.

8.2. Risk bounds for combined classifiers via surrogate loss functions

One way to sidestep the above approximation-theoretic and computational issues is to
replace the 0-1 Hamming loss function that gives rise to the probability of error criterion
with some other loss function. What we gain is the ability to bound the performance of
various complicated classifiers built up by combining simpler base classifiers in terms of
the complexity (e.g, the VC dimension) of the collection of the base classifiers, as well as
considerable computational advantages, especially if the problem of minimizing the empirical
surrogate loss turns out to be a convex programming problem. What we lose, though, is that,
in general, we will not be able to compare the generalization error of the learned classifier to
the minimum classification risk. Instead, we will have to be content with the fact that the
generalization error will be close to the smallest surrogate loss.

For the remainder of this chapter, we shall assume that the labels take values +1, and
we will consider £1 valued classifiers g : X — {—1,1} rather than concepts C' C X. Consider
classifiers of the form

_ )L i f(x) >0
(8:3) 9r(e) = sen f(x) = {—1, otherwise
where f : X — R is some function. The generalized linear discriminant rules considered in
the previous section have such form, with the family of f’s having finite linear dimension. As
we shall see, other families of functions f can be used. For a joint distribution P of (X,Y),
the risk, or probability of classification error, of using gy satisfies

(84)  Ligy) = Plgs(X) #Y) = P(Yg;(X) < 0) £ P(Y(X) < 0) = E[1{_y sx)001).

(The inequality (a) in (8.4) is sometimes strict because if f(X) = 0 and Y = 1, then
Y f(X) <0, even though there is no classification error, i.e. Yg;(X) =1 > 0.) From now
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on, when dealing with classifiers of the form (8.3), we write L(f) instead of L(gs) to keep
the notation simple.

The idea of surrogate loss function is to replace 1,0 at the right end of (8.4) by a
continuous, often convex, function that dominates it. That is, suppose ¢ : R — R, is such
that

(1) ¢ is continuous

(2) ¢ is nondecreasing

(3) p(x) > 1(z>0y for all z € R.
We call ¢ a penalty function, similar to use of the term for constrained optimization problems.
The surrogate loss function, or p-loss function, corresponding to penalty function ¢ is defined
by £,(y,u) £ ¢(—yu). Note that the surrogate loss function is greater than or equal to the
original loss function derived from 0-1 loss: £(y,u) < £,(y,w) for all (y,u) € {—1,1} x R.

Table 1 displays some popular examples of penalty functions, along with their Lipschitz

constants, and surrogate loss functions.

TABLE 1. Some popular penalty functions

Name Penalty function ¢(x) M, surrogate loss function £, (y,u)
exponential e’ - e Y

logit log,(1 + e%) s log, (1 +e7¥¥)

hinge (14+2)4 1 (1 —yu);

ramp min{l, (1—|—£> } min{l, (1—ﬂ> }
v) 4 7).

In order to avoid overuse of the letter “L,” denote the p-risk of f by
Ay(f) = Elp(=Y f(X))]

2|~

and its empirical version
1 n
Apn(f) = = 3PVl (X)),
i=1

Since the surrogate loss is greater than or equal to the 0-1 loss, L(f) < A,(f) and
Lalf) < Apul ).

With these preliminaries out of the way, we can state and prove the basic surrogate
loss bound, due to Koltchinskii and Panchenko [KP02]. We shall again appeal to the
uniform approximation method to bound Aq,(]?) (and hence L(f)) A key role is played by
the maximum deviation of empirical (surrogate) risk from general (surrogate) risk, defined
by

An(Zn) ‘= sup |As0(f) - Aga,n(f)| :
fex

LEMMA 8.2. Consider a class F of functions from X into R, and let ¢ be a penalty
function such that:
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(i) For some B >0, o(—yf(x)) € [0, B] for all (x,y) € X x {0,1} and all f € F.
(1t) ¢ is Lipschitz-continuous with constant M,: |o(u) —p(v)| < Mylu—wv| for u,v € R.

Then for any n and t > 0, with probability at least 1 — o2t

n n Bt
(8.5) A (Z7) <AMER,(F(X™)) + NG
PRroOOF. Note that A,(f) and A, ,(f) are the general and empirical averages, respec-
tively, of the surrogate loss function ¢, ;(z,y) = ¢(—yf(x)). For a reason that will become
apparent, we’d prefer to have functions with value 0 when f(z) = 0, so we will work with
functions of the form ¢(—yf(x)) — ¢(0). This works out because subtraction of ¢(0) has the
same effect on the generalization risk as on the empirical risk:

As@(f) - A<p,n(f) = P(&@f) - Pn(gso,f)
= P(ly; — (0)) = Pu(ly,y — ¢(0))

Thus, with H, being the class of functions on Z = X x {0, 1} of the form p(—yf(x)) — »(0),
for f € F, the familiar symmetrization argument from Section 6.2 yields

(8.6) EA,(Z") < 2ER, (K, (Z2")).

Next, consider the class of functions H of the form h(z,y) = —yf(x) for f € F. We shall
now show that the multiplicative structure of the loss function with y € {—1, 1} implies that
for any sample Z" = (X", Y"), R, (H(Z")) = R,(F(X™)). That is, given X™, no matter
how the n points Xi,..., X, are labeled with +1’s to get Y, the Rademacher average of
R, (H(Z™)) is the same. It is because if ¢; is a Rademacher random variable and Y; is a fixed
value in {1, —1}, then &;Y; has the same distribution as ;. In detail:

Rn(J{(Z”)):lEa sup Zsz-h(Zi)

n heH

1 B n
= —E. |sup Z&YQJE(XZ‘) ]
i=1

n feg

= —E. |sup En:&'f(Xi) ]
i—1

n | feF
(8.7) = R, (F(X"))

The next step is to apply the contraction principle for Rademacher averages, Proposition
6.2, using the mapping F' : R — R defined by F'(v) = ¢(v) — ¢(0). Note that H, = F o K,
F(0) = 0 (due to the subtraction of ©(0)) as required for the contraction principle, and F' is
M, Lipschitz continuous. The contraction principle and the fact (8.7) imply

Ro(H(Z") = Ry(F o H(Z")) < 2M,R,(H(Z")) = 2M,R,(F(X™")).
Taking the expectation over Z™ and combining with (8.6) yields
(8.8) EA,(Z") < AM,ER, (F(X™)).
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Now, since the surrogate loss functions ¢, s(x,y) take values in [0, B], the function Z" —

A, (Z™) has bounded differences with ¢; = ... = ¢, = B/n. Therefore, from (8.8) and from
McDiarmid’s inequality, we have for every ¢ > 0 that
Bt Bt 2
P A,(Z2") > AMLER, (F(X")+ —= ) <P [A,(Z") > EA,(Z") + —= | <e .
(02" = 11,880,500 + 51) < P (8,027 2 Ba,(27) + 1) <o
O

Lemma 8.2, together with Proposition 6.1, imply the following theorem.

THEOREM 8.2. Consider any learning algorithm A = {A,}>2,, where, for each n, the
mapping A, receives the training sample Z™ = (Zy, . .., Zy,) as input and produces a function
fn : X = R from some class F. Let ¢ be a penalty function satisfying the conditions of
Lemma 8.2. The following hold.

(single version) For any n and t > 0,

L(Ja) < A(Fa) < Apu(fo) + AMER, (F(X™)) + %

with probability at least 1 — e 2. (If B=1 and e *" = § then B — % as usual, but
we leave in t for generality used in the proof of the next theorem.)
(double version) If A is an ERM algorithm for the surrogate loss, for any n and 6 € (0,1),

the following bound holds with probability at least 1 — e 2

2Bt

n

Through a simple application of the union bound, we can extend Theorem 8.2 to the

case of a possibly countably infinite family {¢x}r>1 of penalty functions. Both a single and
double version holds; for brevity we state the single version.

L(fn) < Ap(fa) < AL(F) + SMER, (F(X™) +

THEOREM 8.3. Let {¢k}r>1 be a family of penalty functions, where each oy, takes values
in [0,1] and is Lipschitz-continuous with constant M, . Then, for any n and anyt > 0,

log k
(8.9) L(f) < ]irzlfl {A%n(f) +4M,, ER, (F(X™)) + Oi } + %, Vfed

with probability at least 1 — 22",

PRrOOF. For each k > 1, by Theorem 8.2,
log k t
w Y

with probability at least 1 — e 2(thVI08R)* > 1 _ =20-2* Therefore, by the union bound,

(8.10) L(f) < Agyn(f) + 4Mg, ER, (F(X")) +

Vfed

. n log k t
P|3fe7: L(f)>;gfl{L@k,n<f>+4M@kERn<3‘<X )y }+ﬁ]
e—2t? o2
< <2 "
k>1
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where we have used the fact that 37, ., k7% = 7%/6 < 2. O
The main consequence of Theorem 8.3 is the following result:

THEOREM 8.4. Let p : R — [0, 1] be a Lipschitz-continuous penalty function with constant
M,. Then, for any n and any t > 0,

(8.11)

L(f) < inf {ch/w),n(f)Jr

~v€(0,1]

8M, n log log,(2/7) t
7soERn(rJ'E(X ) + n }-l—%, Vfed

with probability at least 1 — 2e~2".

PROOF. For each k > 0, let 75, := 1/2%. For k > 1, ¢ (u) := p(u/v;) is a valid penalty
function with Lipschitz constant M,, < % Applying Theorem 8.3 to the family {¢y}, we

see that, with probability at least 1 — 22t

4M,, log k t
ER,(F(X™)) + . ver
CEBR, (X)) + )2 } =

Now, for any v € (0, 1], there exists k such that v € (&, 7x—1]. Then

k>1

(8.12) L(f) < inf {A%n(f) +

pr(u) = o(u/v) < lu/y)
by monotonicity of ¢, and the following also hold:
1 2 1
— < - and log k = loglog, — < loglog,(2/7).
Yk Y Yk

Therefore,

M log1 2

Ag(pyynl(f) +

log

AM, 2
PER,(F(X™) + Veg.

Yk n

Consequently, (8.12) implies (8.11), and the proof is complete. O

> Apn(f) +

What the above theorems tell us is that the performance of the learned classifier sgnfn
is controlled by the Rademacher average of the class F of functions f, and we can always
arrange it to be relatively small. In the next four sections of this chapter we look at several
specific examples.

8.3. Weighted linear combination of classifiers

Let G = {g:R?Y— {—1,1}} be a class of base classifiers (not to be confused with Bayes
classifiers!), and consider the class

N N
Ty = {f:ZngjiNEN,Z|Cj| <Xgi,...,9n € 9}»
j=1 Jj=1
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where A > 0 is a tunable parameter. Then for each f = Zjvzl c;g; € Iy the corresponding
classifier gy of the form (8.3) is given by

gr(w) = sgn (Z ng;‘($)> :

A useful way of thinking about g; is that, upon receiving a feature € R?, it computes the
outputs g1(x), ..., gn(x) of the N base classifiers from G and then takes a weighted “majority
vote” — indeed, if we had ¢; = ... = ¢y = A/N, then sgn(gs(z)) would precisely correspond
to taking the majority vote among the N base classifiers. Note, by the way, that the number
of base classifiers is not fixed, and can be learned from the data.

Now, Theorem 8.2 tells us that the performance of any learning algorithm that accepts a
training sample Z" and produces a function f,, € ) is controlled by the Rademacher average
R, (FA(X™)). It turns out, moreover, that we can relate it to the Rademacher average of the
base class §. To start, note that

F, = X -absconv g,

where
N

N
absconv § = {chgj :N € N;Zc: lejl < Ligr,...,9n € 9}
j=1 Jj=1

is the absolute convex hull of G. Therefore
Ry (FA(X™) = A Ra(S(X™)).

Now note that the functions in G are binary-valued. Therefore, assuming that the base class
G is a VC class, we will have
V()

R,.(G(X™) <C -

Combining these bounds with the single version bound of Theorem 8.2, we conclude that for
any f, selected from &, based on the training sample Z", the bound

L(Ja) < Apn(Fa) + CAM,y VflS) + W

will hold with probability at least 1 — ¢ (assuming, as before, that ¢ takes values in [0, 1])
and M, is the Lipschitz constant of the penalty function ¢. The double version bound of
Theorem 8.2 can be similarly specialized.

Note that the above bound involves only the VC dimension of the base class, which is
typically small. On the other hand, the class F obtained by forming weighted combinations
of classifiers from § is extremely rich, and, when thresholded to yield binary valued functions,
will generally have infinite VC dimension! But there is a price we pay: The first term is
the empirical surrogate risk A%n(fn), rather than the empirical classification error Ln(ﬁl)
However, it is possible to choose the penalty function ¢ in such a way that A, ,(-) can be
bounded in terms of a quantity related to the number of misclassified training examples.
Here is an example.
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Fix a positive parameter v > 0 and consider
0, ifex < —vy
olx) =<1, if x>0
1+ x/v, otherwise

This is a valid penalty function that takes values in [0, 1] and is Lipschitz-continuous with
constant M, = 1/v. In addition, we have p(x) < 1g;~_3, which implies that p(—yf(z)) <
1iyf(2)<y}- Therefore, for any f we have

1< 1<
(8.13) Apnlf) = =D @(=Yif (X)) < =3 Lpvigixy<ny-
=1 =1

The quantity

1 n
(8.14) Lo(f) = D sy
=1

is called the margin error of f. Notice that:

e For any v > 0, L}(f) = Ln(f)
e The function v — L) (f) is increasing.

Notice also that we can write
1 & 1 &
LI(f) = - ; Lyvisexo<oy + ; Lo<vir(xi)<s

where the first term is just L, (f), while the second term is the number of training examples
that were classified correctly, but only with small “margin” (the quantity Y f(X) is often
called the margin of the classifier f).

THEOREM 8.5 (Margin-based risk bound for weighted linear combinations). For any
v > 0, the bound

S r L ON VLS [los(1/9)
(5.15) L(F) < LT + 7\/ -

n 2n

holds with probability at least 1 — 6.

REMARK 8.1. Note that the first term on the right-hand side of (8.15) increases with ~,

while the second term decreases with . Hence, if the learned classifier J/‘; has a small margin
error for a large v, i.e., it classifies the training samples well and with high “confidence,”
then its generalization error will be small.

8.4. AdaBoost

A particular strategy for combining classifiers is the so-called AdaBoost algorithm of
Freund and Schapire [FS97]. Let a class G of classifiers g : R? — {—1,+1} be given; the
elements g € G are referred to as weak learners. Given training data Z" = (Zy,...,2Z,),
where each Z; = (X;,Y;) with X; € R? and Y; € {—1,+1}, the AdaBoost algorithm works
iteratively as follows:

e Initialize w® = (w{", .. w{) with w"” = 1/n for all i.
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e At each iteration k =1,..., K:
— let gr € G be any weak learner that minimizes the weighted empirical error

k
(8.16) en(9) =Y wi pyzgix

i=1

over §. Let e := ex(gx). The standing assumption is that e, < 1/2, i.e., there
exists at least one weak learner with better-than-chance performance.
— Update the weight vector w® to w1 where, for each i € [n],

(k+1) w§k) exp (—ou Yigr(X;))
k

(8.17)

where oy, := £ log % and

(8.18) Zy = Z w® exp (—aYige(X3)) .
i=1

e After K iterations, output the classifier fn : R? — R given by

n Zszl argr()
8.19 n(¥) ===
(8.19) fo() S

Note that, since oy > 0 for all k, f, € conv(G). (The reason J?n(q:) is normalized in
(8.19) is for theoretical purposes. The final output sgn(f,(x)) is unaffected.)

The following lemma is crucial in the analysis of AdaBoost:

LEMMA 8.3.

(8.20) %Zexp (—YiZakgk(Xi)> = HQ\/ek(l —e).

PROOF. From the form of the AdaBoost weight update rule (8.17), we see that, for any
i € [n] and any k € [K],

w
(8.21) exp (—arYigr(X;)) = — Z.
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Therefore,

Averaging this over ¢ gives

n K K n
1 Z exp <—Y% Z akgk(Xi>> = H Lk Z wEKH)
et k=1 k=1  i=1
K
=[]z
k=1

The proof will be complete once we show that Z, = 24/ex(1 — e;) for each k. But this is
rather simple:

Zr = Z w exp (—Yongu(X5))

i=1

= e Y w g oo + e D v )

i=1
=e%e, + e (1 — eg)

=2 ek(l — ek),
where we have used (8.18) and the definition of ay. O

We can now state a performance guarantee for AdaBoost due to Koltchinskii and Panchenko
[KP02], who improved upon the results of Schapire et al. [SFBL9S]:

THEOREM 8.6. With probability at least 1 — 0, the classifier ﬁb generated by K iterations
of AdaBoost satisfies

(fa) < HQ\/ek(l —ep)+8 (1\/10gH

(8.22) + %loglogQ (2 (1 \/logHM >> \/log 1/9)

) ER,(S(X™))




PROOF. Let ¢ : RY — [0,1] be a penalty function which is Lipschitz-continuous with
constant 1 and satisfies the additional condition ¢(u) < e*. For example, we could take
o(u) =1 Ae". Define the data dependent constant v by

A 1
Zszl Qg

Then, since f, € conv(9) and R, (conv(G)(X")) = R,(G(X™)), Theorem 8.4 guarantees that,
with probability at least 1 — ¢,

(8.23) L(fn) < Aujyym(fn) %ERn(S(X"))+\/loglog2(2/7) N \/mg;/a)

vi=1

n
Now, from the definition of v and the assumption that ¢(u) < e*, it follows that, for any

i € [n],
@ <—%(Xl)> < (—Yi Z%%(&))

Using this together with Lemma 8.3 gives

n K K
~ 1
Ap(/pn(fa) < " E exp <_Yi E Oékgk(Xi)> < H2 er(1 —eyp).
i=1 =1

k=1
Moreover,
1 “ N =
—le(Zak>:1\/(Hlog k)
K k=1 k=1 Ck
Using these in (8.23), we see that (8.22) holds with probability at least 1 — . O

8.5. Neural nets

The basic theorem for classification based on surrogate loss, Theorem 8.2, gives a perfor-
mance guarantee for classifiers of the form 3 = sgn f(z) in terms of the expected Rademacher
average ER,(F(X™)), which depends on the distribution of the X’s and the class of functions
F. In this section we consider classes of functions J of the form arising in neural networks,
and provide bounds on ER, (F(X")). We begin by considering linear functions, of the form
f(z) = (w, x), where both the feature vector x and the classifier weight vector w are elements
of R%.

Let F be the collection of all such classifiers satisfying the norm constraint ||w|| < B:

F:={(w, )+ [lwl| < B}
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Then, for any realization of X;,..., X,

R, (F(X™)) = EEEn sup

weR4: ||w||[<B

& <'LU, X’L>

=1

|

1 B n

= —E. | sup w, €iX;
n | lwl|<B < ,Zl >|]
B n

= —EEn ZX’L

where the third step is by the Cauchy—Schwarz inequality, and the last step follows from the
following calculation: for any collection of vectors vy, ..., v, € R%

= Egn ZZ€i€j<vi,vj>

n
Egn E EiV;
i=1 i=1 j=1
n n
S Ean E E 5i5j<viavj>
\ =1 j=1

n
= | D llwill?,
i=1

where we have used Jensen’s inequality and the fact that, by independence of the g;’s,
Eleie;] = 14—j;. In particular, if the common distribution of the X;’s is supported on the
radius-R ball centered at the origin, then

ny < BR
(8.24) BR,(F(X") < .

Note that this bound is completely dimension-free, in contrast to the bound derived in
Section 8.1.1, namely, that for a family of Dudley classifiers with dimension m, Theorem 8.1
holds with V(€) = m. This is due to the fact the latter was obtained under no restrictions
on either the classifier weight vector or the feature vector.

Using the contraction principle, we can also cover the case of nonlinear classifiers of the
form

(8.25) f(@) = o((w, ),



where, as before, ||w|| < B, and ¢ : R — R is a fixed Lipschitz-continuous function with
Lipschitz constant L that satisfies o(0) = 0. Then

) -
R, (F(XM)) = —Egn sup Zsz
lwll<B |
2L ]
< — - Ea | sup gi(w, X;
n lwll<B Z > ]

Again, the bound is dimension-free — it depends only on the Lipschitz constant of o and
on the maximal ¢5 norm of the weight w. If the features X,..., X, are each supported on

a ball of radius R, then

2LBR

Vi
The classifier in Eq. (8.25) is a basic building block of neural nets. In a very rough analogy
with biological neurons, its output is a nonlinear function of some linear combination of its
inputs. The nonlinearity o : R — R is known as the activation function.

Next we consider feedforward neural networks. First, given a nonlinearity ¢ : R — R
and a vector w € R™ for some m, define the function N, , : R™ — R by

m
Now(ur, ... upy) =0 E wiu; |
i=1

and denote N,,, composed with m real-valued functions (hy)i<p<m on R? by

[Npw 0 (hs o ha) | (&) = Ny (ha(2), ., ()

=0 (Z wjhj(x)> :

Let G be a family of base classifiers g : X — R, where X is a subset of R?. For ¢ > 1,
let 01,...,00 : R — R be a sequence of nonlinearities, such that, for each j € [{], o; is
Lipschitz-continuous with Lipschitz constant L;, and 0;(0) = 0. Finally, let a sequence of
positive reals By, ..., By be given. We then define function classes Fy, F1, ..., F, recursively
as follows:

ER,(F(X™)) <

and, for 1 <7 </,

5= { Ny © (f1,--o s fon) im0 € Ns Jwi] 4.+ il < Bji fioo fon € Fjoa )
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In other words, the functions in F; are of the form

=01 (Z wj%‘(@)

for all m € N, all vectors w € R™ satisfying ||w|; := |wi| + ... + |wn| < By, and all choices
of base classifiers g1, ..., g, € G; the functions in Fy are all functions of the form

=0y (Z%E(@) :

for all m € N, all w € R™ satisfying ||w||; < Bs, and all choices of fi,..., f, € F1; and so
on. The integer ¢ is called the number of layers.

Now let us upper-bound the Rademacher average ER,(F,(X")). To that end, we first
observe the following structural property:

(8.26) JF; =o0;0(B;-absconv(F;_q)).

In other words, each f; € F; has the form o, o f; for some f; € B; - absconv(F;_1). Armed
with this, we start at the last (i.e., th) layer and proceed recursively. Since

F¢ = op0(By-absconv(F,_1)), the same holds for the families of vectors obtained by applying
the families of functions to the n data samples, X". Therefore,

R, (Fe(X™)) = Ru(o¢ o (By - absconv(Fe—1 (X"))))
< 2L;- R,(By - absconv(F,_1(X™)))
=2L,By - R,,(F—1 (X)),

where the second line uses the contraction principle, and the last line uses the properties of
Rademacher averages. Thus, we have “peeled oftf” the last layer. Proceeding inductively, we
arrive at the bound

(8.27) W (Fe(X™)) H (2L;Bj) - Ra(S(X™)).

Apart from the Rademacher average of the “base” class G, the bound (8.27) involves only
the number of layers ¢, the Lipschitz constants Ly, ..., L, of the activation functions in each
layer, and the weight constraints Bi,...,B,. In particular, the number of neurons does
not appear explicitly anywhere in the bound. The first bound of this sort was obtained
by Bartlett [Bar98] (see also [BMO02]). The bound in (8.27) is due to Koltchinskii and
Panchenko [KP02]. However, observe that, by invoking the contraction principle, we gain
a factor of 2 at each layer. Thus, the bound is very loose unless H§:1(Lj B;) <27 which is
quite a tall order — for example, for the so-called rectified linear unit (or ReLU) activation
function o(u) := u Vv 0, then L; =1 for all j, and therefore we must have Hf.:l B; <27
Deep neural nets, i.e., neural nets with ¢ very large, have become popular recently due
to their remarkable empirical performance in a variety of domains, such as computer vision,
speech processing, and natural language processing. However, theoretical understanding
of their performance is still incomplete. One worrisome issue is the explicit exponential
dependence of the bound (8.27) on the number of layers. Bartlett, Foster, and Telgarsky

98



[BFT17] have removed this dependence using rather delicate recursive covering number
estimates. In a more recent paper, Golowich, Rakhlin, and Shamir [GRS17] showed that
the factor of 2¢ can be reduced to v/¢ using a simple but effective log-exp device. In order
to state and prove their result, we need two technical lemmas:

LEMMA 8.4 ([GRS17]). Let F and F' be two classes of real-valued functions on X, such
that

(8.28) F =0 o (B - absconv(F"))

for some Lipschitz-continuous nonlinearity o : R — R satisfying 0(0) = 0. Let G : R — R
be a convex nondecreasing function. Then

8.29 E.. [supG e f(X; <2 -E.n
e o
PROOF. Since G is nondecreasing, G(|u|) = G(u V (—u)) < G(u) + G(—u). Then

> ()

=1

sup G | LB -
fleg

where L is the Lipschitz constant of o.

E.» |supG g f(X;
e (S0
< E. [supG & f(X; + E. [supG | — i f(X;
e (o) e o (o)
8.30 =2 Ea" su G 51 z )
- 26 (3er)

where the last step uses the fact that Rademacher random variables are symmetric. We now
invoke the following generalization of the contraction principle (see [LT91, Eq. (4.20)]): For
any A C R™ and for GG, o satisfying the conditions of the lemma,

sup G (Ze, ol(a; ) sup G (L'zn:@ai)] )
acA i=1

acA
where L is the Lipschitz constant of o. Now, by (8.28), any f € JF has the form f =00 f
for some f € B -absconv(F). Using this fact together with (8.31), we get

sup G (Z e f(X; ) sup G| L- ieJ‘YX,))] )

fex feB-absconv(F)
x) ) .

Combining Egs. (8.30), (8.32), and (8.33), we get (8.29). O
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(8.31) E.. < B

(8.32) E.~ < E.n

Now, by Hélder’s inequality and by the monotonicity of G,

(8.33)  sup G <L-iaif(Xi)> < sup G (LB-

f€B-absconv(J") fres

3

5if,(

=1




LEMMA 8.5. Let A be a bounded subset of R"™. Then, for any A > 0,

(8.34) E.. |exp | Asup Z £ < exp Z sup |a;| | exp (AnR,(A)).
acA i—1 acA
PRrROOF. The random variable U := sup,c,|Y ., €iai| is a deterministic function of
€1,...,En, and, for each 1,
U(er, .. y€iyevenen) —Uler, ..., =64 en) < 2suplayl.

acA
Thus, mimicking the proof of McDiarmid’s inequality, we arrive at

E[GAU] _ 6>\EUE[€/\(U—EU)]

<o (5 S

i 1a€A

O

We are now ready to prove the following result, due to Golowich, Rakhlin, and Shamir
[GRS17]:

THEOREM 8.7. For any realization Xy, ..., X,,

l
(8.35) 2(F(X™) H 9(X"))+2 llog?2 - Zsuplg i)[?

= n 7,1969

PROOF. Fix some A > 0. Then

n

1
R, (Fe(X")) = —Een | sup eif (Xi) ]
n fede i
e |1 A Z
= —E.» |logexp sup e f(X3)

)\ feFe =1

1 n
8.36 < —logE. |supexp [ A g f(X; ,
850 CtogB.s s ( > )

where the last step is by Jensen’s inequality. Now let G(u) := e**. Then, taking into account
(8.26) and invoking Lemma 8.4, we can write

E.. [supexp | A g f(X;

F€F, ( Z ( >)

<2-E.n | sup exp | AL/B;- Zaz X;) .
fE‘(fg 1 i=1
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Continuing inductively in this manner, we arrive at

E.. |supexp | A e f(Xy)

feF, ( ;;;
l n

(8.37) < 2" En |exp <>\ [1(L;B;) - sup > eig(X) )] :
=1 9€5 |i=1

Substutiting (8.37) into (8.36), we have

n

ZSig(Xi)

i=1

(8.38)  Ru(Fo(X™) < % {z 1og 2 + log Ecn

Il

¢
exp ()\ H(Lij) - sup

=1 IS
Let M := [[;_,(L;B;). Then, by Lemma 8.5,
l
exp ()\H(LJB - sup Zelg )]

=1 ISe]
Zsup\g ) exp (MAnR,(G(X™))).

1= 1g69

E..

(8.39) < exp (

Using (8.39) iin (8.38), we get

2772 M

1 A
XM < — log 2
R, (F(X™)) < gy {E og2+

Using the identity

for a,b > 0, we finally obtain

RA(F(X") < MEL(S(X™) + 2 | Flog2. S sup lg(X)]2

= 1g€9

8.6. Kernel machines

As we have seen, a powerful way of building complex classifiers from simple ones is by
using functions that are linear combinations of simple functions. The norms induced by
kernels, as described in Chapter 4, offer an effective way to control the complexity of the
linear combinations. Kernel methods are popular in machine learning for a variety of reasons,
not the least of which is that any algorithm that operates in a Euclidean space and relies
only on the computation of inner products between feature vectors can be modified to work
with any suitably well-behaved kernel.
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Let us describe empirical risk minimization in an RKHS. Pick a kernel K on our feature
space X, where X is a closed subset of R%, and consider classifiers of the form

1, if f(z)>0
—1, otherwise

g9s(x) =sgn f(z) = {

with the underlying f taken from a suitable subset of the RKHS Hg. One choice, which
underlies such things as the Support Vector Machine, is to take a ball in Hg: given some
A >0, let

In=A{f eHr : Iflx <A}

This set is the closure (in the || - ||k norm) of the convex set

N N
{ch[(wj :NeN:e,...,ecxn €Ryxq, ...,y €X; Z cici K (z;,x;) < )\2} C L (X),

j=1 4,j=1

and is itself convex.

As we already know, the performance of any learning algorithm that chooses an element
]/‘; € ¥, in a data-dependent way is controlled by the Rademacher average R,(F\(X")).
An advantage of using kernels is that this Rademacher average can be estimated using one
of the bounds in the following proposition (in this section we use the second bound in the
proposition):

PROPOSITION 8.1. (i) Let Cx = \/sup,cx K(z,x). For any z1,...,x, € X,

CrA
8.40 R, (F\(z")) < —.
(8.40) (A < 2
(ii) Suppose X1, ..., X, are independent, and each having the distribution of a random vari-

able X with values in X. Then
MEK(X. X
(8.41) ER,(F)(X")) < 2V Jf_l X,

PROOF. By the reproducing kernel property (4.13) and then the linearity of the inner
product (-

Ru(Fr(") = ~Een sup |> if ()

n f”f”KS)\ i=1

1
= —E.» sup Zgi<f’K$i>K

n f”f”KS/\ i=1
1 n
= —En sup fa Z €ini
n f”f”KS)\ i=1 K

Using the Cauchy—Schwarz inequality (4.2), it is not hard to show that

sup  [(f, 9) | = Allgllx
Sl <A
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for any g € Hg. Therefore,

Ro(Fr(a™)) = %E

n
>_ ek,
i=1
Next we prove that for any n functions gy, ..., ¢, € Hk,
n n
S i S lgill3
i=1 i=1
The proof is in two steps: First, by concavity of the square root and Jensen’s inequality:

n n
E €igi E €ii
i=1 i=1

Then we expand the squared norm:

n 2 n n n
Z&'Qz’ = <Z Eigiazgigi> = Z 5i5j<gi79j>1<-
i1 K i=1 i=1

K ig=1
And finally we take the expectation over " and use the fact that E[e;e;] =1 if i = j and 0
otherwise to get

K

(8.42) E.. <

K

2
E.. <.|E
K

2
K

n 2 n n
E Zgigi = Z <giagi>K = Z HQZH%{
i=1 K i=1 i=1
Hence, we obtain
(8.43) R((a) < XS (Ko K
. n xr ~ — T x; =
A n ; il K

i=1

Equation (8.40) follows from (8.43). Replacing x; by X; in (8.43) for each i, taking the
expectation w.r.t. X™ over each side, and once more using concavity of the square root and
Jensen’s inequality, yields (8.41). O

REMARK 8.2. If K(x,y) = (x,y) then Hy consists of functions of the form f(x) = (w, x),
and || f||% = ||w||*. Hence, (8.41) implies (8.24).

With the bound (8.41) in hand, we can specialize Theorem 8.2 to get the following more
explicit bound.

COROLLARY 8.2. (Performance bound for RKHS using surrogate loss) Suppose F) is the
closed ball of radius A > 0 in an RKHS of functions on a closed set X C R? with associated
Mercer kernal K. Let ¢ be any penalty function such that ¢(x) > min{l, (1 +z);}, i.e. , ¢
1s greater than or equal to the ramp penalty function. Then
(Single version) For any n and 6 € (0,1), and any learning algorithm, the following bound
holds with probability at least 1 — 6 :

E[K(X,X)] N \/log(l /6)

n 2n

(8.44) L(f) < Apu(fa) + 4A\/
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(Double version) For any n and 6 € (0,1), and for the ERM algorithm for surrogate loss,
the following bound holds with probability at least 1 — ¢ :

E[K(X, X)) n 21log(1/6)

(8.45) L(fy) < AL(T2) + 8\ - -

PROOF. Theorem 8.2 and (8.41) imply (8.44) and (8.45) in case ¢ is the ramp penalty
function, because the ramp penalty function is 1 — Lipschitz continuous and takes values in
[0, 1]. Therefore (8.44) and (8.45) hold for any choice of ¢ that is greater than or equal to
the ramp penalty function, because the right-hand sides are increasing in ¢ (in the pointwise
ordering of functions on R. O

Another advantage of working with kernels is that, in many cases, a minimizer of empirical
risk over a sufficiently regular subset of an RKHS will have the form of a linear combination
of kernels centered at the training feature points. The results ensuring this are often referred
to in the literature as representer theorems. Here is one such result (due, in a slightly different
form, to Scholkopf, Herbrich, and Smola [SHSO01]), sufficiently general for our purposes:

THEOREM 8.8 (The generalized representer theorem). Let X be a closed subset of R? and
let Y be a subset of the reals. Consider a nonnegative loss function £ :Y x Y — RT. Let K
be a Mercer kernel on X, and let Hy be the corresponding RKHS.

Let (X1,Y1),...,(X,,Y,) be an i.i.d. sample from some distribution P = Pxy on X XY,
let 3, be the closed linear subspace of Hy spanned by {Kx, : 1 <i < n}, and let I1,, denote
the orthogonal projection onto H,. Let F be a subset of Hy, such that I1,(F) C F. Then

n

et , 1 &
(8.46) }235;e<m,f<xi>>—fegg(?);;m,ﬂxi»,

and if a minimizer of the left-hand side of (8.46) exists, then it can be taken to have the
form

(8.7 Fo= ek,
=1

for some cy,...,c, € R.

REMARK 8.3. Note that both the subspace H, and the corresponding orthogonal pro-
jection II,, are random objects, since they depend on the random features X".

PROOF. Since K, € I, for every 7, by Proposition 4.1 we have
<f7KXi>K:<an7KXi>K7 erg{[(
Moreover, from the reproducing kernel property (4.13) we deduce that

f(Xi) = {f, Kx) g = (I f, Kx,) i = I f(X3).

Therefore, for every f € F we can write

% Zg(yi, F(X3) = % Z£ (Y3, I f(X3)) -
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This implies that

4 f— (Y; f — (Y;, 10 = f (Y;

(8.48) }szg (X }ggnzé DI (X)) = inf Z€ i 9(X

Now suppose that f, € F achieves the infimum on the left-hand side of (8.48). Then its
projection f,, = I, f,, onto H,, achieves the infimum on the right-hand side. Moreover, since

I1,(F) € F by hypothesis, we may conclude that fAn € H,. Since every element of H,, has
the form (8.47), the theorem is proved. O

We now discuss how the representer theorem leads to a computationally efficient ERM
algorithm in the classification setting. Consider Y = {—1,1}, a penalty function ¢, and
classifiers of the form g(z) = sgn(f(x)) for predictors f in some family of real-valued functions
F. The empirical ¢ risk is given by

£ == -Nif(x

Suppose the predictors are taken from F = Hg, the RKHS generated by some Mercer kernel
K. The ERM optimization problem using surrogate loss for a penalty function ¢ and the
RKHS norm for regularization can be formulated as a constrained problem:

(8.49) min —ng =Y, f(X;)) subject to: ||f||x < A,

feHr N

or as a closely related unconstralned problem with an additive regularization term:

(8.50) min —Zso ~Yif (X)) + 7l fl%-

feHx n

Then by the representer theorem, in seeking the ERM defined by (8 49) or the ERM de-

fined by (8.50), we can assume without loss of generality that foed, 2 2 span(Ky,,..., Kx,).

In other words,
n n

Fa() =) Kx () =Y K (- X;).
j=1 j=1
A solution to the constrained ERM problem (8.49) can be found by solving

(8.51) min —ng < Y; ch (Xi, X ) subject to: Z cici K (X, Xj) < A%

ceR™ N, =
,j=1

and a solution to the unconstramed regularized ERM problem (8.50) can be found by solving

(8.52) min {5 2 © (—Yi 2 o K(Xi, X;) ) +7 Z i K (X, X }
1= J=

2,7=1

There are n variables involved in either the minimization problem (8.51) or (8.52), where n
is the number of labeled data samples. Here n can be much smaller than the dimension of
the space H of classifiers used, which could even be infinite. The reduction to n variables is
achieved through the use of the representer theorem. Moreover, if ¢ is a convex function, such
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as ¢(x) = (1 + x)4, then (8.49) has a convex objective function and quadratic constraints,
and (8.52) has a convex objective function, allowing for efficient numerical solution methods
such as interior point algorithms. For detailed background of such algorithms see the text
of Boyd and Vandenberghe [BV04].

An alternative way to go about solving (8.49) or (8.50) is to use a basis that does not
depend on the data. Recall from Section 4.3 that if the kernel K has the Mercer expansion
K(x,2') = 3, wihi(x)i(2'), then the RKHS norm of a function f(x) = ., a;1;(x) satisfies
IflI% = >, aj/w;. Inserting this expression for f into the ERM minimization problems
(8.49) and (8.50) result in the following constrained ERM minimization problem

1 ~ .
(8.53) min — Z ® (—Y} Z ajz/)j(XZ-)) subject to: Z a?/wj <\,
i=1 J J

and the related unconstrained problem with additive regularization term:

(8.54) main%ZQO <_Y;ZCLJ'TZJ(X1>> +TZG?/U)J"

Thus, (8.53) and (8.54) are equivalent to (8.49) and (8.50), up to a change in coordinates.

Note that the dimension of the vector (a;) sought in the optimization problems (8.53) and
(8.54) does not depend on the number of samples. The dimension of a could be much smaller
than the number of samples, for example if d linear functions are used on X = R?% and the
number of samples is much larger than d. Or the dimension of a could be very large compared
to m, or even infinite. In such cases, the optimization problems (8.51) and (8.52) derived
from the representer theorem would seem more efficient. However, even if there is a very
large number of basis functions, or even infinitely many basis functions, in the representation
of K as a series, in practice, only the ten to thirty most heavily weighted basis functions
would typically play a role in the performance of a classifier. Thus, in practice, there is often
a smaller difference between using basis functions of the form K, for a Mercer kernel as in
(8.51) and (8.52), and directly using basis functions #; as in (8.53) and (8.54).

8.7. Convex risk minimization

Choosing a convex penalty function ¢ has many advantages in general. First of all, we
may arrange things in such a way that the function f* that minimizes the surrogate loss
A, (f) over all measurable f : X — R induces the Bayes classifier:

1, ifp(x)>1/2
—1, otherwise

(8.55) sgn f*(x) = {

THEOREM 8.9. Let P = Pxy be the joint distribution of the feature X € R? and the
binary label Y € {—1,+1}, and let n(xz) = P[Y = 1|X = x| be the corresponding regression
function. Consider a penalty function ¢, which is strictly convex and differentiable. Then
the unique minimizer of the surrogate loss A,(f) = Elp(=Y f(X))] over all (measurable)
functions f : X — R has the form

[ (x) = arg min hyz)(u),
u€eR
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where for each n € [0, 1] we have h,(u) = np(—u)+ (1 —n)p(u). Moreover, f*(x) is positive
if and only if n(x) > 1/2, i.e, the induced sign classifier gp+(x) = sgn(f*(z)) is the Bayes
classifier (1.2).

PRrROOF. By the law of iterated expectation,
Ap(f) = Elp(=Y f(X))] = E[E[p(=Y f(X))|X]].
Hence,

inf A, (f) = inf B{E [o(-Y f(X))|X]]
=E |inf Elp(-Yu)|X = 1]

For every x € X, we have
E[p(=Yu)|X = 2] = P[Y = 1|X = z]p(—u) + P[Y = —1|X = z]p(u)
= n(@)e(—u) + (1 —n(x))e(u)
= fip(ay ().

Since ¢ is strictly convex and differentiable, so is h, for every n € [0,1]. Therefore,
inf,cr h,(u) exists, and is achieved by a unique u*; in particular,

[ (x) = argmin Ay (u).

u€eR

To find the v* minimizing h,, we differentiate h,, w.r.t. u and set the derivative to zero. Since

hy(u) = =0’ (—u) + (1 = n)¢'(u),

the point of minimum «* is the solution to the equation

w) _ n
¢'(-u) 1-mn
Suppose 1 > 1/2; then
Pl
- .
' (—u)

Since ¢ is strictly convex, its derivative ¢’ is strictly increasing. Hence, u* > —u* which
implies that u* > 0. Conversely, if u* < 0, then v* < —u*, so ¢'(u*) < ¢'(—u*), which means
that n/(1 —n) <1, i.e, n < 1/2. Thus, we conclude that f*(z), which is the minimizer of
Pz, is positive if and only if n(z) > 1/2, i.e., sgn(f*(x)) is the Bayes classifier. O

Secondly, under some additional regularity conditions it is possible to relate the minimum
surrogate loss

A7 = iI}fASO<f)
to the Bayes rate
L* = i:gclfP(Y # sgn f(X)),

where in both expressions the infimum is over all measurable functions f : X — R:
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THEOREM 8.10. Assume that the penalty function ¢ satisfies the usual conditions of our
basic surrogate bound, and that there exist positive constants s > 1 and c, such that the
inequality

1/s

(8.56) L(f) = L* < ¢ (A (f) — A3)

holds for any measurable function f : X — R. Consider the learning algorithm that minimizes
empirical surrogate risk over some class F:

~ . 1
(8.57) fn = argmin A, ,(f) = argmin = " o(=Y; f(X,)).
feF feg n —1
Then
(8.58)

1/s 1/s
R log(1/0
L(fo) — L' < 2V% <4M¢ERn(5f(X")) + B Ogén/ )> +c (}relgfhp(f) - AZ)

with probability at least 1 — 6.

Proor. We have the following:

~ ~ 1/s
(59 L) - L <c(Auf) - A7)
. ‘ ‘ . 1/s
(5.60) = (Al = LA + A7) - 43 )
N 1/s 1/s
(3.61) <c(Ah) - madn) e (A - )
1/s 1/s
(5.62) <2 (sup A1)~ 4NN +e (E 4,0 - 4 )
feF fETF
1/s
< 2ls¢ <4M@ERH(CF(X")) +B W)
1/s
(8.63) +c <}2£A<P(f) - A:;) wp. >1-—9,
where:

e (8.59) follows from (8.56);

e (8.61) follows from the inequality (a + b)'/* < a'/* + b'/* that holds for all a,b > 0
and all s > 1

e (8.62) and (8.63) follow from the same argument as the one used in the proof of the
basic surrogate bound.

This completes the proof. 0
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REMARK 8.4. Condition (8.56) is often easy to check. For instance, Zhang [Zha04]
proved that it is satisfied, provided the inequality

< (20)" (1= inf hy ()

holds for all n € [0, 1]. For instance, (8.64) holds for the exponential loss ¢(u) = e* and the
logit loss @(u) = logy(1 + e*) with s = 2 and ¢ = 2v/2; for the hinge loss ¢(u) = (u + 1),
(8.64) holds with s =1 and ¢ = 4.

(8.64)

1
2 /)7

What Theorem 8.10 says is that, assuming the expected Rademacher average ER,, (F(X")) =
O(1/+/n), the difference between the generalization error of the Convex Risk Minimization
algorithm (8.57) and the Bayes rate L* is, with high probability, bounded by the combination
of two terms: the O(n~'/2%) “estimation error” term and the (inf jey A, (f) — A%)Y* “approx-
imation error” term. If the hypothesis space J is rich enough, so that infscq A,(f) = A,

then the difference between L(f,) and L* is, with high probability, bounded as O(1/n=2¢),
independently of the dimension d of the feature space.
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CHAPTER 9

Regression with quadratic loss

Regression with quadratic loss is another basic problem studied in statistical learning
theory. We have a random couple Z = (X,Y), where, X is an R?-valued feature vector (or
input vector) and Y is the real-valued response (or output). We assume that the unknown
joint distribution P = Pz = Pxy of (X,Y) belongs to some class P of probability distribu-
tions over R? x R. The learning problem, then, is to produce a predictor of Y given X on
the basis of an i.i.d. training sample Z" = (Z1,...,2Z,) = (X1, Y1),...,(X,, Y,)) from P.
A predictor is just a (measurable) function f : R? — R, and we evaluate its performance by
the expected quadratic loss

L(f) = E[(Y - f(X))?].
As we have seen before, the smallest expected loss is achieved by the regression function
f*(z) = E[Y|X = z], ie.,

L =inf L(f) = L(J") = E[(Y — E[Y]X])?].

Moreover, for any other f we have
L(f) = L* + |If = [*Z2(py)s
where

I = Fae = [ 17(@) = P @) Prlo)

An observation we have made many times by now is that when the joint distribution of
the input-output pair (X,Y) € X x R is unknown, there is no hope in general to learn the
optimal predictor f* from a finite training sample. So, as before, instead we aim to find a
good approximation to the best predictor in someAclass F of functions f : R? — R, i.e., to
use the training data Z" to construct a predictor f,, € &, such that

L(fa) % L*(3) = inf L(f)

with high probability. Restricting our attention to some hypothesis space F, which is a
proper subset of the class of all measurable functions f : X — R, is a form of insurance: If
we do not do this, then we can find some function f that attains zero empirical risk (if no
two samples have same X but different Y’s) , yet performs spectacularly badly on the inputs
outside the training set. When this happens, we say that our learned predictor overfits. If
JF consists of well-behaved functions, then it is possible to learn a predictor that achieves a
graceful balance between in-sample data fit and out-of-sample generalization. The price we
pay is the approrimation error

L(F)~ L =l ()~ inf_L(f) > 0.
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In the regression setting with mean square error, the approximation error is given by:
L*(F) = L* =inf ||f — f*]]7
() = L = inf lIf = I

where f*(x) = E[Y|X = z] is the regression function (the MMSE predictor of Y given X).

We will assume that the marginal distribution Px of the feature vector is supported
on a closed subset X C R? and that the joint distribution P of (X,Y) is such that, with
probability one,

(9.1) Y| <M

for some constant 0 < M < co. Thus we can assume that the training samples belong to the
set Z =X x [-M, M]. We also assume that the class JF is a subset of a suitable reproducing
kernel Hilbert space (RKHS) Hy induced by some Mercer kernel K : X x X — R, such that
Ck, defined by

(9.2) Ck :=sup v/ K(z, 1),

zeX

is finite. By Lemma 4.1, for any f € Hg, || fllo = sup,ex |f(2)| < Ck| fll x-

9.1. Constraint regularized least squares in RKHS

First, we will look at the simplest case: ERM over a ball in Hg. Thus, we pick the radius
A > 0 and take

F=F={feHk:|fllx <A}.

We have introduced the inequality constraint || f||x < A because in many cases, only assuming
f € Hg is not a strong enough regularization assumption. The ERM algorithm outputs the
predictor

f, = argmin L.(f) = argminl Z(Y; — f(X0))?,

feFs feFy N i—1

where L, (f) denotes, as usual, the empirical risk (in this case, empirical average quadratic
loss) of f.

THEOREM 9.1. With probability at least 1 — 9, the ERM algorithm output f satisfies:

16(M + C\)? s o [8log(1)0)
NG + (M2 + N —2 L

PROOF. First let us introduce some notation. Let us denote the quadratic loss function
(y,u) = (y — u)? by £(y,u), and for any f: R? — R let

Co f(z,y) =Ly, f(x) = (y— f(z))

Let ¢ @ F, denote the function class {¢ e f : f € Fy}.
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Let f} denote any minimizer of L(f) over Fy, i.e., L(fy) = L*(F)). As usual, we write

)
L(fa) = L*(F)) = ( n) = L*(3)
Lin(

Fo) + La(fa) = L) + La(f5) — L(f3)
< 2;&3 ILn(f) — L(f)]

=2sup |P,(lef)— P(lef)

fETFA

where we have defined the uniform deviation

A,(leF,):=sup |P,(le f)—P(lef).

fETA
Note that (9.4) can also be viewed as a consequence of the double version of the mismatched
minimization lemma, Lemma 5.1. Next we show that, as a function of the training sample

zZ", g(Z”) =A,(le 3",\) has bounded differences. Indeed, for any 1 < i < n, any 2" € Z",
and any z, € Z, let z(; denote z" with the ith coordinate replaced by z.. Then

(") — g(=)] < = sup | — F(0)? — (5l — f(2))

T feFy

1
—sup sup sup |y — f(z)[’
N zeX |y|<M feF

a) 9
<2 (a7 sup 112

FETA

IN

—

where (a) holds by the fact (a + b)? < 2a* 4 2b* for a,b € R, and (b) holds by Lemma 4.1.
Thus, A, (¢eF)) has the bounded difference property with ¢; = ... = ¢, = 2(M?*+C%\?)/n,
so McDiarmid’s inequality says that, for any ¢ > 0,

nt?
> < —
P(An(¢e33) 2 BAL(fo ) +t) <o ( 2007 + C%A2)2> |

Therefore, letting

9

21og(1
t = (M2 + C’%{)\Q) —ogé /9)
we see that

(9.5) An(l e F\) <EA, (L0 F)) + (M? + CEN?) 21og(1/9)

n

with probability at least 1 — . Moreover, by symmetrization (i.e. Theorem 6.1), we have
(9.6) EA,(C e F)) < 2ER,({ ¢ F\(Z")),
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where

n
sup E
Fei iz

Ro(f e FA(Z7)) = “E.n

is the Rademacher average of the (random) set
CoTA(Z") = {(Co f(Z0),... Lo f(Z): f € Fo}
= ({0~ FX)D), . (Va = (X)) f € ).
To bound the Rademacher average, we will use the contraction principle. To that end,

consider the function p(t) = t2. For A > 0, |¢'(t)] < 2A on the interval [—A, A], so ¢ is
Lipschitz continuous on [—A, A] with Lipschitz constant 24, i.e.,

|s* — t?] < 2A]s —t], ~A<s,t< A

The fact |Y;| < M and |f(X;)| < CgA implies |Y; — f(X;)| < M + CgA for all 1 <i <n, so
taking A = M 4 Ck A and using the contraction principle yields:

4(M
(9.7 Rotegy(z) < N gy 1S (- 1(x) ]
feax iz
Moreover
n (a) n n
E. |sup |Y & (Yi— f(X0)|| < Ben |>_&Vi|+Een [sup > i f(X))
feaN |5 i—1 SR\
(b) -
<\ DoV R (FAX)
i=1
(c)
(9.8) < (M + CrA)vn,

where (a) holds by the triangle inequality, (b) holds Jensen’s inequality and the definition
of Rademacher average, and (c) holds by the assumption |Y| < M and the bound on the
Rademacher average for the projection of a ball in an RKHS onto a set of n samples, given
in Proposition 8.1.

Combining (9.5) through (9.8), we conclude that

8(1M + CKA)Q 2 212 210g(1/§)
9.9 A,(leTF)) < —————+ (M* 4+ Cp\°)\ | ————
( ) ( o A) = \/ﬁ +( + Ok ) n
with probability at least 1 — ¢. Finally, combining this with (9.4), we get (9.3). O

9.2. Penalty regularized least squares in an RKHS

The use of the constraint || f||sc, < A in the previous section is a form of regularization —
a way of guaranteeing that the learned predictor performs well outside the training sample.
This section illustrates a closely related method: penalty regularization. The idea is to use
an additive penalty term with some parameter v in the cost function instead of the hard
constraint. To illustrate the method we derive a variation of Theorem 9.1. The learning
problem is denoted by (X = R%Y = [-M, M],P,F = Hg, l(y,u) = (y — u)?) such that P is
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a set of probability measures for random variables in R? x R. We again consider predictors
f € Hx where Hy is the RKHS generated by some Mercer kernel K. Given training data
7" = ((X1,Y1),...,(Xn, Ys)) consisting of n independent labeled samples with distribution
P, a learning algorithm produces a predictor f € H. We use the following definitions.

e Generalization risk for predictor f: L(f) = E[(Y — f(X))?]

e Empirical risk for predictor f: L,(f) = = >0 (V; — f(X;))?

e Generalization regularized risk for predictor f: J,(f) = L(f) + 7|l f%

e Empirical regularized risk for predictor f: J,,(f) = L.(f) + 7| f1I%

e Minimum risk for unconstrained predictors: L* = E[(Y — E[Y|X])?]

e Minimum regularized risk for class of predictors Hy: J¥(Hg) = inf rese, Jo(f)

e Increase in minimum risk due to regularization term: A(y) = Jr(Hg) — L*
e Regularized ERM predictor: f,, = argminges J,, (f).
THEOREM 9.2. Consider the regression problem with quadratic loss, (X = R%Y =

[—M, M], P, F = Hg, Ly, u) = (y — u)?), where Hy is the RKHS generated by some Mercer
kernel K with Cx < oco. For any 6 € (0,1), with probability at least 1 — 6,

- 16M2 (1 + S 2 )
(910)  L(fus) = L* < A(y) + <ﬁ #) Ve (H%) Slostifo)

PROOF. The infimum defining J3(Hx) can be restricted to f € Iy, where A = %, be-

cause if || f||x > A, then the identically zero predictor has a smaller regularized risk: .J,(f) >
YWfI% > M? > J,(0). For the same reason, the infimum defining the minimum regularized

empirical risk, .J, ,(f), can also be restricted to Fy. In particular, f, , = arg minses, J,(f).

By the double version of the mismatched minimization lemma, Lemma 5.1, J,(f,,) <
J:(J{K)+2A>\,%H(Z") where Ay, (Z7) £ SUD fegy | (f)—J5(f)|. However, both J,(f) and
Jn~(f) include the additive term || f||%, so that Ay, . (Z2") = A, ((eF)), where A, ((eF)) =
SUP req, |Ln(f) — L(f)|, as used in the proof of Theorem 9.1. The proof of Theorem 9.1
establishes that with probability at least 1 — ¢,

16(M + Cg\)?
NLD
Combining these observations with the trivial inequality L(ﬁﬁ) < Jv(ﬁﬁ), yields that with

probability at least 1 — 6,

8log(1/6)

20, (L0 Fy) < + (M? + C2)?) —

2
16(M + Ck ) LM+ 20 810g(1/5).

Vi "
Subtracting L* from each side of (9.11) and making the substitution A\? = MTQ yields (9.10).
U

REMARK 9.1. The value of A used for the purpose of the proof of Theorem 9.2 satisfies
A2y = M?2. If, instead, \ is given first, then the first part of the proof of Theorem 9.2 shows
that if v is such that \>y > M? then the solution of the reqularized ERM problem in this
section meets the constraint of Section 9.1. Typically, however, smaller values of v would
give solutions such that the constraint of Section 9.1 is satisfied with near equality.

(9.11) L(fun) < J2(Hg) +
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Part 3

Some Applications



CHAPTER 10

Empirical vector quantization

Now that we have safely made our way through the combinatorial forests of Vapnik—
Chervonenkis classes, we will look at an interesting application of the VC theory to a problem
in communications engineering: empirical design of vector quantizers. Vector quantization
is a technique for lossy data compression (or source coding), so we will first review, at a
very brisk pace, the basics of source coding, and then get to business. The presentation will
closely follow an excellent survey by Tamés Linder [Lin01].

10.1. A brief introduction to source coding

It’s trite but true: we live in a digital world. We store, exchange, and manipulate
vast quantities of binary data. While a lot of the data are inherently discrete (e.g., text),
most are compressed representations of continuous-valued (analog) sources, such as audio,
speech, images, or video. The process of mapping source data from their “native” format to
binary representations and back is known in the information theory and the communications
engineering communities as source coding.

There are two types of source coding: lossless and lossy. The former pertains to con-
structing compact binary representations of discrete data, such as text, and the objective is
to map any sequence of symbols emitted by the source of interest into a binary file which
is as short as possible and which will permit ezact (i.e., error-free) reconstruction (decom-
pression) of the data. The latter, on the other hand, deals with continuous-valued sources
(such as images), and the objective is to map any source realization to a compact binary
representation that would, upon decompression, differ from the original source as little as
possible.  We will focus on lossy source coding. Needless to say, we will only be able to
give a very superficial overview of this rich subject. A survey article by Gray and Neuhoff
[GN98] does a wonderful job of tracing both the historical development and the state of the
art in lossy source coding; for an encyclopedic treatment, see the book by Gersho and Gray
[GG92].

One of the simpler models of an analog source is a stationary stochastic process 2, Zs, . ..
with values in R%. For example, if d is a perfect square, then each Z; could represent a v/dx+v/d
image patch. The compression process consists of two stages. First, each Z; is mapped to
a binary string b;. Thus, the entire data stream {Z,;}3°, is represented by the sequence of
binary strings {b;}:2,. The source data are reconstructed by mapping each b; into a vector
Z- € R?. Since each Z; takes on a continuum of values, the mapping Z; — b; is inherently
many-to-one, i.e., noninvertible. This is the reason why this process is called lossy source
coding — in going from the analog data {Z;} to the digital representation {b;} and then to
the reconstruction Z-, we lose information needed to recover each Z; exactly. The overall
mapping Z; — b; — Z is called a wvector quantizer, where the term “vector” refers to the
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vector-valued nature of the source {Z;}, while the term “quantizer” indicates the process of
representing a continuum by a discrete set. We assume that the mappings comprising the
quantizer are time-invariant, i.e., do not depend on the time index 7 € N.

There are two figures of merit for a given quantizer: the compactness of the binary
representation Z; — b; and the accuracy of the reconstruction b; — Z The former is given
by the rate of the quantizer, i.e., the expected length of b; in bits. Since the source {Z;} is
assumed to be stationary and the quantizer is assumed to be time-invariant, we have

Ellen(b;)] = E[len(by)], Vi e N,

where, for a binary string b, len(b) denotes its length in bits. If the length of b; = b;(Z;)
depends on Z;, then we say that the quantizer is wvariable-rate; Q\therwise, we say that the
quantizer is fized-rate. The latter is how well the reconstruction Z; approximates the source
Z; on average. In order to measure that, we pick a nonnegative distortion measure d :
R? x R? — [0, 00), so that d(z,%) > 0 quantifies how well one vector z € R is approximated
by another 2 € R%. Then we look at the expected value E[d(Z;, Z;)], which is the same for
all 4, again owing to the stationarity of {Z;} and the time invariance of the quantizer. A
typical distortion measure is the squared Euclidean norm

d
d(z,2) = |z = 2| = Z 2(7) = 2()I*,

where z(j) denotes the jth coordinate of z. We will focus only on this distortion measure
from now on.

Now, using the fact that the rate and the expected distortion of a quantizer do not
depend on the time index i, we can just consider the problem of quantizing a single R
valued random variable Z with the same distribution as that of Z;. From now on, we will
refer to such a Z as the source. Thus, the raterf a given quantizer Z — b +— Z is given
by El[len(b)] and the expected distortion E||Z — Z||?. Naturally, one would like to keep both
of these as low as possible: low rate means that it will take less memory space to store
the compressed data and that it will be possible to transmit the compressed data over low-
capacity digital channels; low expected distortion means that the reconstructed source will
be a very accurate approximation of the true source. However, these two quantities are in
conflict: if we make the rate too low, we will be certain to incur a lot of loss in reconstructing
the data; if we insist on very accurate reconstruction, the binary representation must use a
large number of bits. For this reason, the natural question is as follows: what is the smallest
distortion achievable on a given source by any quantizer with a given rate?

10.2. Fixed-rate vector quantization
Let Z = R,

DEFINITION 10.1. Let k € N. A (d-dimensional) k-point vector quantizer is a (measur-
able) mapping q : Z — C = {y1,...,yx} C Z, where the set C is called the codebook and its
elements are called the codevectors.

The source is a random vector Z € R? with some probability distribution P,. A given
k-point quantizer ¢ represents Z by the quantized output Z = ¢(Z). Since ¢(Z) can take
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only k possible values, it is possible to represent it uniquely by a binary string of [log, k]|
bits. The number
R(q) := [log, k]

is called the rate of ¢ (in bits), where we follow standard practice and ignore the integer
constraint on the length of the binary representation. The rate is often normalized by the
dimension d to give r(q) = d"'R(q) (measured in bits per coordinate); however, since we
assume d fixed, there is no need to worry about the normalization. The fidelity of ¢ in
representing Z ~ Py is measured by the expected distortion

D(Pz.q) =E|Z —q(2)|I" = /Rd Iz = a(2)|I* Pz (dz).

We assume throughout that Z has finite second moment, E||Z]||? < oo, so D(Pyz,q) < oo.

The main objective in vector quantization is to minimize the expected distortion subject
to a constraint on the rate (or, equivalently, on the codebook size). Thus, if we denote by
Q. the set of all k-point vector quantizers, then the optimal performance on a given source
distribution Py is defined by

(10.1) D;(Py) := inf D(Py,q) = inf E||Z — q(2)|>
q€9Qy q€9Qy

DEFINITION 10.2. We say that a quantizer ¢* € Qy is optimal for Py if
D(Pz,q") = Dy(Pz).

As we will soon see, it turns out that an optimal quantizer always exists — in other
words, the infimum in (10.1) is actually a minimum — and it can always be chosen to have
a particularly useful structural property:

DEFINITION 10.3. A quantizer ¢ € Qi with codebook C = {y1,...,yx} is called nearest-
neighbor if, for all z € Z,
2 o2
I = min = —y;ll"

Iz = q(2)

Let QXN denote the set of all k-point nearest-neighbor quantizers. We have the following
simple but important result:

LEMMA 10.1. For any q € Q;, we can always find some ¢ € QYN, such that D(Pyz,q') <
D(Pz, q)

PROOF. Given a quantizer ¢ € Q; with codebook € = {yi,...,yx}, define ¢’ by
¢'(2) == argmin ||z — y;|*,
y; €C
where ties are broken by going with the lowest index. Then ¢ is clearly a nearest-neighbor
quantizer, and

D(Pz.qd) =E|Z - ¢(Z)|

_ : a2
=B iy, 12 - ]
<B|Z—q(2)|
ED(PZaq)
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The lemma is proved. [l

In light of this lemma, we can rewrite (10.1) as

10.2 Di(Py) = inf E|Z —q(2)|* = inf E Z —y;l?
102 DR = int EIZ a2 = _ ot B min 1725l

An important result due to Pollard [Pol82], which we state here without proof, then says
the following:

THEOREM 10.1. If Z has a finite second moment, E||Z||* < oo, then there exists a
nearest-neighbor quantizer ¢* € QNN such that D(Pyz,q*) = Dj(Pz).

10.3. Learning an optimal quantizer

Unfortunately, finding an optimal ¢* is a very difficult problem. Indeed, the optimization
problem in (10.2) has a combinatorial search component to it, since we have to optimize over
all k-point sets € in R?. Moreover, the source distribution Pz is often not known exactly,
especially for very complex sources, such as natural images. For these reasons, we have to
resort to empirical methods for quantizer design, which rely on the availability of a large
number of independent samples from the source distribution of interest.

Assuming that such samples are easily available, we can formulate the empirical quantizer
design problem as follows. Let us fix the desired codebook size k. For each n € N, let
Z" = (Zy,...,Zy,) be an i.i.d. sample from P;. We seek an algorithm that would take Z"
and produce a quantizer ¢, € Q, that would approximate, as closely as possible, an optimal
quantizer ¢* € Qy that achieves D} (Pz). In other words, we hope to learn an (approximately)
optimal quantizer for P, based on a sufficiently long training sample.

The first thing to note is that the theory of quantization outlined in the preceding section
applies to the empirical distribution of the training sample 2",

1 n
1y
n <
=1
In particular, given a quantizer ¢ € Q;, we can compute its expected distortion
D(Py,q) = Ep,|Z — q(2)|* = Z 1Z; — q(Z)]*.
Moreover, the minimum achievable distortion is given by

Di(P, mm—ZHZ—q IIP = min |12~ a(Z)]P

g€ N

Note that we have replaced the infimum with the minimum, since an optimal quantizer
always exists and can be assumed to have the nearest-neighbor property. Moreover, since
P, is a discrete distribution, the existence of an optimal nearest-neighbor quantizer can be
proved directly, without recourse to Pollard’s theorem. Thus, we can restrict our attention
to nearest-neighbor k-point quantizers.
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DEFINITION 10.4. We say that a quantizer g, € QYN is empirically optimal for Z" if

- . ) o1
D(PnaQn) = Dk<Pn> = 1mn D(PmQ) = nn _ZHZZ'_Q(ZZ'MQ'

qeQN qgeQNN 1L —

Note that, by the nearest-neighbor property,

1 n
D (P,) = min — min || Z; — ;||
e(Fn) C={y1,-yk}CZ N S 1<j<k | il
Thus, let g, € QYN be an empirically optimal nearest-neighbor quantizer. Let Z ~ Py
be a new source realization, independent of the training data Z". If we apply ¢, to Z, the
resulting quantized output Z = g,(Z) will depend on both the input Z and on the training
data Z". Moreover, the expected distortion of ¢,, given by

2] = [ e = a2 Pata),

is a random variable, since it depends (through @,) on the training data Z". In the next
section we will show that, under certain assumptions on the source Py, the empirically
optimal quantizer g, is nearly optimal on P, as well, in the sense that

~ C
10.3 E[DP,H—D*P}<—,
(10.3) (Pz, fn) = Di(Pz)| < 7
where the expectation is w.r.t. the distribution Z" and C' > 0 is some constant that depends
on d, k, and a certain characteristic of P;. More generally, it is possible to show that

empirically optimal quantizers are strongly consistent in the sense that
D(Pz,,) — D;(Pz) =20 almost surely

provided the source Py has a finite second moment (see Linder’s survey [Lin01] for details).

D(Py,G) = E||Z = 3.(2)*

REMARK 10.1. It should be pointed out that the problem of finding an exzact minimizer of
D(P,,q) over ¢ € QYN is NP-complete. Instead, various approximation techniques are used.
The most popular one is the Lloyd algorithm, known in the computer science community
as the method of k-means. There, one starts with an initial codebook C© = {y%o), e ,y,(co)}
and then iteratively recomputes the quantizer partition and the new codevectors until con-

vergernce.

10.4. Finite sample bound for empirically optimal quantizers

In this section, we will show how the VC theory can be used to establish (10.3) for any
source supported on a ball of finite radius. This result was proved by Linder, Lugosi and
Zeger [LLZ94], and since then refined and extended by multiple authors. Some recent works
even remove the requirement that Z be finite-dimensional and consider more general coding

schemes in Hilbert spaces [MP10].
For a given r > 0 and z € R?, let B,(z) denote the £, ball of radius r centered at 2:

B(z):={yeR:|ly—z| <r}.
Let P(r) denote the set of all probability distributions Pz on Z = R?, such that
Pz (B.(0)) = 1.
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Here is the main result we will prove in this section:
THEOREM 10.2. There exists some absolute constant C' > 0, such that

sup E[D(Pz,G,) — Di(Pz)] < OTQ\/k:(M Dlog(k(d + 1))

PzeP(r) n

Here, as before, q, denotes an empirically optimal quantizer based on an i.i.d. sample Z™.
Before launching into the proof, we state and prove a useful lemma:

LEMMA 10.2. Let QNN(r) denote the set of all nearest-neighbor k-point quantizers whose
codewords lie in B,(0). Then for any Pz € P(r),

qeQfN(r)

PROOF. Fix Py and let ¢* € QYN denote an optimal quantizer, i.e., D(Pz, ¢*) = D;(Pz).
Then, using our old trick of adding and subtracting the right empirical quantities, we can
write

D(PZaan) _DZ<PZ> = D(PZaan) _D(sz]\n) +D(Pnaz]\n) _D<Pn7q*> +D(Pn7q*) —D(Pz,q*)

Since @, minimizes the empirical distortion D(P,,q) over all ¢ € QYN we have D(P,,q,) <
D(P,,q"), which leads to

(104) D(PZaan) _DZ(PZ) S D(PZaan) - D(Pman) +D<pn>q*) —D(PZ,C]*)

Now, since B,(0) is a convex set, for any point y ¢ B,.(0) we can compute its projection i’
onto B,(0), namely v = ry/||y||. Then ¢’ is strictly closer to all z € B,(0) than y, i.e.,

lz=y Il <llz=yll,  Vze€ B(0).

Thus, if we take an arbitrary quantizer ¢ € Qi and replace all of its codevectors outside B,.(0)
by their projections, we will obtain another quantizer ¢’, such that ||z — ¢'(2)|| < ||z — q(2)]|
for all z € B,.(0). (The < sign is due to the fact that some of the codevectors of ¢ may
already be in B,.(0), so the projection will not affect them). But then for any P, € P(r) we
will have D(Pz,q') < D(Pz,q). Moreover, if Z™ is an i.i.d. sample from P, and P, is the
corresponding empirical distribution, then P, € P(r) with probability one. Hence, we can
assume that both g, and ¢* have all their codevectors in B,.(0), and therefore from (10.4) we
obtain
D(P2,32) = DilP2) < D(P2.) = D(Pa) + D(Pay ') = D(P2. )
< |[D(Pn,qn) — D(Pz,q0)| + |D(Pz,q") — D(P. q")]
§2 sup |D(Pn7Q)_D(PZaQ)|

q€QNN(r)
This finishes the proof. U
Now we can get down to business:

Proor (OoF THEOREM 10.2). For a given quantizer ¢ € QNN(r), define the function
k

fo(2) =z — a(2)|,
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which is just the squared Euclidean distortion between z and ¢(z). In particular, for any
P € P(r) the expected distortion D(P,q) is equal to P(f,). Since ¢ € QYN(r), we have
lg(2)|| < r for all z. Therefore, for any z € B,.(0) we will have

0 < fy(2) < 2[l2]* + 2]lg(2)|I* < 4r*.

Therefore, using the fact that the expectation of any nonnegative random variable U can be
written as

EU :/ P(U > u)du,
0

we can write

D(Pz,q) = Pa(f,) = / " Py(f,(Z) > u)du

and
4r2 4r2 n
1
D(P,,q) = P.(f,) :/ P.(f,(Z) > u)du :/ 521{&@.)%}@ a.s.
0 0 i=1
Therefore
sup [D(P,,q) — D(Pz,q)]
qeQiN(r)
= sup [Py(q) — Pz(q)l
q€QN(r)
4r2 1 n
—  sup / =~ _Vgzosu = Pofo(2) > u) | du
q€QNN(r) [Jo n- =
1 n
(10.5) <4r? sup sup |— Z L,z — Pr(fo(Z) > u) a.s.
g€QNN (r) 0<u<dr? | TV 57

where the last step uses the fact that

/ h(u)du < |b—a| sup |h(u)].

a<u<b

Now, for a given ¢ € QNN(r) and a given u > 0 let us define the set
Ay = {z eRY: f,(2) > u},

and let A denote the class of all such sets: A := {A,, : v > 0,q € Q¥N(r)}. Then
1¢5.¢)>uy = 1gzean,), so from (10.5) we can write

(10.6) sup  |D(Py, q) — D(Pyz,q)| < 4r® sup |P,(A) — Pz (A)].

q€QNN(r) AeA
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Therefore,

E[D(Pz,q.) — Di(Pz)] < 2E | sup  |D(Py,q) — D(Pz,q)|

q€QRN(r)

< &°E [sup |P.(A) — Pz(A)‘] )
A€eA

where the first step follows from Lemma 10.2 and the second step follows from (10.6). To
finish the proof, we will show that A is a VC class with V(A) < 4k(d + 1) log(k(d + 1)), so

that
E [sup |P,(A) — PZ(A)‘} (%) C /@ < 20\/k(d+ 1)lo§(k(d+ 1))7

AcA

where (a) follows from Theorem 6.1 (based on symmetrization trick) and Theorem 7.2 (Dud-
ley’s theorem using chaining technique). In order to bound the VC dimension of A, let us
consider a typical set A, ,. Let {y1,...,yr} denote the codevectors of g. Since ¢ is a nearest-
neighbor quantizer, a point z will be in 4, , if and only if

fo(z) = min ||z = y;]* > v,

1<5<k
which is equivalent to
lz =y, > Vu, V1<j<k.

In other words, we can write
k
Au,q = m B\/a(y])c
j=1

Since this can be done for every u > 0 and every ¢ € QNN(r), we conclude that the class A
is contained in another class A, defined by

k
A= {ﬂB;. . B; € 1%,\7;‘},
j=1

where B denotes the class of all closed balls in R?. Therefore, V(A) < V(A). To bound
V(A), we must examine its shatter coefficients. We will need the following facts':

(1) For any class of sets M, let M denote the class {M¢: M € M} formed by taking
the complements of all sets in M. Then for any n

S, (M) = S,(M).

(2) For any class of sets N, let Ny, denote the class {N N NoN...N N, : N; € N,1 <
J < k}, formed by taking intersections of all possible choices of k sets from N. Then

IExercise: prove them!
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In the above notation, A = (B)j, so
Su(A) < SE(B).

where B is the class of all closed balls in R?. Section 7.2.5, based on Dudley classses of
binary classifiers, shows that V(B) = d + 1, and so the Sauer-Shelah lemma gives

B ne \ K@D
. < > .
(10.7) Sn(fl)_<d+1) : forn>d+1
We can now upper-bound V(ﬁ) by finding an n for which the right-hand side of (10.7) is
less than 2". It is easy to check that, for d > 2, n = 4k(d + 1) log(k(d + 1)) does the job; for

d =1 it’s clear that V(A) < 2k. Thus,

V(A) <V(A) <4k(d+ 1)log(k(d+ 1)),
as claimed. The proof is finished. 0
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CHAPTER 11

Dimensionality reduction in Hilbert spaces

Dimensionality reduction is a generic name for any procedure that takes a complicated
object living in a high-dimensional (or possibly even infinite-dimensional) space and approx-
imates it in some sense by a finite-dimensional vector. We are interested in a particular
class of dimensionality reduction methods. Consider a data source that generates vectors in
some Hilbert space H, which is either infinite-dimensional or has a finite but extremely large
dimension (think R? with the usual Euclidean norm, where d is huge). We will assume that
the vectors of interest lie in the unit ball of

AMHy:{xe%:Wﬂglk

where ||z]| = \/(z,z) is the norm on H. We wish to represent each x € B(H) by a vector
7 € R* for some fixed k (if H is d-dimensional, then of course we must have d > k). For
instance, £ may represent some storage limitation, such as a device that can store no more
than k real numbers (or, more realistically, & double-precision floating-point numbers, which
for all practical purposes can be thought of as real numbers). The mapping = +— ¥ can be
thought of as an encoding rule. In addition, given § € R¥, we need a decoding rule that
takes 7 and outputs a vector € H that will serve as an approximation of x. In general, the
cascade of mappings

encoding ~ decoding\ ~
T

will be lossy, i.e., z # Z. So, the goal is to ensure that the squared norm error ||z — Z||* is
as small as possible. In this lecture, we will see how Rademacher complexity techniques can
be used to characterize the performance of a particular fairly broad class of dimensionality
reduction schemes in Hilbert spaces. Our exposition here is based on a beautiful recent paper
of Maurer and Pontil [MP10].

We will consider a particular type of dimensionality reduction schemes, where the encoder
is a (nonlinear) projection, whereas the decoder is a linear operator from R* into H (the
Appendix contains some basic facts pertaining to linear operators between Hilbert spaces).
To specify such a scheme, we fix a pair (Y,T') consisting of a closed set Y C R* and a linear
operator T': R¥ — . We call Y the codebook and use the encoding rule

(11.1) y = argmin ||z — Tyl
yeY

Unless Y is a closed subspace of R¥, this encoding map will be nonlinear. The decoding, on
the other hand, is linear: T = Ty. With these definitions, the reconstruction error is given
by

lz = Z|* = fr(z) := min |z — Ty|]>.
yeY
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Now suppose that the input to our dimensionality reduction scheme is a random wvector
X € B(H) with some unknown distribution P. Then we measure the performance of the
coding scheme (Y, T) by its expected reconstruction error

L(T) i= Bpl ()] = B [mig 1 X - Tyl

(note that, even though the reconstruction error depends on the codebook Y, we do not
explicitly indicate this dependence, since the choice of Y will be fixed by a particular appli-
cation). Now let T be some fixed class of admissible linear decoding maps T : R¥ — . So,

if we knew P, we could find the best decoder T € T that achieves
L*(7) := %Iéqu(T)
(assuming, of course, that the infimum exists and is achieved by at least one 7" € 7).

By now, you know the drill: We don’t know P, but we have access to a large set of
samples X1, ..., X, drawn i.i.d. from P. So we attempt to learn 7" via ERM:

~ 1 <&
T, := arg min — ZfT(Xl)
i=1

TeT N
R 2
= argerrjun - ; min I|X: — Ty||=
Our goal is to establish the following result:

THEOREM 11.1. Assume that Y is a closed subset of the wunit ball By =
{y € R*: |lyll> < 1}, and that every T € T satisfies
ITejl <a, 1<j<k

[T[ly :== sup [[Ty| <a
YyEY, y#0

for some finite o > 1, where eq, . .., ey, is the standard basis of R¥. Then

(11.2) L(T,) < L°(T) + 60;:—,k2 + WW

with probability at lest 1 — §. In the special case when Y = {eq,...,ex}, the standard basis
in R*, the event

(11.3) L(T,) < L*(T) + 4(1;)%2]{ + 40/ = 10%21/5)

holds with probability at least 1 — 4.

REMARK 11.1. The above result is slightly weaker than the one from [MP10]; as a
consequence, the constants in Egs. (11.2) and (11.3) are slightly worse than they could
otherwise be.

11.1. Examples

Before we get down to business and prove the theorem, let’s look at a few examples.
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11.1.1. Principal component analysis (PCA). The objective of PCA is, given k,
construct a projection II onto a k-dimensional closed subspace of H to maximize the average
“energy content” of the projected vector:

maximize E||TLX||?
(11.4) subject to dimII(H) =k
I =11

For any = € K,
(11.5) Lz ||* = [|||* = (1 — D)z,
where [ is the identity operator on H. To prove (11.5), expand the right-hand side:

][ = [|(1 = M||* = [J2* — ||l — z||?

— 2(a, Ilz) — [Tla?

= ||z |?,
where the last step is by the properties of projections. Thus,
Tz ||* = [|* — ||z — Mz |®
(11.6) — Jlo* — min & — o'|12
z’'eX

where X is the range of IT (the closure of the linear span of all vectors of the form Iz, x € H).
Moreover, any projection operator II : H — K with dim(H) = k can be factored as TT™,
where T : R¥ — H is an isometry (see Appendix for definitions and the proof of this fact).
Using this fact, we can write

K=IH)={Ty:ycR}.
Using this in (11.6), we get

[Tz ||? = [«]|* = min [z — Ty|)*.
yERE

Hence, solving the optimization problem (11.4) is equivalent to finding the best linear de-

coding map T for the pair (Y,T), where Y = R* and T is the collection of all isometries
T : R¥ — . Moreover, if we recall our assumption that X € B(H) with probability one,
then we see that there is no loss of generality if we take

Y =B .= {yERk: HyHaﬁl},
i.e., the unit ball in (R¥,||-||2). This follows from the fact that ||IIz|| < ||z|| for any projection
I1, so, in particular, for IT = T'T* the encoding 7 in (11.1) can be written as § = T*x, and
[9ll2 = 1Ty]] = [[TT]| = [[Hz]| < [[z]] < 1.
Thus, Theorem 11.1 applies with « = 1. That said, there are much tighter bounds for PCA
that rely on deeper structural results pertaining to finite-dimensional subspaces of Hilbert

spaces, but that is beside the point. The key idea here is that we can already get nice bounds
using the tools already at our fingertips.
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11.1.2. Vector quantization or k-means clustering. Vector quantization (or k-
means clustering) is a procedure that takes a vector x € H and maps it to its nearest
neighbor in a finite set € = {&;,...,&} C H, where k is a given positive integer:

T = argmin ||z — &||%
ee

If X is random with distribution P, then the optimal k-point quantizer is given a size-k set
C={&,...,&/ that minimizes the reconstruction error

Ep |min || X — ¢|?
o |min 1 €I

over all € C H with |€| = k. We can cast the problem of finding € in our framework by
taking Y = {ey,...,ex} (the standard basis in R¥) and letting T be the set of all linear
operators T : R¥ — . Tt is easy to see that any C C H with |€| = k can be obtained as an
image of the standard basis {ey,...,e;} under some linear operator T : R¥ — J. Indeed,
for any € = {&;,...,&}, we can just define a linear operator T': R* — H by

Tej:=¢j, 1<j<k

and then extending it to all of R* by linearity:

k k k
r (z y) N Te =3 w6
j=1 j=1 j=1

So, another way to interpret the objective of vector quantization is as follows: given a
distribution P supported on B(H), we seek a k-element set € = {&;,..., &} C H, such that
the random vector X ~ P can be well-approximated on average by linear combinations of
the form

k
Z Yi&i
j=1

where the vector of coefficients y = (y1, ..., yx) can have only one nonzero component, which
is furthermore required to be equal to 1. In fact, there is no loss of generality in assuming
that € C B(H) as well. This is a consequence of the fact that, for any z € B(H) and any
2’ € H, we can always find some z” € B(H) such that

lz = 2"|| < flz = 2']|.

Indeed, it suffices to take 2" = argmin,cpu ||2" — 2[|%, and it is not hard to show that
o =2 f||2']).

Thus, Theorem 11.1 applies with @ = 1. Moreover, the excess risk grows linearly with
dimension k, cf. Eq. (11.3). It is not known whether this linear dependence on k is optimal
— there are Q(y/k/n) lower bounds for vector quantization, but it is still an open question
whether these lower bounds are tight [MP10].
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11.1.3. Nonnegative matrix factorization. Consider approximating the random
vector X ~ P, where P is supported on the unit ball B(J), by linear combinations of
the form

k
> vk,
j=1
where the real vector y = (y1,...,yx) is constrained to lie in the nonnegative orthant
Ry ={y=(....,y) ER 1y, 20,1 <j <k},
while the unit vectors &, ..., & € B(H) are constrained by the positivity condition

(&5:&0)5 >0, 1<, 0<k.

This is a generalization of the nonnegative matriz factorization (NMF) problem, originally
posed by Lee and Seung [LS99].

To cast NMF in our framework, let Y = R’i, and let T be the set of all linear operators
T : R* — 3 such that (i) ||Te;|| = 1 for all 1 < j < k and (ii) (Te;,Te;) > 0 for all
1 < 4,0 < k. Then the choice of T is equivalent to the choice of &,...,& € B(H), as
above. Moreover, it can be shown that, for any = € B(H) and any T' € T, the minimum of
|z — Ty||* over all y € R% is achieved at some § € R% with ||g]|s < 1. Thus, there is no
loss of generality if we take Y = RX N B}, In this case, the conditions of Theorem 11.1 are
satisfied with a = 1.

11.1.4. Sparse coding. Take Y to be the ¢; unit ball

k
By = {y: (- ue) €RF clyll =Dyl < 1}’

j=1

and let T be the collection of all linear operators 7' : R¥ — H with ||Te;|] < 1 for all
1 < j < k. In this case, the dimensionality reduction problem is to approximate a random
X € B(H) by a linear combination of the form

k
Z yj§j7
j=1

where y = (y1,...,yr) € R” satisfies the constraint |y||; < 1, while the vectors &i,...,&
belong to the unit ball B(H). Then for any y = 2521 yje; € Y we have

k
Z yiTe;
j=1
k
< il Te|l
j=1

< llylly - max ||Te;|

1Tyl =

<1
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where the third line is by Holder’s inequality. Then the conditions of Theorem 11.1 are
satisfied with a = 1.

11.2. Proof of Theorem 11.1

Now we turn to the proof of Theorem 11.1. The format of the proof is the familiar one:
if we consider the empirical reconstruction error

L) = 3 f2(X)

1 n
= =) min || X; - Tyl
n i1 yeY

for every T' € T and define the uniform deviation

(11.7) Ap(X™) = STléI;|Ln(T) — L(T)],

then

A~

L(T,) < L*(T) + 2A,(X™).
Now, for any x € B(H), any y € Y, and any T € T, we have
0 < [lz = Tyl* < 2lj2|* + 2| Ty|* < 4o®.

Thus, the uniform deviation A, (X™) has bounded differences with ¢; = ... = ¢, = 4a?/n,
so by McDiarmid’s inequality,

(11.8) L(T,) < L*(T) + 2EA,(X™) + 4a” 21%(1/5),

with probability at least 1 — 9. By the usual symmetrization argument, we obtain the bound
EA,(X™) < 2ER,(F(X")), where JF is the class of functions fr for all T € T. Now, the
whole affair hinges on getting a good upper bound on the Rademacher averages R,,(F(X™)).
We will do this in several steps, and we need to introduce some additional machinery along
the way.

11.2.1. Gaussian averages. Let 7, ..., 7, beii.d. standard normal random variables.
In analogy to the Rademacher average of a bounded set A C R", we can define the Gaussian
average of A [BMO2] as

Gp(A) := Eynsup

acA

%;%Gi .

LEMMA 11.1 (Gaussian averages vs. Rademacher averages).

(11.9) Ru(A) </ ZG(A).



PROOF. Let 0" = (0y,...,0,) be an n-tuple of i.i.d. Rademacher random variables
independent of 4". Since each ~; is a symmetric random variable, it has the same distribution
as 0;]7y;|. Therefore,

1
Gn(A) = —E,nsup

n a€eA

S

=1

n

Z%|%|ai

=1

Z Jzaz Yi |’YZ|
S o

1
= —Ea-n E»},n sup
n acA

1
—E,» sup
n acA

v

- Eh/l o'" sup
acA

= E|71|Rn(ﬂ),

where the second step is by convexity, while in the last step we have used the fact that
Y1, ...,V are i.i.d. random variables. Now, if v is a standard normal random variable, then

1 o _
E|’7| = E/ |t|€ t2/2dt

te ™t 2qt — te /2t

g

2 [>® .,
:\/j/ te V' /2dt
™ Jo
_\/5
=/

Rearranging, we get (11.9). O

Gaussian averages are often easier to work with than Rademacher averages. The reason
for this is that, for any n real constants ay,...,a,, the sum W, := a1y + ... + a,7, is a
Gaussian random variable with mean 0 and variance a? + ... + a2. Moreover, for any finite
collection of vectors aM,... a™ € A, the random variables W,q),..., W, are jointly
Gaussian. Thus, the collection of random variables (W, ),c4 is a zero-mean Gaussian process,
where we say that a collection of real-valued random variables (W,).c4 is a Gaussian process
if all finite linear combinations of the W,’s are Gaussian random variables. In particular, we
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can compute covariances: for any a,a’ € A,

EW, W, =E Z Z %’yjaiaQI
i—1 j—1
=> > Ehnlad
i—1 j—1
= a;a;
i—1
= (a,d)

and things like

E(Wo = W)l =E | Y > wvilas —a))(a; — af)

i=1 j=1

=> Y Ey](a — a))(a; — df)

i=1 j=1

n
= Z(@i —a;)?
=1

= Jla—dI"

The latter quantities are handy because of a very useful result called Slepian’s lemma [Sle62,
LT91]:

LEMMA 11.2. Let (Wy)aea and (Va)aca be two zero-mean Gaussian processes with some
index set A (not necessarily a subset of R™), such that

(11.10) E[(W, — W)?] < E[(V, — V)3, Va,a' € A.
Then
(11.11) Esup W, < EsupV,.

acA acA

REMARK 11.2. The Gaussian processes (W,), (V,) that appear in Slepian’s lemma are
not necessarily of the form W, = (a,y™) with 4™ = (y1,...,79,) a vector of independent
Gaussians. They can be arbitrarily collections of random variables indexed by the elements
of A, such that any finite linear combination of W,’s or of V,’s is Gaussian.

Slepian’s lemma is typically used to obtain upper bounds on the expected supremum of
one Gaussian process in terms of another, which is hopefully easier to handle. The only
wrinkle is that we can’t apply Slepian’s lemma to the problem of estimating the Gaussian
average G, (A) because of the absolute value. However, if all a € A are uniformly bounded
in norm, the absolute value makes little difference:
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LEMMA 11.3. Let A C R™ be a set of vectors uniformly bounded in norm, i.e., there
exists some L < oo such that ||a|| < L for alla € A. Let

~ 1 n
11.12 G,(A) = —-E |su ia; |
w1e) @)= 18 a3 ]
Then
- ~ 2L
(11.13) Gn(A) <Gu(A) <2G,(A) + e
s

PROOF. The first inequality in (11.13) is obvious. For the second inequality, pick an
arbitrary o’ € A, let W, = Y7 | v;a; for any a € A, and write

Gu() = 1 fsup W,

acA

3

1 1
< -E [sup W, — Wa/|] + —E|Wy|.
n

acA

3

Since a’ was arbitrary, this gives

1 1
Go) < sup { 1B [sup W, ~ Wil | + T B0

a'eAd | T acA
1 1

(11.14) <-E [sup |Wa—Wa/@ + —sup E|W,/|.
n a,a’ €A N a'ca

For any two a, a’, the random variable W, — W, is symmetric, so

E [sup |W, — WM] =2E [supWa} .

a,a’ €A acA

Moreover, for any a’ € A, W, is Gaussian with zero mean and variance ||a’||? < L?. Thus,

2
sup E|Wy| < LE|y| = \/jL.
a’eA T

Using the two above formulas in (11.14), we get the second inequality in (11.13), and the
lemma is proved. O

Armed with this lemma, we can work with the quantity G, (A) instead of the Gaussian
average G, (A). The advantage is that now we can rely on tools like Slepian’s lemma.

11.2.2. Bounding the Rademacher average. Now everything hinges on bounding
the Gaussian average G, (F(z")) for a fixed sample 2™ = (21, ..., x,), which in turn will give
us a bound on the Rademacher average R,,(F(z™)), by Lemmas 11.1 and 11.3. Let (7;)1<i<n,

I

Gaussian random variables. Define the following zero-mean Gaussian processes, indexed by

133



TeT:

Wr = Z Vifr (@),
i—1

n k
V=Y > yijlan, Tey),

i=1 j=1

n k k
UT = Z Z Z’yijg<T€j, T€g>,

i=1 j=1 ¢=1

Yy = V8Vy + V2Ur.

By definition,

Gn(F(z")) = Esup |—

TeT

n nysz xl

1
=—E sup |WT|7
n  rey

and we define G,(F(z")) similarly. We will use Slepian’s lemma to upper-bound G, (F(z™))
in terms of expected suprema of (Vr)rey and (Ur)res. To that end, we start with

n

E [(Wr—Wp)?] = Z (fr(z:) — fro(z:))?

2
: 2 : / 2
= - — T
5~ (smig e = 7ol = mig o, ~ 771
=1
n

2
2 /0112
< 3 (e~ 7ol — -

2
= > (el 7y = T + Tl - 1)

=1

n n 9
(11.15) < 82@3@\(% Ty —T'y)[" + QZI&Q} (ITyl* = ITyII*)",
=1 =1
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where in the third line we have used properties of inner products, and the last line is by the
inequality (a + b)? < 2a? + 2b%. Now, for each 1,

k 2
/ 2 f— . . Pp— / .
max |(z;, Ty — T'y)|" = max ;M%Tej T'e;)

k

< maXHszZ! xi, Tey —T'e;)|"
7=1

k
<> e Tey = T'e))f”,
j=1

where in the second step we have used Cauchy—Schwarz. Summing over 1 < ¢ < n, we see
that

n k
Ty — Ty < Te; —Te)
Sl o~ Tf < 33 T =)

(11.16) =E[(Vz — V)]

Similarly,

Eook 2
max (| Tyll* ~ |17'y*)" = max (ZZ%W Tej, Teg) — <T’€j,T’ee>>

Jj=1 ¢=1
k k k
2 2
<max DSyt DD (Tey, Ted) = (T'ey, Te)
j=1 ¢=1 j=1 ¢=1
k
2
= max lyll2 - Z Z ((Tej, Teq) — (T'ej, T'er))
Jj=1 (=1
k k
<Y (Tej, Teg) — (T'ej, T'ey))”.
J=1 (=1
Therefore,
2 /o112 2
(11.17) ;I?g;( (ITyll* = 17"ylI*) < B [(Ur - Ur)] .

Using (11.16) and (11.17) in (11.15), we have

E [(Wr — Wp)?] <8E [(Ve — V)] + 2E [(Ur — Upr)?]
=E [(TT — TT’)ﬂ .
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We can therefore apply Slepian’s lemma (Lemma 11.2) to (Wg)rer and (Y7)7reg to write

1
Gn(F(2")) = —Esup Wy

n  rer
1
< —EsupYTr
n  rer
8 2
(11.18) < L—EsupVTjLL—EsupUT.
n TeT n TeT

We now upper-bound the expected suprema of Vi and Ur. For the former,

Esup Vyr = EsupZnyU z;, Te;)

TeT TG‘J’z 1] 1

= Esup Z <Z Vi i, T'e; > (linearity)

TeT
< Esup Z Z Yiixi|| || Te;]| (Cauchy—Schwarz)
< EZ Z%‘jxi sup || Te; |

=1 |li=1 Ter

(assumption on ||T||)

k
< ZE
j=1

n
E Vi Li
i=1

<a Z E Z Z%J%J T, T}) (linearity)

=1 /=1

k n n
Sa Z Z Z E [yijyirs] (i, ) (Jensen)
=1 \ i=1 i'=1
k n
=« Z Z (||| (properties of i.i.d. Gaussians)
< aky/n. (; € B(H) for all i)
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Similarly, for the latter,

k

Ei}g Ur = EST%I;ZZIJZI;%JK Te],Teg
k
ZZESHPZ%ﬂ Tej, Tey)
o TeT
ko k

< ZZE Z%Jﬂ SU_p [ Te; ||| Tec |

j=1 ¢=1 i=1

a’k? 2_n
V 7

Substituting these bounds into (11.18), we have

IN

Go(F(z™) < % (ak\/S_n + o2k? Qﬁ) < 50\‘/2%“2.

Thus, applying Lemmas 11.1 and 11.3, we have

Ry(F(")) < [ 5Ca(F(a")
< g 2§n(3~(x”)>+\/gmaXTETVEHfT(%)I?]
T :10a2k2 2 2c
Sﬁ B m]
< 15a2k2

T Vn

Recalling (11.8), we see that the event (11.2) holds with probability at least 1 — .
For the special case of k-means clustering, i.e., when Y = {ey, ..., ex}, we follow a slightly
different strategy. Define a zero-mean Gaussian process

n k
Eri=) Y vl —Tel?,  TeT

i=1 j=1
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Then
n 2
i /2 — 1 L 2_ 1 PR ,.2
B [0~ W) = 3 (i o = Tes|? = in [ - 7' )

=1
n

2
<3 i (e = Tyl = e = Ty )

k
<SS (s = Tejl? =l — T'ej %)

For the process (Z7), we have

n k
Esup=; = EsupZZ’yinxi — Te,|)?
TeT TeT = o

n k
=Bsup Y > vy {llal® — 2w, Tey) + Ty}

i=1 j=1
k n n
< ZESUP {QZ%\(% Tej)| + Z%‘jHT‘fjHZ}
o TeT | o i=1
< 3ka’y/n,

where the methods used to obtain this bound are similar to what we did for (V) and (Ur).
Using Lemmas 11.1-11.3, we have

Ra(F(") < 1/ 2GalF0™)
< g 2§n(3~(x”)>+\/gmaXTETVEHfT(%)I?]
T :6042]6 2 2a
: ﬁ o m]
< 1002k

i
Again, recalling (11.8), we see that the event (11.3) occurs with probability at least 1 — 4.
The proof of Theorem 11.1 is complete.

11.3. Linear operators between Hilbert spaces

We assume, for simplicity, that all Hilbert spaces H of interest are separable. By def-
inition, a Hilbert space H is separable if it has a countable dense subset: there exists a
countable set {hq, ho,...} C H, such that for any h € H and any £ > 0 there exists some
J € N, for which ||h — hj||sc < e. Any separable Hilbert space H has a countable complete
and orthonormal basis, i.e., a countable set {¢1, 2, ...} C H with the following properties:
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(1) Orthonormality — (@;, ©;)qc = ij;
(2) Completeness — if there exists some h € H which is orthogonal to all ¢;’s, i.e.,
(h, ;) =0 for all j, then h = 0.

As a consequence, any h € H can be uniquely represented as an infinite linear combination
[o.¢]
h = chgoj, where ¢; = (h, 9;) 4,
j=1

where the infinite series converges in norm, i.e., for any € > 0 there exists some n € N, such
that

n

0= cip;

j=1

<E.
H

Morcover, ||l = S22, o, |2

Let H and K be two Hilbert spaces. A linear operator from H into K is a mapping
T :H — X, such that (i) T(ah + &’W) = oTh + &'Th' for any two h,h' € H and a,a’ € R.
A linear operator T : H — X is bounded if

Th
| T |l3c—% == sup QTS < 00

heX, h#0 [172]]5¢
We will denote the space of all bounded linear operators 7' : H — X by L(H,XK). When
H = K, we will write £L(H) instead. For any operator T' € L(H,K), we have the adjoint
operator T* € L(XK,H), which is characterized by

(9, Th)y = (T*g,h)q,  Vge K, heH

If T'€ L(FH) has the property that T'= T, we say that T is self-adjoint.
Some examples:

e The identity operator on H, denoted by Is, maps each h € H to itself. Iy is a
self-adjoint operator with ||Is¢|| = ||I5c||sc—3 = 1. We will often omit the index H
and just write [I.

e A projection is an operator I1 € £(H) satisfying 112 = II, i.e., II(ITh) = IIh for any
h € H. This is a bounded operator with ||II|| = 1. Any projection is self-adjoint.

e An isometry is an operator T' € L(H,K), such that | Th|x = ||h|/s for all h € X,
i.e., T preserves norms. If 7" is an isometry, then T*7T = Ig;, while TT* € £(X) is a
projection. This is easy to see:

(TT*TT*) = T(T*T)T* = TT".

IfT € L(H) and T* € L(H) are both isometries, then T is called a unitary operator.
o If II € L(H) is a projection whose range K C H is a closed k-dimensional
subspace, then there exists an isometry T € L(R* X), such that II = TT*.
Here, R* is a Hilbert space with the usual || - ||o norm. To see this, let
{11, ..., ¢} C H be an orthonormal basis of K, and complete it to a countable basis
{¥1,%2, ..., ¥k, Yrr1, Yryo, - - -} for the entire I, Here, the elements of {¢;}52, .,
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k

are mutually orthonormal and orthogonal to {¢;}7_,. Any h € H has a unique

representation

h=Yaji,
j=1

for some real coefficients «aq, g, .... With this, we can write out the action of II
explicitly as

k
j=1
Now consider the map 7" : R¥ — K that takes
k
o = (Oél,...,@k) € Rk — Za]wj
j=1

It is easy to see that T' is an isometry. Indeed,

k k
> o > a2 = |allz.
j=1 j=1

The adjoint of T is easily computed: for any a = (ay,...,a;) € RF and any
n = Z;’il iy € I,
(W', Ta), = (IIK, Ta)y,

k k
- § O‘j¢]a § Oé]¢]
Jj=1 Jj=1
k
— / .
= O[jOé]
Jj=1

= (T*I, a).

Since this must hold for arbitrary @ € R¥ and A’ € H’, we must have T*h' =
T* (Z;; o/-v,bj) = (a},..., ). Now let’s compute T*h for any h =} . ai;:

J
TT*h = T(T*h)

=T ((v,...,q))

ITallsc =

H

E

a;i;

Il
—

Il
=
&
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CHAPTER 12

Stochastic simulation via Rademacher bootstrap

In this chapter, we will look at an application of statistical learning theory to the problem
of efficient stochastic simulation, which arises frequently in engineering design. The basic
question is as follows. Suppose we have a system with input space Z. The system has a
tunable parameter € that lies in some set ©. We have a performance index ¢ : Zx © — [0, 1],
where we assume that the lower the value of ¢, the better the performance. Thus, if we use
the parameter setting # € © and apply input z € Z, the performance of the corresponding
system is given by the scalar ¢(z,0) € [0,1]. Now let’s suppose that the input to the system
is actually a random variable Z € Z with some distribution P € P(Z). Then we can define
the operating characteristic

(12.1) L(6) = Bpl0(Z,0)] = / (= 0)Py(dz),  0co.

The goal is to find an optimal operating point 0* € © that achieves (or comes arbitrarily
close to) infgpee L(6).

In practice, the problem of minimizing L(6) is quite difficult for large-scale systems. First
of all, computing the integral in (12.1) may be a challenge. Secondly, we may not even know
the distribution Pz. Thirdly, there may be more than one distribution of the input, each
corresponding to different operating regimes and/or environments. For this reason, engineers
often resort to Monte Carlo simulation techniques: Assuming we can efficiently sample from
Py, we draw a large number of independent samples 7, Zs, ..., Z, and compute

~ 1<
0, = argmin L,,(0) = arg min — 0 Z;,0),
%ee ( ) %e@ n ; ( )

where L,(-) denotes the empirical version of the operating characteristic (12.1). Given an
accuracy parameter £ > 0 and a confidence parameter § € (0,1), we simply need to draw
enough samples, so that

~

L(6,) < elg(g L(0)+¢

with probability at least 1 — 9, regardless of what the true distribution Pz happens to be.

This is, of course, just another instance of the ERM algorithm we have been studying
extensively. However, there are two issues. One is how many samples we need to guarantee
that the empirically optimal operating point will be good. The other is the complexity of
actually computing an empirical minimizer.

The first issue has already come up in the course under the name of sample complezity
of learning. The second issue is often handled by relaxing the problem a bit: We choose
a probability distribution @) over © (assuming it can be equipped with an appropriate o-
algebra) and, instead of minimizing L() over 6 € O, set some level parameter o € (0, 1),
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and seek any 0e O, for which there exists some exceptional set A C © with Q(A) < «, such
that

12.2 inf L(0) —e < L(# f L0

(12.2) inf L(6) — < L(6) < pof LO) +e
with probability at least 1 — 4. Unless the actual optimal operating point 6* happens to lie
in the exceptional set A, we will come to within € of the optimum with confidence at least
1 —9. Then we just need to draw a large enough number n of samples 71, ..., Z, from Py
and a large enough number m of samples 64, ..., 60, from @), and then compute

f = argmin L,(6).
0€{61,....0m}

In the next several lectures, we will see how statistical learning theory can be used
to develop such simulation procedures. Moreover, we will learn how to use Rademacher
averages' to determine how many samples we need in the process of learning. The use
of statistical learning theory for simulation has been pioneered in the context of control
by M. Vidyasagar [Vid98, Vid01]; the refinement of his techniques using Rademacher
averages is due to Koltchinskii et al. [KAA1T00a, KAAT00b]. We will essentially follow
their presentation, but with slightly better constants.

We will follow the following plan. First, we will revisit the abstract ERM problem and its
sample complexity. Then we will introduce a couple of refined tools pertaining to Rademacher
averages. Next, we will look at sequential algorithms for empirical approximation, in which
the sample complexity is not set a prior:i, but is rather determined by a data-driven stopping
rule. And, finally, we will see how these sequential algorithms can be used to develop robust
and efficient stochastic simulation strategies.

12.1. Empirical Risk Minimization: a quick review

Recall the abstract Empirical Risk Minimization problem: We have a space Z, a class P of
probability distributions over Z, and a class F of measurable functions f : Z — [0, 1]. Given
an i.i.d. sample Z" drawn according to some unknown P € P, we compute

~

fn :=argmin P,(f) = arg min — Zf

feF feg N

We would like for P(f,) to be close to inf ses P(f) with high probability. To that end, we
have derived the bound N
P(F) = inf P() < 2P, = Pl

where, as before, we have defined the uniform deviation

1B = Plls := sup | Pu(f) = P()] = sup | - Zf —Epf(2)|.

feF |

Hence, if n is sufficiently large so that, for every P € P, ||Pn — P|l5 < e/2 with P-probability

at least 1 — ¢, then P(ﬁl) will be e-close to inf ey P(f) with probability at least 1 —d. This
motivates the following definition:

More precisely, their stochastic counterpart, in which we do not take the expectation over the
Rademacher sequence, but rather use it as a resource to aid the simulation.
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DEFINITION 12.1. Given the pair (F,P), an accuracy parameter ¢ > 0, and a confidence
parameter § € (0,1), the sample complexity of empirical approximation is

(12.3) N(g;0) := min {n eN:supP{||P,— P|ls>e} < 6} :
Pe?

In other words, for any € > 0 and any 6 € (0,1), N(¢/2;6) is an upper bound on the

(
number of samples needed to guarantee that P(f,) < infsey P(f) + £ with probability
(confidence) at least 1 — §.

12.2. Empirical Rademacher averages

As before, let Z™ be an i.i.d. sample of length n from some P € P(Z). On multiple
occasions we have seen that the performance of the ERM algorithm is controlled by the
Rademacher average

n

1
(12.4) R, (F(Z™)) := —Egn |sup o f(Z)]],
n USS A ey
where 0" = (01,...,0,) is an n-tuple of i.i.d. Rademacher random variables independent of

Z". More precisely, we have stablished the fundamental symmetrization inequality
(12.5) E||P, — Plly < 2ER, (F(2")),
as well as the concentration bounds

(12.6) P{|P, — P|s > E||P, — P||s + ¢} < e 2
(12.7) P{|P, - P|s < E||P, — P|ls — e} < e 2

These results show two things:

(1) The uniform deviation ||P, — P||s tightly concentrates around its expected value.
(2) The expected value E||P, — P||s is bounded from above by ER, (F(Z™)).

It turns out that the expected Rademacher average ER,, (F(Z™)) also furnishes a lower bound
on E||P, — P||s:

LEMMA 12.1 (Desymmetrization inequality). For any class F of measurable functions
f:Z—10,1], we have

n

oilf(Zi) = P(f)]

i=1

1 1
E

1
12. —-E ")) — —— < — < E| P, — Pl5.
(128)  GERLF(Z") - 5 < 5o <E||P, - Plly

sup
fexr

PrOOF. We will first prove the second inequality in (12.8). To that end, for each 1 < i <

n and each f € ), let us define U;(f) := f(Z;) — P(f). Then EU;(f) = 0. Let 21y Dy
be an independent copy of Zi,...,Z,. Then we can define U;(f),1 < i < n, similarly.
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Moreover, since EU;(f) = 0, we can write

n

S alf(Z) - P(f)]

i=1

E [sup

feg

o 3= 01

feg iz

=E ?ég) Zai [Ul(f) — EU@(f)] u

<E |sup |} oilUi(f) —Ui(f)]‘

feF |4

Since, for each i, U;(f) and U,(f) are i.i.d., the difference U;(f) — U;(f) is a symmetric
random variable. Therefore,

— . (d) = .
{ailUi(f) =Ui(f)] - 1 <i<n} = {U(f) = Ui(f): 1<i<n}.
Using this fact and the triangle inequality, we get

E ifgf) ZO’Z[Uz(f) —Ui(N)l|| =E ?}ég Z[Uz(f) _Ul(f)]‘
<2E ilég ;Ui(f)‘

= 2E |sup Z|f(Zz>_P(f)‘

L7€7 =t
=2n-E|P, — P|5.
To prove the first inequality in (12.8), we write

BR,(7(27) = B :s}gg > eilf(2) P+ PUY) ‘
< %E 31611; iﬁ;a,-[f(zi) — P(f)] + %E :iléI;P(f) : En;a ]
- E :s}}ég goi[f(Zi) — P(f)] +oE éa
<lp :335 > olfz) - PU) o
Rearranging, we get the desired inequality. 0

In this section, we will see that we can get a lot of mileage out of the stochastic version
of the Rademacher average. To that end, let us define

(12.9) ra(F(Z7)) = lsup




The key difference between (12.4) and (12.9) is that, in the latter, we do not take the expec-
tation over the Rademacher sequence ¢™. In other words, both R, (F(Z")) and r,(F(Z"))
are random variables, but the former depends only on the training data Z", while the latter
also depends on the n Rademacher random variables o4, ...,0,. We see immediately that
R.(F(Z™) = E[r,(F(Z2"))|Z2"] and ER,(F(Z™)) = Er,(F(Z")), where the expectation on
the right-hand side is over both Z" and ¢™. The following result will be useful:

LEMMA 12.2 (Concentration inequalities for Rademacher averages). For any € > 0,

(12.10) P {r,(F(2") > BR,(F(Z") + e} < e7/2
and
(12.11) P {r,(F(Z")) < ER,(F(Z")) — e} < e /2.

PROOF. For each 1 < i < mn, let U; := (Z;,0;). Then r,(F(Z")) can be represented as
a real-valued function g(U™). Moreover, it is easy to see that this function has bounded
differences with ¢; = ... = ¢, = 2/n. Hence, McDiarmid’s inequality tells us that for any
e>0
P{g(U") > Eg(U") + e} < e /7,
and the same holds for the probability that g(U") < Eg(U") — e. This completes the
proof. O

12.3. Sequential learning algorithms

In a sequential learning algorithm, the sample complexity is a random wvariable. It is
not known in advance, but rather is computed from data in the process of learning. In
other words, instead of using a training sequence of fixed length, we keep drawing indepen-
dent samples until we decide that we have acquired enough of them, and then compute an
empirical risk minimizer.

To formalize this idea, we need the notion of a stopping time. Let {U,}22, be a random
process. A random variable 7 taking values in N is called a stopping time if and only if, for
each n > 1, the occurrence of the event {7 = n} is determined by U™ = (Uy,...,U,). More
precisely:

DEFINITION 12.2. For each n, let %, denote the o-algebra generated by U™ (in other
words, ¥, consists of all events that occur by time n). Then a random wvariable T taking
values in N is a stopping time if and only if, for each n > 1, the event {T = n} € 3,,.

In other words, denoting by U the entire sample path (Ui, Us, . . .) of our random process,
we can view 7 as a function that maps U* into N. For each n, the indicator function of the
event {7 = n} is a function of U:

Lr=n} = Lrwoe)=n}-
Then 7 is a stopping time if and only if, for each n and for all U*, V> with U" = V" we
have
Lirws=)=n} = L{r(vee)=n}-
Our sequential learning algorithms will work as follows. Given a desired accuracy pa-
rameter ¢ > 0 and a confidence parameter 6 > 0, let 72(¢,d) be the initial sample size; we
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will assume that 7i(e, J) is a nonincreasing function of both ¢ and J. Let T(e,d) denote the
set of all stopping times 7 such that

supP {|| P, — Pl < e} > .
pe?
Now if 7 € T(e,d) and we let
~ 1 <
fr = argmin P.(f) = arg min — Z f(Z),
fes fex T
then we immediately see that
sup {P(ﬁ) > inf P(f) + 26} <.
PeP fesx

Of course, the whole question is how to construct an appropriate stopping time without
knowing P.

DEFINITION 12.3. A parametric family of stopping times {v(e,d) : ¢ > 0,6 € (0,1)} is
called strongly efficient (SE) (w.r.t. F and P) if there exist constants Ky, Ko, K3 > 1, such
that for alle > 0,6 € (0,1)

(12.12) v(e,0) € T(Kie,9)

and for all T € T (e, 9)

(12.13) sup P{v(Kse,0) > 7} < K36.
Pep

In other words, Eq. (12.12) says that any SE stopping time {v(e,d)} guarantees that we
can approximate statistical expectations by empirical expectations with accuracy K;e and
confidence 1 — ¢; similarly, Eq. (12.13) says that, with probability at least 1 — K30, we
will require at most as many samples as would be needed by any sequential algorithm for
empirical approximation with accuracy €/K, and confidence 1 — 4.

DEFINITION 12.4. A family of stopping times {v(e,d) : € > 0,0 € (0,1)} is weakly
efficient (WE) for (F,P) if there exist constants Ky, Ko, K3 > 1, such that for alle > 0,5 €
(0,1)

(12.14) v(e,d) € T(Kie,9)

and

(12.15) sup P {v(Ks¢e,0) > N(g;0)} < K30.
Pep

If v(e,0) is a WE stopping time, then Eq. (12.14) says that we can solve the empirical
approximation problem with accuracy Kje and confidence 1 —d; Eq. (12.15) says that, with
probability at most 1 — §, the sample complexity will be less than the sample complexity of
empirical approximation with accuracy €/K, and confidence 1 — 4.

If N(g;0) > n(e,0), then N(g,0) € T(e,d). Hence, any WE stopping time is also SE.
The converse, however, is not true.
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12.3.1. A strongly efficient sequential learning algorithm. Let {Z,}°°, be an
infinite sequence of i.i.d. draws from some P € P; let {0,}>°; be an i.i.d. Rademacher
sequence independent of {Z,,}. Choose

(12.16) n(e,0) > L% log mJ +1
and let
(12.17) v(e,0) :=min{n >n(e, ) : r,(F(Z")) < e}.

This is clearly a stopping time for each € > 0 and each ¢ € (0, 1).

THEOREM 12.1. The family {v(e,d) : € > 0,6 € (0,1)} defined in (12.17) with n(e, )
set according to (12.16) is SE for any class F of measurable functions f : Z — [0,1] and
P = ?(Z) with K1 = 5,K2 = 6, Kg =1.

PROOF. Let m = 7i(e,§). We will first show that, for any P € P(Z),
(12.18) | Py — Pllg < 21, (F(Z")) + 3e, Vn>n

with probability at least 1 — §. Since for n = v(e,d) > @ we have r,(F(Z")) < e, we will
immediately be able to conclude that

P {||PV(€,5) - PH? > 58} < (5,

which will imply that v(e,0) € T(5¢,d). Now we prove (12.18). First of all, applying
Lemma 12.2 and the union bound, we can write

P { {rn(F(Z2")) 2 ER,(F(Z")) + 5}} < Ze—ns2/2

n>n

=2 2
:ens/2§ 6n6/2

n>0

—ne2/2

e
1 -2

< 6/2.

From the symmetrization inequality (12.5), we know that E|| P, — P|ly < 2ER,(F(Z")).
Moreover, using (12.6) and the union bound, we can write

P{U {Hpn—PHffZEHPn—PHg—f—g}} S 26727%—2

n>n n>n

Therefore, with probability at least 1 — ¢,
|P, — P|ly < E|P, — Plls +& <2ER,(F(Z")) + € < 2r,(F(Z")) + 3¢, Yn>n
which is (12.18). This shows that (12.12) holds for v(e, ) with K; = 5.
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Next, we will prove that, for any P € P(Z),

(12.19) P { min _||P, — P||s < a} <.

n<n<v(6e,5)

In other words, (12.19) says that, with probability at least 1 — §, ||P, — Plls > ¢ for all
n <n < v(6e,d). This means that, for any 7 € T(¢, ), v(6e,) < 7 with probability at least
1 — 9, which will give us (12.13) with Ky = 6 and K3 = 1.

To prove (12.19), we have by (12.7) and the union bound that

P@Jﬂ&—P%smmﬁPm—d}ng

n>n
By the desymmetrization inequality (12.8), we have
1 1
E|P, — P|ls > zER,(F(Z")) — ——=, n.
P2 = Plls 2 gBR(F(Z%) = 5o Vi

Finally, by the concentration inequality (12.10) and the union bound,

P{U@uﬂszEm@ww+d}swz

n>n
Therefore, with probability at least 1 — ¢,
R
2y/n 27

If m < n < v(6egd), then r,(F(Z")) > 6e. Therefore, using the fact that n > 7 and
7ni(e,0)""/? < ¢, we see that, with probability at least 1 — 4,

3e 1 3e 1
P,—Plg> = —=>—— ——>¢,
| s 2 2y/n T 2 2\/%_6

This proves (12.19), and we are done. O

1
|P2 = Plls = 5ra(3(2") ¥n > .

n <n < v(6e,?).

12.3.2. A weakly efficient sequential learning algorithm. Now choose

(12.20) (e, 5) > L% log %J 41

for each k =0,1,2,... let ny := 2*7n(e,d), and let
(12.21) v(e,0) :=min{ng : r,, (F(Z™)) < e}.

THEOREM 12.2. The family {v(e,0) : € > 0,9 € (0,1/2)} defined in (12.21) with 7(e, )
set according to (12.20) is WE for any class F of measurable functions f : Z — [0,1] and
P = :P(Z) with Kl = 5, KQ = 18, Kg = 3.
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PROOF. As before, let @ = 7i(e,d). The proof of (12.14) is similar to what we have done
in the proof of Theorem 12.1, except we use the bounds

{U {rn (F(Z2™)) > ER,, (F(Z™)) + g}} < Z /2

nz—:/2 7ns/2§:€ "; (2k—1)

<e fn52/2 e TE /2267(2’“ 1)

2
< T /2 e e /QZefk

S 26—n5 /2
<4/2,

where in the third step we have used the fact that me?/2 > 1. Similarly,

P {U {I1Pu, = Plls <E|[ P, — PII9+€}} <o
k=0

Therefore,
| Py, = Plly < 21y (F(Z™)) + 3¢,  VE=0,1,2,...
and consequently
P {||Pc5) = Pllr 2 5} <6,

which proves (12.14).

Now we prove (12.15). Let N = N(g,0), the sample complexity of empirical approxi-
mation that we have defined in (12.3). Let us choose k so that ny < N < ngyq, which is
equivalent to 2¥n < N < 2. Then

P{v(18,§) > N} <P {v(18,49) > ny}.
We will show that the probability on the right-hand side is less than 34. First of all, since
N > 7 (by hypothesis), we have ny > 7/2 > 1/¢?. Therefore, with probability at least 1 —¢
1 9¢ _ 1
>
o0vmE 2 T2
If v(18¢,0) > ny, then by definition r,, (F(Z")) > 18. Writing r,, = r,, (F(Z™)) for
brevity, we see get
P {v(18¢,9) > ni} <P {r,, > 18}
=P {r, >18¢,||P,, — Pl|ls > 18} + P{r,, > 18¢,||P,, — P||5 < 4¢}
<P{||P,, — Pllgy > 4e} + P {r,, > 18¢,||P,, — P||5 < 4c}.

(1222 1P = Pl > Sy (5(7)) S (F(Z") - Be.
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If r,, > 18¢ but ||P,, — Pll5 < 4e, the event in (12.22) cannot occur. Indeed, suppose it
does. Then it must be the case that 4¢ > 9¢ — 5e = 4¢, which is a contradiction. Therefore,

P {r,, > 18¢,||P,, — P|ls < 4e} <6,
and hence
P{v(18¢,9) > ni} < P{||P,, — Plls > 4} + 4.
For each f € F and each n € N define

and let ||Sy |5 := sup;eq [Sn(f)|- Then
P{[|P,, — Pllz > 4e} = P{|[Sy, [ls = demp} < P{||Sn, [l = 2eN}.
Since ng, < N, the F-indexed stochastic processes S, (f) and Sy (f)—95,, (f) are independent.

Therefore, we use a technical result stated as Lemma 12.4 in the appendix with & = S,

and & = Sy(f) — Sn, (f) to write
P {||[Snlls > eN}
infes P{|Sn(f) = Sn, (/) <eN}

By definition of N = N (e, ), the probability in the numerator is at most 6. To analyze the
probability in the denominator, we use Hoeffding’s inequality to get

inf P{|Sx(f) = Sn(f)] < eN} =1- f}égP {[Sn(f) = S ()] > eN}

P {|[Sn.lls = 2eN} <

>1— 26—N52/2
>1-—0.

Therefore,
)
P{V(185,5) > nk} < 1—_5 +6 <30

for § < 1/2. Therefore, {v(e,d) : € € (0,1),0 € (0,1/2)} is WE with K; =5, Ky, = 18, K3 =
3. U

12.4. A sequential algorithm for stochastic simulation

Armed with these results on sequential learning algorithms, we can take up the question of
constructing efficient simulation strategies. We fix an accuracy parameter € > 0, a confidence
parameter ¢ € (0,1), and a level parameter a € (0,1). Given two probability distributions,
P on the input space Z and ) on the parameter space ©, we draw a large i.i.d. sample
..., 2y, from P and a large i.i.d. sample 64, ...,6,, from (). We then compute

f = argmin L,(0),
0€{61,....0m

where
1 n
L = — 7..0).
(0)i= D0z
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The goal is to pick n and m large enough so that, with probability at least 1 — ¢, f is an
e-minimizer of L to level a, i.e., with probability at least 1 — ¢ there exists some set A C ©
with Q(A) < «, such that Eq. (12.2) holds with probability at least 1 — 4.

To that end, consider the following algorithm based on Theorem 12.2, proposed by
Koltchinskii et al. [KAAT00a, KAAT00b]:

Algorithm 1
choose positive integers m and n such that

m > % and n > |2 log 3] + 1
draw m independent samples 6., ..., 6, from @
draw n independent samples 71, ..., Z, from Py
evaluate the stopping variable
v =maxi<jom |2 Yo 0:l(Z;,0;)]
where o4, ..., 0, are i.i.d. Rademacher r.v.’s independent of #™ and Z"
if v > ¢/5, then
add n more i.i.d. samples from P, and repeat
else stop and output

-----

Then we claim that, with probability at least 1 — 9, 0 is an e-minimizer of L to level a. To
see this, we need the following result [Vid03, Lemma 11.1]:

LEMMA 12.3. Let Q be a probability distribution on the parameter set ©, and let h : © —
R be a (measurable) real-valued function on ©, bounded from above, i.e., h(8) < +oo for all
0€0O. Letbq,...,0,, be m i.i.d. samples from @, and let

h(0™) := max h(0,,).

1<j<m
Then for any a € (0,1)
(12.23) Q({0€©:h(0)>h0})<a
with probability at least 1 — (1 — a)™.
PrROOF. For each ¢ € R, let
F(c):=P({0€0O:h(0) <c}).

<c
Note that F' is the CDF of the random variable £ = h(f) with 6 ~ Q. Therefore, it is
right-continuous, i.e., lim. . F(¢) = F(c). Now define

Co :=1inf{c: F(c) >1—a}.

Since F is right-continuous, F'(c,) > 1 — a. Moreover, if ¢ < c,, then F'(c) < 1—a. Now let
us suppose that h(6™) > ¢,. Then, since F' is monotone nondecreasing,

P({6€0:h0) <hO™})=F(h(0™) >F(ca) >1—aq,
or, equivalently, if h(6™) > c,, then
P ({6 €0:h(0) > ho™)}) < a.
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Therefore, if #™ is such that
P({6€0O:n0)>hbm™)}) > a,

then it must be the case that h(#™) < ¢4, which in turn implies that F(h(6™)) < 1 — a,
the complement of the event in (12.23). But h(6™) < ¢, means that h(0;) < c, for every
1 < j < m. Since the 6;’s are independent, the events {h(f;) < c,} are independent, and
each occurs with probability at most 1 — a.. Therefore,
P({6mcom:Q({6e0:h6)>hE™))) < (1-a)m

which is what we intended to prove. 0]

We apply this lemma to the function h(#) = —L(#). Then, provided m is chosen as described
in Algorithm 1, we will have

Q ({9 €0 : L) < min L(@m)}) <5/2.

1<5<j

Now consider the finite class of functions F = {f;(2) = ¢(z,6;) : 1 < j < m}. By Theo-
rem 12.2, the final output 6 € {6,,...,0,,} will satisfy

L(6) — min L(4))

1<j<m

<e

with probability at least 1 — §/2. Hence, with probability at least 1 — § there exists a set
A C © with Q(A) < «, such that (12.2) holds. Moreover, the total number of samples used
up by Algorithm 1 will be, with probability at least 1 — 34/2, no more than

N5 p,(€/18,0/2) =min{n € N: P (|| P, — Pz||s > £/18) < §/2}.
We can estimate Ny p,(c/18,6/2) as follows. First of all, the function
A(Z") = 1Pn = Pzlly = max |Pu(f;) — Pz(f;)]
has bounded differences with ¢; = ... = ¢, = 1/n. Therefore, by McDiarmid’s inequality
P (A(Z") > EA(Z") +t) <e 2 Vit >0.

Secondly, since the class F is finite with |F| = m, the symmetrization inequality (12.5) and
the Finite Class Lemma give the bound

logm
E|P, — Pslls < 44/ i .

Therefore, if we choose t = £/18 —44/n~1logm and n is large enough so that ¢ > £/20 (say),
then

P (||P, — Py > /18) < e ""/20,

Hence, a fairly conservative estimate is

2 2 20)°
Ny p,(c/18,0/2) < max{{glogﬂ +1, {(%) long —1—1}

It is instructive to compare Algorithm 1 with a simple Monte Carlo strategy:

152



Algorithm 0

choose positive integers m and n such that

log(2/9) 1
M2 ot/ (o] 22

draw m independent samples 64, ..., 6, from @
draw n independent samples 71, ..., Z, from Py
for j=1tom

compute L, (6;) = 37" (Z;,6;)
end for

and n > log 4Tm

-----

The selection of m is guided by the same considerations as in Algorithm 1. Moreover, for
each 1 < j <m, L,(;) is an average of n independent random variables ¢(Z;,0;) € [0, 1],
and L(0;) = EL,(6;). Hence, Hoeffding’s inequality says that

P ({Z"€Z": |L,(0;) — L(0,)] > €}) < 2e72"",

If we choose n as described in Algorithm 0, then

Hence, with probability at least 1 — ¢ there exists a set A C © with Q(A) < a, so that (12.2)
holds. It may seem at first glance that Algorithm 0 is more efficient than Algorithm 1.
However, this is not the case in high-dimensional situations. There, one can actually show
that, with probability practically equal to one, the empirical minimum of L can be much
larger than the true minimum (cf. [KAAT00b| for a very vivid numerical illustration).
This is an instance of the so-called Curse of Dimensionality, which adaptive schemes like
Algorithm 1 can often avoid.

12.5. Technical lemma

LEMMA 12.4. Let {&(f) : f € F} and {&(f) + f € F} be two independent F-indexed

stochastic processes with
[€ill5 == sup [§;(f)] < o0, j=1,2.
fer
Then for allt > 0,c¢ >0

P {||& — &lls >t}
(12.24) P{ll&lls =t +c} < infres P {|&2(f)] < c}

PROOF. If ||&]|5 > ¢ + ¢, then there exists some f € F, such that [ (f)| >t + ¢. Then
for this particular f by the triangle inequality we see that

1&2(f)] <c = 1E1(f) = &(f)] >t
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Therefore,

inf Pe,{[62(/)] < ¢} <Pe{|6a(N] < cf <Pe{la(f) - &Nl 2t} < Pe{lla—&lr = t}.

fesx

The leftmost and the rightmost terms in the above inequality do not depend on the particular
f, and the inequality between them is valid on the event {||{||s > t 4+ ¢}. Therefore,
integrating the two sides w.r.t. & on this event, we get

inf Pe,{|62(/)] < e} - Pe {Jlalls 2 t+ ¢} < Pee{l161 — &lls 2 ¢}.

Rearranging, we get (12.24). O
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Part 4

Advanced Topics



CHAPTER 13

Stability of learning algorithms

Recall the abstract formulation of the learning problem in Section 6.1: we have a collec-
tion Zi,...,Z, of i.i.d. samples from some unknown distribution P on a set Z and a class
F of functions f : Z — [0,1]. A learning algorithm is a sequence A = {A,}2°, of mappings
A, : Z" — F that take training data as input and generate functions in F as output. We
say that A is consistent if

L(f,) = / PP, Fo=Au(z)

converges in some sense to L* = infsey L(f), for any P. If a consistent algorithm exists,
we say that the problem is learnable. Early on (see Theorem 5.3, which is essentially an
application of the mismatched minimization lemma, Lemma 5.1), we have identified a suffi-
cient condition for the existence of a consistent learning algorithm: uniform convergence of
empirical means (UCEM). One way of stating the UCEM property is to require that

(13.1) sup Ep|| P, — P|ls =% 0,
P
where the expectation is with respect to an i.i.d. process Z;, Z, ... with common marginal

distribution P, P, is the empirical distribution based on the first n samples of the process:

1
== E;éZu

and [ - ||5 is the seminorm defined by [|P — P'||s := sup;cq |P(f) — P'(f)|. By the method
of Theorem 5.3 we know that, if F satisfies (13.1), then the ERM algorithm

Fo = ar§ er;un " Z f(z
is consistent. In some cases, the UCEM property is both necessary and sufficient for learn-
ability — for example, in the binary classification setting, where Z = (X,Y) with arbitrary
X,Y €{0,1}, and f(Z) = f(X,Y) taking values in {0, 1}.

However, it is easy to see that, in general, one can have learnability without the UCEM
property. For example, suppose that the function class ¥ is such that one can find a function
f & F with the property that f ( ) < inf f e f (z) for every z € Z. Consider now a modified
class F = F U {f } obtained by adding f to F. Then the ERM algorithm over F will always

return f, and moreover L(f) = L*(F). Thus, not only do we have consistency, but we also
have perfect generalization, and the only condition the original class F has to satisfy is that
we can find at least one f with the desired property. Of course, this imposes some minimal
richness requirements on the ranges of all functions in & — for example, we could not pull
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this off when the functions in F are binary valued. And yet, the UCEM property is not
required for perfect learnability!

So, what’s going on here? It turns out that the main attraction of the UCEM property
— namely, its algorithm-independence — is also its main disadvantage. Learnability is closely
tied up with properties of learning algorithms: how well can they generalize? How good
are they at rejecting obviously bad hypotheses and focusing on good ones? Thus, our goal
is to connect learnability to certain properties of learning algorithms. This lecture is based
primarily on a paper by Shalev-Shwartz et al. [SSSS10].

13.1. An in-depth view of learning algorithms

We adopt yet another abstract framework for machine learning in this section, first
introduced by Vapnik (1995). A learning problem is denoted by (Z, P, F,{), where

e / represents a set of possible values of data samples

e P is a set of probability distributions for Z-valued random variables

e F is a nonempty, closed, convex subset of a Hilbert space H

o (:F xZ— Ris aloss function; ¢(f, z) is the loss for using f on sample z.

This notation is rather flexible:

e F could be a set of functions on Z. For example, we could have ¢(f, z) = f(z), in
which case, for a given P € P, we would be seeking to select f to minimize Ep|f]
as in the abstract framework for ERM introduced in Section 6.1.

e It could be that Z = X x Y, and a sample z = (z,y) represents a feature vector x
and a label y. (This is the case for the next three examples.)

e We could consider ¢(f, (x,y)) = ¢(—yf(x)), where ¢ is a penalty function, and then
¢ represents surrogate loss.

e Or U(f,(x,y)) = (y — f(x))?, for the problem of regression with quadratic loss.

e The elements of J could also be considered as vectors of scalar parameters, with the
number of such parameters equal to the dimension of the Hilbert space H containing
F. The loss function could correspond, for example, to a support vector machine
type classifier, ((f, (z,vy)) = o(—y(f,¥(z))), where ¢ : X — H maps an unlabeled
data sample z to a feature vector ().

For the examples above, if the penalty function ¢ is convex, then £(f, z) is a convex function
of f for each fixed z. We will still use the notation

Lo(f) = Belt(1. 2)] = [ t1.9)P(@2)

for the expected loss of f with respect to P, and will often omit the subscript P when it’s
clear from context. Given an n-tuple Z" = (Zy,...,Z,) of ii.d. samples from P, we have
the empirical loss

Lu(f) = 3 > US. 20,

Finally, we define the minimum risk and empirical minimum risk by:
L* = inf L d L = inf L .
(=l L() and LT = inf Lo())
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Here, L*(F) is a deterministic quantity that depends on ¢, F, and the underlying distribution
P, whereas L (&) is a random variable.

Also, let us define Z* := |~ Z", i.e., Z* is the collection of all tuples over Z. This
definition allows us to treat a learning algorithm as a single mapping A : Z* — F — the size
of the training set is now clear from context. For example, A(Z") is the output of A fed
with an n-tuple Z" = (Z3,...,Z,), and so, in particular,

L(A(Z") = / (A(Z"), 2)P(dz)

is the expected loss of the function A(Z") € F on a fresh sample Z ~ P, independent of Z™.
In contrast, L,(A(Z™)), given by

La(A(Z") = 3" UA(Z"). 2,

is the empirical loss of the algorithm output A(Z") on the same sample Z" that was supplied
to A.

Our goal is to understand what makes a good learning algorithm. To keep things simple,
we will focus on expected-value guarantees. We say that a learning algorithm A is consistent
if
(13.2) cn(A) :=supEp [L(A(Z™)) — L] =25 0.

P
We say that the learning problem specified by ¢ and F is learnable if there exists at least
one consistent learning algorithm A. As we have already seen on multiple occasions, under
certain conditions the ERM algorithm is consistent. A learning algorithm A is an Asymptotic
Empirical Risk Minimizer (AERM) if

n—oo

(13.3) en(A) :=supEp |[L,(A(Z")) — L;] — 0.

Of course, if A is an exact ERM algorithm, then e,(A) = 0 for all n, but there are many
situations in which it is preferable to use AERM algorithms. Next, we say that A generalizes
if

(13.4) gn(A) = sgp Ep |L(A(Z") — L,(A(Z™)] =3 0.

A weaker notion of generalization is as follows: A generalizes on average if

(13.5) ,(4) = sup [Ep[L(A(Z") = Lo(A(Z"))]] “= .

Our goal is to show, without requiring the UCEM property, that learnability is possible.
Instead of relying on the UCEM property, we will investigate the relationship between the
above properties of learning algorithms to stability, i.e., weak dependence of the algorithm
output on any individual training sample. (We don’t focus on examples such that the UCEM
property provably does not hold — it is in fact not easy to come up with realistic examples
for which UCEM can be disproved and yet consistency can be proved. The main point in
this chapter is to not use the UCEM property in the proof of consistency.)
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13.2. Learnability without uniform convergence
We now show that we can prove learnability without assuming uniform convergence:

THEOREM 13.1. Suppose F is a convex subset of a Hilbert space H, and suppose there
are constants L,m > 0, such that, for every z € Z, the function f — ((f,z) is m-strongly
convex and L-Lipschitz. Then the ERM algorithm

.= A(Z") = argmin - Xn:af, 7)
=1

feg n i

1s such that

with probability at least 1 — 9.

If the mapping f — £(f, z) is convex but not strongly convex, a variation of Theorem
13.1 can be obtained by using an additive regularization term, as described at the end of the
section.

PROOF. The idea is to compare the output of A on the original training data Z” to the
output of A on the modified data, with one of the training samples replaced. Specifically,
let Z1,...,Z/ be nii.d. samples from P, independent of Z™. For each 4, define the modified
training data

Z(Ti) = (Zl, ceey Zi—17 Zz/, Zz'+17 ey Zn)

For any f € F, consider the original and the perturbed empirical risks:
1 n
Ln = - g s ZZ
(1= ou12)

L) = 72D+ - Y U1 2)

Jij#i
1
= La(f)+ = (U1, 2) = 1. 2).
Likewise, consider the ERM solutions for the original and the perturbed data:

fo = arg min L, (f), f}l") = arg min L7 (f).
fesx feg

The function f —  (¢(f, Z!) — U(f, Z;)) is 22-Lipschitz. Hence, by the stability of minimizers

of strongly convex functions under Lipschitz perturbations (Lemma 3.2).

(13.6) 1F— Fo < 22

mn
In other words, arbitrarily replacing any one sample in Z” by some other Z! has only limited
effect on the ERM solution, i.e., the algorithm output A(Z™) does not depend too much on
any individual sample! But, because ¢ is Lipschitz, this implies that, for any z € Z,

(13.7) ((Fr) — (R0, )| < LI - FO) < 22

mn’
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We now claim that the stability property (13.7) implies

~ 2L2
13. E [L ) — Lo(fn }
(13.8) (fa) = Lo(Fa)| < .
Indeed, since ]?n is a function of Z", and since Z1, ..., Z! are independent of 71, ..., 7, and

are draws from the same distribution, we can write

1 & ~

On the other hand, since, for every i, {( Fui Z ) and £( 7. Z!) have the same distribution, we
have

ZE (Fos 20) = = S BT, Z))

Therefore,
(13.9) E |L(f) = La(F2)] =—ZE[ (Fur 20) = €10, 20)|
1y P o) — (70
< o st ) — 7. 2)
217
S —
mn

as claimed. Eq. (13.8) shows that the ERM algorithm generalizes well on average, i.e., the
empirical risk of fn = A(Z™) on the data Z" is a good estimate of L(ﬁ) = L(A(Z")) in
expectation.

Now let f* € F achieve L*. Since f* doesn’t depend on Z", we have L* = L(f*) =
E[L,(f*)] > E[Ln(fn)], and therefore

E[L(f) - 1] <B (L) - L] < 22
From Markov’s inequality, it then follows that
~ 2L2
L(f,) — L*
(fn) = L7 < 5mn
with probability at least 1 — 9, and we are done. O

The following variation of Theorem 13.1 relaxes the strong convexity assumption on the
mapping f — £(f, z) by switching to complexity-regularized ERM based on a penalty term.

THEOREM 13.2. Let & be a convexr and norm-bounded subset of a Hilbert space H, i.e.,
there exists some B < oo, such that ||f|| < B for all f € F. Suppose also that, for each
z € Z, the function f s U(f,z) is convex and L-Lipschitz (note: we are not assuming strong
convezity). For each A > 0, consider the complezity-reqularized ERM algorithm

. 1< A
fn,)\ — A)\(Zn) = argmin {E ;g(fa ZZ) + §HfH2} :

feg
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Then ]?n = fAn,)\ with A = % satisfies

~ LB LB 8LB
13.1 Lif) <L+ —4+—++ —
(13.10) Y A VA
with probability at least 1 — 6.

PROOF. The idea is to apply Theorem 13.1 for the loss function \(f, z) = ¢(f, z)+3| f||*-
This function is A-strongly convex. The function 3| f||* has gradient Af, and ||Af|| < AB
for f € F, so 4[| f||? is AB Lipschitz over ¥, so for each z, {\(f,2) is L 4+ AB Lipschitz over
F. Therefore, Theorem 13.1 yields that with probability at least 1 — 6,

2(L + AB)?

o
where L} is the minimum generalization regularized risk. Since 3| f||? < ’\TB2 for f € F it
follows that L} < L* + ’\TBQ. Also, L(ﬁw\) < L,\(ﬁw\) with probability one, and <1 + \%)2 <
1+ \%. Combining these observations and the choice of A yields (13.10). O

La(fan) < L+

13.3. Learnability and stability

The ERM algorithm considered in the previous system is stable with respect to replace
one perturbations, in the sense of (13.7), due to the assumed strong convexity of the loss
functions. It was then shown that the stability property implies that the algorithm general-
izes well, in the sense of (13.8). The idea of this section is to focus on the fact that stability
of a learning algorithm with respect to replace one perturbations implies that the algorithm
generalizes well. That is, it does not overfit the data. We begin by revisting (13.9), with the
notation changed to indicate the role of the algorithm A.

n n 1 - n n
(13.11)  B[LAZY)] - BILJ(AZ] =B |- S UAEZ"), Z) - (AZ), 2)
i=1
To recall why (13.11) is true, observe that on the righthand side, for each 4, the first term in

the sum, ((A(Z"), Z;), is the loss for A on a fresh data sample and the term ((A(Zp,), Z;) is

the loss for A (trained on Z(”i)) on the i'" training sample used in the training data Zy-
Next we state the definition of stability on average, and for convenience we restate the
definition of generalization on average:

DEFINITION 13.1. An algorithm A is stable on average (with respect to replace-one op-
eration) if

< 1 n !/ n / n—o0
(13.12) su(4) £sup | 3 B [U(A(2"), Z) = (A(ZG), Z)] | =30,
i=1
An algorithm A generalizes on average if
ga(A) £ sup |B [L(A(Z")] — B[La(A(Z") =o.

LEMMA 13.1. For any learning algorithm, 5,(A) = g,(A). In particular, A is stable on
average if and only if it generalizes on average.
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PROOF. Take the absolute value and supremum over P on each side of (13.11) to get

5n(A) = 7, (A). =
DEFINITION 13.2. An algorithm A is consistent if
(13.13) cn(A) £ sup E [L(A(Z") — L*] =3 0.
P

In some applications it is too demanding to find an ERM algorithm, but algorithms
satisfying the weaker property in the following definition may be available.

DEFINITION 13.3. An algorithm A is an asymptotic empirical risk minimizer (AERM)
if
(13.14) en(A) 2 supE [L,(A(Z") — L] =3 0,
P

where L}, is the (random) minimum empirical risk: L} = L (F) = infjeq L, (f).

REMARK 13.1. Note that in (13.13), the notation L is short for Lp and L* is short
for Ly. Since L(A(Z™)) — L* > 0 for any Z", any P, and any algorithm A, c¢,(A) =
supp E [|L(A(Z"™)) — L*|] . Similarly, L,(A(Z")) — L} > 0 for any Z™ and any algorithm A,
50 en(A) = supp E [|Lo(A(Z™)) — Li]] -

The following is perhaps the most useful result about the virtues of stability:

THEOREM 13.3. For any algorithm A, ¢,(A) < 35,(A) + e,(A). Therefore, an AERM
algorithm that s stable on average is consistent.

PROOF. For any algorithm A and any probability distribution P, by the definitions of
7,(A) and e, (A),

E[L(A(Z"))] < E[L,(A(Z"))] +79.(A)
<EI[L]+e.(A)+7,(A)
< L*+e,(A)+7g,(A).

Together with the fact g,,(A) = 5,(A), this implies that ¢,(A) < 35,(A) + e,(A) as claimed.
U

Theorem 13.3 implies that stability on average, or equivalently, generalization on average,
is sufficient for an ERM algorithm to be consistent. It turns out that an ERM algorithm
generalizes on average (see (13.4) for definition) if and only if it generalizes, as shown next.

ProprosiTION 13.1. If A is an AERM algorithm that generalizes on average, then it

generalizes, and moreover

(13.15) n(A) < gn(A) + 2¢,(A) + %
PROOF. We begin by decomposing the difference L, (A(Z")) — L(A(Z")):
Ln(A(Z")) = L(A(Z"))
= Ln(A(Z2") = Ly + Ly = L () +La(f7) = L(f*) + L(f7) — L(A(Z"))
——

[\ J/

-~

<0 <0

< Lo(A(Z™) — L 4 Lo (f*) — L(f*).
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Applying Lemma 13.5 in the Appendix to U := L,(A(Z")) — L(A(Z")) and V :=
Ln(A(Z")) = Ly, + Lo(f7) — L(f7), we get

E|Ln(A(Z")) = L(A(Z"))|

< |E[Ln(A(Z")) = LIA(Z")]| + 2E[L(A(Z")) — L, + La(f") = L(f")]

< [E[Ln(A(Z")) — LIA(Z")]| + 2E[L(A(Z2")) — Ly | + 2E[L.(f7) — L(f7)]

2
< gn(A) +2e,(A)+ —
< gn(A) + 2en( )+\/ﬁ,

where in the last line we have used the assumed properties of A, together with the fact that,
for any f, E|L,(f) = L(f)] = E|Ls(f) = ELa(f)| < VE(Lu(f) — ELu(f)?) < 5. since £ is
bounded between 0 and 1. This completes the proof. 0]

13.4. Stability of stochastic gradient descent

One of the most popular algorithms for learning over complicated hypothesis classes (such
as deep neural networks) is the Stochastic Gradient Descent (SGD) algorithm. The basic

idea behind SGD is as follows. For a fixed training set Z" = (Zy,...,Z,), the usual ERM
approach requires minimizing the function

(13.16) L) = U0, 2)

over the hypothesis class F. One way to go about this is to use gradient descent: assuming
that the function f — £(f, z) is differentiable for each z € Z, we can set the initial condition
fo € F and iteratively compute

(1317) ft :H(ft,1 —CYtVLn(ftfl)), t= 1,2,...
where II : H{ — J is the projection operator onto F,
n(fic1) Z VU fir, Z

is the gradient of L, at f;_1, and {a;}$°, is a monotonlcally decreasing sequence of positive
reals typically referred to as step sizes. Under certain mild conditions on ¢ and &, and with
appropriately tuned step sizes, one can guarantee that

L,(f:) = inf L,(f) = L} as t — oo.
fegx

In other words, for each n, we can find a large enough 7},, such that A(Z™) = fr, is an
AERM algorithm.

However, one disadvantage of gradient descent is that each update (13.17) requires a
sweep through the entire sample Z™ in order to compute the gradient VL,. Thus, the
complexity of each step of the gradient descent method scales as O(n). SGD offers a way
around this limitation and allows to reduce the complexity of each iteration to O(1). If
we look at (13.16), we see that the empirical loss L,,(f) can be written as an average of n
functions of f:
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In each iteration of SGD, we pick a random index I; € {1,...,n} and update
(13-18) Ji=1I (ftfl - Oétvglt(ftfl)) =11 (ftfl — VLU fi1, th)) .

Thus, SGD is a randomized algorithm. We will assume from now on that (I;,t =1,2,...)is a
random process with values in [n] that is statistically invariant with respect to permutations
of the values. That is, for any permutation 7 : [n] — [n], (I; : ¢ = 1,2,...) has the same
distribution as (rol; : t = 1,2,...). For example, the selections I; could be independent and
uniformly distributed over [n], or the sequence could be periodic with period n such that
L, ..., I, is a random permutation of [n], or the blocks of the form Iy, 1. ..., Ixyin could be
independent permutations of [n] for all & > 0.

In a recent paper, Hardt, Recht, and Singer [HRS16] have shown that SGD with suitably
tuned step sizes and number of updates gives a stable learning algorithm. Under different
assumptions on the loss function ¢, we end up with different conditions for stability. In
order to proceed, let us first examine the evolution of SGD updates for a fixed training set
Z". Fix a differentiable function ¢ : & — R and a step size @ > 0, and define an operator
Geo:F —TF by

(13.19) Goalf) :=IL(f —aVe(f)).

Then we can write the tth update of SGD as

(13.20) i = Gi(fi1), where G, := Gg(.VZIt)Vat.

Now let us fix some i* € {1,...,n} and consider running SGD with the same realization of

the random indices {I;} on another training set Z™ = (Z},...,Z!), where Z!. # Z;» and

n

7 = Z; for all j # i*. Denoting by {f/} the corresponding updates with fj = fj, we can
write

(13.21) fi=Gi(fi-1),  where Gy =Gy z7) 0.

Foreacht =0,1,...,let 6, := || fy— f/||, with the initial condition dy = 0. Define the following
quantities:

_ 1Ge(f) = G/l

13.22 -
(13:22) M= S T

and

(13.23) coi=sup(IGi(f) = IV G = 1),

We can now track the evolution of §; as follows:
o If I # 4%, then ((-, Z;,) = (-, Z7,), and therefore

o = || fe — fill
= ||Gt(ft—1) - G:f(ft/—l)H
= |Gi(fi-1) — Gt(ft/—l)H
< mell frr = fizall-
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o If I, =i*, then
o = |Gi(fie1) — G:S(ft,—l)H
< NGu(fier) = G DI+ 1Ge(fiy) = Gi(fid)]
< el feer = ol H G fiy) = fiall +I1GHfimy) = fiall
<l fier = fioall + 2¢:.
We can combine these two cases into a single inequality:
(13.24) 0p < Myl + 2¢, 17—y

This will be our main tool for analyzing the stability of SGD.

We also need to use the contraction property of the gradient update map. As shown in
Proposition 4.2, projection onto a closed convex subset of a Hilbert space is nonexpansive.
Thus, if the gradient descent map of Lemma 3.4 is followed by projection onto a convex
subset of the Hilbert space as in this section, the contraction properties of Lemma 3.4 hold
with the projection included. Therefore if ay < 57, then 7, <1 for all £, and, if in addition,
¢ is m-strongly convex and o < < 2> then n; < 1 —m.

Now we can analyze the stability of SGD under various assumptions on the loss /.

THEOREM 13.4. Suppose that, for all z € Z, the function f — ((f,z) is convex, M-
smooth, and L-Lipschitz. If SGD is run with oy < % for T time steps, then, for any two
datasets Z™ and Z'" that differ only in one sample,

22 &
(13.25) sup E [0(fr,z) — U(fr, 2)] < 2.

z€Z —1

where the expectation is only with respect to the internal randomness of SGD, i.e., the selec-
tion process (1I).

PROOF. Let i* € [n] be the coordinate where Z™ and Z'" differ. By the contraction
property of the gradient descent map discussed above (i.e. n; < 1) and the assumption that
@ is L-Lipschitz,

1Goa(f) = fII = HI(f — aVe(f)) = T(f)]
< af[Ve(f)ll
<al,
so ¢; < oy L for all t. Using these two estimates in (13.24) gives
(1326) 5,5 S 5,5_1 + QOétLl{[t:i*}.
By the symmetry assumption on (I;), P[I; = i*] = % for all i* and all t. Therefore, taking
expectations of both sides of (13.26) with respect to (I;), we get

200 L
E[6)] < E[6,_,] + 7

Since dy = 0, we obtain
(13.27) E[67] < = Zat
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Finally, using the Lipschitz continuity of ¢, we get for any z € Z

(13.28) El(fr,z) — U(fr,2)| < L - E[or]
212 &
(13.29) S — ) o
n
t=1
Since z was arbitrary, we have (13.25). U

For example, if we set T'=n and oy = ﬁﬁ for all ¢, then

n

N
13.30 = —
( ) ; QY M )

and then the algorithm A(Z™) obtained by running SGD for n steps with constant step size

a = 2/My/n is stable with §,(A) < A‘}[L\/Zﬁ

If we now assume that ¢ is also strongly convex, we get a bound that does not depend
on the number of iterations 7"

THEOREM 13.5. Suppose that { satisfies the conditions of Theorem 13.4, and also that
the function f — ((f,z) is m-strongly convex for each z € Z. Suppose that we run SGD with
a constant step size o < % for T time steps. Then, for any two datasets Z"™ and Z'™ that
differ in only one sample,

(13.31) S Bl((fr, =) — (/)] < 22

z€Z mn

where the expectation is only with respect to the internal randomness of SGD (i.e., index
selection,).

PrROOF. The proof is similar to the proof of Theorem 13.4. First of all, under our
assumptions on ¢ and on «, by the contraction property of the gradient descent map and
the Lipschitz assumptions,

(1332) U S 1— 7 and Ct S al.

Using this in (13.24), we have

(13.33) 5, < (1 . %) Se1 + 2L Lyp_iey.

Taking expectations of both sides with respect to (1;) yields

(13.34) E[4] < (1 - ?) E[6;1] + %

with the initial condition dy = 0. Unwinding the recursion, we get
T
2acL am\t-1 2ol 2 4L
13.35 Els,] < 2% (1——) <k 2 2
( ) [ T] n Z 2 - n am mn
The result follows. U

Finally, we derive a stability estimate for SGD without requiring convexity, but still
assuming Lipschitz-continuity and smoothness:
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THEOREM 13.6. Suppose that, for each z € Z, the loss function f — ((f, z) is M -smooth,

L-Lipschitz, and bounded between 0 and 1. Suppose that we run SGD with I, "~ Uniform([n])
and step sizes ay < ¢/t for T time steps, where ¢ > 0 is some constant. Then, for any two
datasets Z™ and Z'™ that differ in only one sample,

Lt UMe o oyt

(13.36) sup E[¢(fr, 2) = {(fr, 2)| <

zeZ

where the expectation is only with respect to the internal randomness of SGD (i.e., index
selection,).

REMARK 13.2. The assumption that I; are i.1.d. is necessary here.

PROOF. If ¢ is L-Lipschitz continuous and M-smooth, then for any f, f' and a > 0,

1Ga(f) = Goa I = If = "= a(Ve(f) = V()
< =l + el Ve(f) = Ve(f)Il < (L+aM)|f = f].

Therefore, ny < 14+a;M <1+ % for all ¢. The Lipschitz assumption and choice of a; gives
¢ < % Taking expectations on each side of (13.24) yields

(13.37) E[5)] < (1 + #) E[5, 1] + 2n—If

Using only (13.37) and the initial condition §o = 0 does not give a good bound on E[d7]
because of the large step sizes for small ¢. To proceed, let ¢ty € {0,...,n}. We know d;, # 0
only if sample ¢* is used by time tq (i.e. only if I; = i* for some ¢ with 1 < ¢ < t3). So,
since independent uniform sampling is assumed, P[d;, = 0] > (1 — %)to >1— % Using the
the fact |07 (fr) — r(f7)| < Lér on the event &;, = 0 and the fact |¢r(fr) — r(f7)| < 1in
general,

(13.38) Bltr(fr) — br(f)] < LA+,

where A; := E[d;|d;, = 0] for t > to. The same reasoning that led to (13.37) yields

M 2L
A, < (1+C—) A+ e
t nt

M 2L
(13.39) < exp (TC) JAVERISS _tc for t > t,
n
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where in the last line we have used the inequality 1 4+ u < exp(u). Unwinding the recursion
down to t =ty + 1 and using the initial condition Ay, = 0, we have

a a 2cL
Ar< > ]I exp(Mec/k)——

t=to+1 k=t+1
T T
1\ 2cL
— M - ==
> e (are 3 1) %
t=to+1 k=t+1
T
T\ 2cL
< Mclog — | —
<y exp( cogt) !
t=to+1
2L a
< 2 Me —(1+Mc)
t=to+1
2cL 1
< _TMc_ t—Mc_T—Mc
- n Mc ( 0 )

oL (T\Me
< — (= .
- nM to

Plugging this estimate into (13.38), we get

n n_M to
The right-hand side is (approximately) minimized by setting

E[|0(fr, ) — ((fp )] < 2 4 25 (Z) N

1 q
to=(26L2)‘”1 Tt q= Mc
which gives

L+ UMe o poysm it

E[|((fr,2) = ((fr,2)|] <
0

In this case, we can set T = nU=)Met)/Me for any ¢ € (0,1), and obtain the stability
bound

(13.40) Su(A) < (14 1/Mc)(2cL?) werin =
for A(Zn) = fT-

13.5. Analysis of Stochastic Gradient Descent

This section summarizes an analysis of stochastic gradient descent following [BCN16].
Convergence results are presented first under smoothness and strong convexity assumptions,
and under mild assumptions on the stochastic gradient. Then the convexity assumption is
dropped, allowing for the possibility of convergence to a local minimum, but it is shown that
the mean square gradient still converges to zero in an average sense.

The setting is the following.

e T is a Hilbert space, possibly a finite dimensional Euclidian space R?
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e [': F — R is continuously differentiable, with a finite infimum I'™*

e fi € F (Initial state)
o (& :t=1,2,...)is a sequence of mutually independent random variables

e g(f1,&)isa random element of the Hilbert space for each t. It is a stochastic gradient
of I" evaluated at f;.

The stochastic gradient descent (SGD) algorithm is given by the update
ferr = fr — aug(fi, &)

such that (o : t =1,2,...) is a sequence of nonnegative stepsizes.

ExXAMPLE 13.1. The function T' could have the form of an empirical risk: T'(f) =
LS L U(S, z) for some deterministic data sequence 2" (perhaps coming by sampling n times
from some distribution) and { is a loss function. The mndom variables (&) could be inde-
pendent, and each uniformly distributed over [n] and g(-,&) = VL(-, z¢,). More genemlly, the

random variables could be independent and each uniformly distributed over ( ) the set of
subsets of [n| of cardinality k (k is the batch size), and

(&) =12 Zw ,%).

JEE

ASSUMPTION 13.1. (i) There exists > 0 such that for all t > 1,

(13.41) (VI(fo), Ee[g(fe. €)]) = plVT(£)]1*.
(ii) There exist B > 0 and Bg > 0 such that

(13.42) Eg [lg(fi, &)1 < B+ Bal VI (£,

The assumption (13.41) would be satisfied with p = 1 if, given f;, the stochastic gradient
is an unbiased estimator of the actual gradient of I': Eg,[g(f:,&)] = VI(f). If B > 0, the
stochastic gradient can continue to exhibit variance bounded away from zero, even as the
actual gradient becomes arbitrarily small. It can be shown that if || VI'(f;)|| can be arbitrarily
large, then (13.41) and (13.42) imply that Bg > p?. Also, if B = 0 and u = Bg = 1, the
SGD algorithm must be the deterministic gradient descent algorithm with stepsizes (ay).

THEOREM 13.7. (SGD with fized stepsize for smooth, strongly convex objective function)
Suppose I" is M -smooth and m-strongly convex for some M, m > 0, and suppose Assumption
13.1 holds. Consider SGD run with fixed stepsize a such that 0 < a < —k—. Then the

MBg
optimality gap satisfies
aMB aM B

13.43 ET(f,) —I* < 1— EHD(f) - T. -
(13.43 (1) =1 < G (1= (1) -1 - )

t—o00 O[MB

—

2mp

PrRoOOF. By the M smoothness assumption,

Dfien) = D) < (VDR o — £ + o s — Fil?

—a(VI(fe), 9(fe,&)) + (fe &)1
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Taking expectation with respect to the randomness of &, invoking Assumption 13.1, and
using the assumption 0 < a < MLBG yields

2
B [(fisn)] — T(£) < —pal VORI + o (B + Ba|[VT(f)|)
2
(13.4) ——a (- 2P P + 5
(13.45) <~ or( + 2

The bound (13.45) shows how smoothness can be translated into a bound on descent to be
expected in terms of the norm of the gradient at f;. The next step is to use strong convexity,
which implies that the norm of the gradient is lower bounded by I'(f;) —=I'(f*).) The m-strong
convexity of I implies (see Lemma 3.2(5)) :

R e

2m

I'(f) -
which, when substituted into (13.45), yields

Eq,[[(fu)] = T(f)) < —amp(D(f,) — %) + = fB

Subtracting I'* from both sides, taking total expectations, and rearranging, yields
a’MB
5
from which (13.43) follows by induction on t. O

El(fir1) =T < (1 —amp) (EL(f;) —T7) +

The bound (13.43) on the expected optimality gap does not converge to zero as t — 00
because even near a minimizer the gradient is permitted to be noisy if B > 0. If diminishing
stepsizes are used then essentially the law of large numbers helps out to make the expected
optimality gap converge to zero. The classical schedule of Robbins and Monroe is to select
() so that

(13.46) Zat = o0 and Zaf < o0.
t=1 =1

The first condition in (13.46) is needed to ensure that the sequence f; can move arbitrarily
far, within regions where the gradient is bounded. The second condition is equivalent to
Soerai = 0as T — 00, so that for very large T', the total variance of noise in the future
of the stochastic gradient is converging to zero.

THEOREM 13.8. (SGD with diminishing stepsize for smooth, strongly convexr objective
function) Suppose T" is M-smooth and m-strongly convez for some M, m > 0. Suppose As-

sumption 13.1 holds. Consider SGD run with stepsizes o; = # such that ¢ > miﬂ and vy is
large enough that c; < MBLG' Then for all t > 1 the optimality gap satisfies
v
13.47 El - <
(13.47) (])-1" < 2
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where
*MB

13.4 £ —_—
(13.48) v maX{Q(cmu—l)’

(v + DI - r*)}

PROOF. Note that a; < MLBG for all t > 1, so the proof of Theorem 13.7 goes through
with « replaced by oy to yield

oM B
B (fi1) = T < (1 - agmp) (BT(f,) — ) + 222,
2
cmyt c“MB
—(1- ED(f,) —T*) + — -~
( v+t>( U=+ o5+
cmp o v(iemp—1)
13.49 <(1- ET(f,) —T%) + ——
(13.49) < (1- 228 eri - )+ L
where the last step uses the fact % < v(emp —1). Finally, (13.47) holds for ¢t = 1 by the
choice of v, and it follows for all £ > 1 from (13.49) by induction on ¢. O

SGD without convexity. The following drops the assumption that the objective function
is convex. The objective function is still assumed to be bounded below (i.e. have a finite
infimum, I'*.) The proof follows the first half of the proof of Theorem 13.7, which uses
the smoothness assumption. With the convexity assumption dropped, the algorithm could
become stuck near a local minimum. If it is near a local minimum for a long time, its step
sizes will get small because the gradient will be small. After that it might escape to a new
local minimum and for a time have larger gradients. Since I' is assumed to be bounded
below, however, the algorithm can’t forever experience large gradients on average.

THEOREM 13.9. (SGD with fized stepsize for smooth objective function) Suppose T' is
M -smooth for some M > 0, and suppose Assumption 13.1 holds. Consider SGD run with
fizxed stepsize o such that 0 < a < MLBG. Then the expected average-squared-gradients of T’
corresponding to the SG iterates satisfies the following inequality for all T > 1.

T
1 aMB | 2(L'(f1) —T'(f"))

13. E— C(f)|? <
(13.50 F IO < U+

o aMB
(13.51) Tog &0

1
ProoOF. Taking the total expectation of each side of (13.45) yields

« a’MB
(13.52) EL(fi1) — EL(f) < == B[ VI(£)|* +
Summing each side of (13.52) over 1 <t < T, using the fact I'(fr41) > I'*, and dividing by
T yields (13.50). O

Here is a variation with decreasing step sizes.

THEOREM 13.10. (SGD with diminishing stepsize for smooth objective function) Suppose
I' is M-smooth for some M > 0, and suppose Assumption 13.1 holds. Consider SGD run
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with stepsizes ay > 0 such that Ap = Zthl a; =% oo, Yoo af < oo, and oy < g Jor all

t. Then

E) )| VI(fi)]* < o0

t=1
and therefore

T
1 9 T—x
(13.53) :EE;kmwnﬁm =,

PROOF. By the assumptions, (13.52) holds for each ¢ with « replaced by «;. The sum of
the left side of (13.52) over 1 <t < T —11is EI'(fr) — ET'(f;) > I'* — I'(f1). Thus,

EY o vr(f)|? < 20U /1 -, ]‘i Bs 2 oo
=1 t=1

O

The condition (13.53) shows that the expected squared gradients converge to zero in a
certain average sense.

13.6. Differentially private algorithms and generalization

Recall that we have defined a randomized learning algorithm A to be stable if the outputs
A(Z™) and A(Z'™) of A on two training sets Z™ and Z™ that differ in only one example are
close in terms of their losses: for example, A is e-uniformly stable if
(13.54) sup [EL(A(Z™),z) — EL(A(Z™),2)] < e

z€Z
for all Z™ and Z' that differ in only one example.

In this section, we will examine a much stronger stability property that pertains to the
sensitivity of the conditional distribution of the output of A given Z" = 2" to individual
training examples comprising Z". For this purpose, it is convenient to think of F' = A(Z™)
as a random object taking values in the hypothesis class F. Then the operation of A is
fully described by the conditional distribution Ppjz». Moreover, we can rewrite the stability
condition (13.54) in the following equivalent form:

(13.55) 81615) [E[((F,2)|Z" = 2" — E[{(F,2)|Z2" =2"]| < e

for any two training sets z", 2z that differ in at most one example. Let us now consider a
stronger property that compares the conditional distribution of F' given Z" = 2" against the
one given Z" = 2'™:

DEFINITION 13.4. A randomized algorithm A specified by the conditional distribution
Ppzn is (g, 0)-differentially private if, for any measurable subset B of I and for any two
trainig sets 2™, 2'™ that differ in at most one example, we have

(13.56) P[F e B|Z"=2"]| <e"P[F € B|Z"=2'n] +4.
Equivalently, Ppzn is (€, 0)-differentially private if, for any function g : I — [0,1],
(13.57) E[g(F)|Z" = 2"] < €E[g(F)|Z" = 2] + 6.
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This definition was proposed by Cynthia Dwork in the context of protecting individual
information in statistical databases [Dwo06]. Of course, it is useful only for § € [0,1) and
for suitably small values of ¢.

We start with the following simple observation:

LEMMA 13.2. If a learning algorithm Ppzn is (¢, 6)-differentially private, then it is (e —
1+ §)-uniformly stable in the sense of (13.54). If € € [0, 1], then the algorithm is (2 + 9)-
uniformly stable.

ProOOF. A direct consequence of the definition: let 2™, 2/ be two training sets differing
in only one example. Then, for any z € Z,

E[((F,2)|Z" = 2"| — E[l(F,2)|Z" = 2] < (e — DE[((F,2)|Z" =2"]+ 0
<e —1+9.
Since e* — 1 < 2u for u € [0, 1], we also obtain the second part of the lemma. U

This stability estimate immediately implies that a differentially private algorithm should
generalize. However, the resulting bounds are rather loose. We will now present a tighter
bound, due to Nissim and Stemmer [NS15].

First, we need to collect some preliminaries on the properties of differentially private
algorithms. Fix a randomized algorithm A = Ppjz» and consider a new algorithm obtained
by running M copies of A in parallel on m training sets (Z;1,...,Z;,), 1 < j < m. In other
words, we form the matrix

Zl,l ZLQ e Zl,n
mxn _ Zoy oo ... Zop
Il Lm2 - Lmn

and let F; be the output of A on the jth row of Z™*". This defines a new algorithm, which
we denote by A™ and which is described by the following conditional distribution Ppm|zmxn:
For any m measurable sets By,...,B,, CJ,

P[F € By,...,F, € B,|Z™" = zm™*"] HP [F € Bp|Z" = (21, . 2jn)] -
7j=1
If Ais (g, 0)-differentially private, then the algorithm A™ constructed in this way is also (g, 0)-
differentially private. This follows almost immediately from the fact that the jth component
of the output of the new algorithm depends only on the jth row of the matrix Z"*".
Another way of combining algorithms is by adaptive composition. Consider two random-
ized algorithms, A; = Pg|z» and Ay = Pp, z» . Here, the first algorithm takes a dataset Z"
and produces an output F) € J7; the second algorithm takes a dataset Z™ and an additional
Fi-valued input F; and produces an output Fy, € Fy. The adaptive composition of A; and
Ay takes Z™ as input and produces an output F, € Fy using a two-stage procedure:

e Generate F} by running A; on Z".

e Generate Fy by running A, on Z" and on F} generated by Aj.
Suppose that A; is (1, 01)-differentially private, and that, for each fi € F1, Ppzn p—yp is
(€9, 62)-differentially private. Then their adaptive composition is (€14€3, §; +3ds)-differentially
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private. We will now prove this: Fix an arbitrary function g : 5 — [0, 1] and two datasets
2", 2™ that differ in only one sample, and write

/ 9(f2)PF1,F2|Zn—zn(df1,df2)Z/ (/ g(fz)PF2Zn—zn,Fl—fl(de)) Pry|zn=zn(df1)
Fo Fa

J1

< / min (1, 652/ g(f2)PF2|Z":z’",F1:f1(de) + (52) PF1|Z”:z"(df1>
5t1 5l~2

(13.58) :/ min (1,661/ 9(f2)PF2|Z”z'n,F1fl(df2)) Pryjzn—wn(df1) + 02,
ffl 32

where we have used the differential privacy assumption on A,. Now, for a fixed realization
2™ we can define the function

g/<f1) = min <1’662L g<f2>PF2|Z":z’",F1:f1(de))

that takes values in [0, 1]. Therefore, by the differential privacy assumption on Ay,

in 1,652/ g(fZ)PFgZ”:z’",Flzfl(de)) PFl\anzn(dfl)
Fa

e
=
A~

< et | g(f1)Przr=om(dfi) + 61

F1
(1359) S €€1+52 / / g(fQ)PF17F2|Z":z’n(df17 df2> + 51'
F1 JFa

Using the bound (13.59) in (13.58), we obtain
E[g(F2)|Z" = 2"] < e T2E[g(12)| 2" = 2] + (01 + d2).

Since g was arbitrary, we have established the desired differential privacy property.

Finally, we will need a particular differentially private algorithm, the so-called exponential
mechanism of McSherry and Talwar [MTO07]. Suppose that we are given a function U :
8 x Z™ — R, where § is a finite set, such that

maSX|U(s, 2" =U(s,2™)| <1
ElS
for all 2" 2 that differ in only one sample. Consider a randomized algorithm that takes
input Z" and generates an output S taking values in § according to the following distribution:
eaU(s,z")/2

(13.60) PS\Z":Z”(S) = ZS’GS eeU(s',2n)/2"

We have the following:

LEMMA 13.3. The exponential algorithm (13.60) has the following properties:

(1) It is e-differentially private.
(2) Let U*(2") := maxses U(s, 2"). Then, for anyt,

(13.61) P[U(S,2") < U(Z") —t|Z" = "] < |8|e~=!/*,
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PROOF. For part 1, fix 2™, 2" differing in only one sample. Then we have

P[S — S|Zn — Zn] e€U(s,2")/2 ZSIGS esU(s’,,z/”)/2

P[S - S’ZTL = z/n] B GEU(SVZ/”)/Q . Zs/eS €6U(s’,z")/2
_ €(U<S, z”) — U(s7 Z/n)) Zs’es U (5,2 /2
= exXp 2 . Zs/GS eEU(S/7Z")/2
c/2 |S|€(E/2) max,cg U(s,2")

=€ . |S|e(g/2) mingeg U(s,2'm)

< /% exp (g -max |U(s, z") — U(s, z’")])

sSES
< €°.

For part 2: for each ¢, define the set
8 ={se€8:U(s,z") >U"(z") —t}.
Then

Z esU(s,z")/Q
SES
Ul(s,z™)/2
ZSES ec (s,2™)/
Z 6z—:U(s,z")/Z

o SES¢
- eU(s,z2™)/2 eU(s,z™)/2

ey VIS gy VT

Z 6sU(s,z”)/Q
< SESt
— ZSESC ecU(s,2™)/2

t/2

< (oW M0 o~/ (M) ~1/2) g |

P[Se&|z=z"] =

< |8t/
O
Finally, we need the following result, due to Nissim and Stemmer [NS15]:
LEMMA 13.4. Let the parameters €, be such that 0 < § < e < % and m = % is an

integer. Consider an algorithm B that takes an input Z™*" and outputs a pair (Fy,J) €
F x{1,...,m}. If B is (g,0)-differentially private, then

(13.62) P [LY)(Fy) < L(Fy) +5¢] > .

Here, for each j € {1,...,m}, Lg)(f) denotes the empirical loss of f € F on the jth row of
the matriz Z™*"™.

PROOF. We first derive a version of this result that holds in expectation. Let Z"™*™ be
mX

an independent copy of Z"*" and let Z(jz.) " be obtained from Z™*" by replacing the sample
Zj; in the jth row and the ith column with Z7,.
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Now, we write

E[LY(F)] =) E[LY(F)1{J] = j}]

7j=1
1 - .
= > EIUF. Z)1{J = j})
j=1 i=1
1 - ><n /m><n .
7j=1 =1

(13.63)

n

1 m n mXxXn N
pr— EZZ/PZTI’LXH X /lemxn(d / X )/P(FJ’J)|Zan:Z;7:><n(de,j)€<f],Z;l),

7=1 =1

where in the last line we have used the assumption that the entries of Z™*™ and Z'™*™ are
i.i.d. draws from the same distribution. Since Pig, jjjzmxn is (g, §)-differentially private, we
have

/P(FJ,J)|Zan:z$X"(dfj;j)g(fjvZé‘i) < EE/P(FJ,J)me“zzmxn(dijj)g(fpZ}i) +0

Averaging with respect to Z™*™ and Z""*" and exploiting independence, we obtain
/szm(dzmx") /PZ,an(dZ/an) / P(FJ,J)|Zm><n:z;’Z?X"(dfj7j)f(fjv Z;z)

<6 [ Proca(@™®) [ Pomenlde™®) [ P, oAy 100 25 + 8
= eBlU(F), Zj){J = j}] + 0
= e"E[L(F))1{J = j}| +o.

Substituting this into (13.63), we obtain

(13.64)  E[LY(F))] < EE[L(F))] +mé < B[L(F))] + 2¢ +md < E[L(F))] + 3¢,

n

where the second step follows from the inequality ae® < 2x + a for a,z € [0,1]. The
probability bound (13.62) follows from Lemma 13.6 in the Appendix. 0

Now we are ready to state and prove the main result of this section:

THEOREM 13.11 (Nissim-Stemmer). Let the parameters ,8 be such that 0 < § < e < {5
andm = % is an integer. Let A = Ppizn be an (¢, 0)-differentially private randomized learning
algorithm operaitng on a sample of size n > ;% log %. Assume that € > 6. Then, for any loss

function € : F x Z — [0, 1],

(13.65) P[|L(F) — L(F)| > 13¢] < 2?510g g
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13.6.1. The proof of Theorem 13.11. Suppose, to the contrary, that A does not
generalize, i.e., that

(13.66) PLo(F) — L(F) > 13¢] > glog g

Draw m+ 1 independent datasets (Z;1,...,Z;,), j € {1,...,m+1}, from Pz, and form the
(m 4+ 1) X n matrix

Zl,l ZLQ e Zl,n

Z2,1 Z2,2 s ZQJL

Zm71 Zm72 “ e Zm,n
Zm+1,1 Zm+1,2 o e Zm+1,n

Think of the first m rows of this matrix as m independent training sets, and of the last row
as a separate validation set. For j € {1,...,m}, let F; € J be the output of an independent
copy of A on the jth row of this matrix. Next, for each f € F, define the empirical losses

() =S 2, el mt )
=1

of f on the jth training set and on the validation set. For the random set 8 = {(F}, j)}7,,
define a function U : 8§ x Z(m+t1)>x" 5 R by

(13.67) U((Fy.4), 2 0%") = n (L9(F}) — L(F))

and generate a random pair (Fy,I) € § by running the McSherry—Talwar exponential algo-
rithm (13.60) with this function U on Z{m+1)xn,

For j € {1,...,m}, denote by E;, the event (Y U(F
UL, E;. By hypothesw cf. Eq. (13 66), P[E;] > ¢
Ey, ..., E, are independent,

m 5 2\" 5 2\ &
EC— 1—-1 =(1——-loog— < —,
1=p ()] ~TTpie = (1-2e2) = (122 <

Next, for each j € {1,...,m}, let G, denote the event that |L£Lm+1)(Fj) — L(F;)| < e, and
let G = ﬂ;nzl G;. On the other hand, since Fi, ..., F, are independent of the last row of the

(£, ) L(F;) > 13¢}, and let B =
log for each j. Since the events

matrix Z(m*tD*" Hoeffding’s lemma and the union bound guarantee that
2 2 2
P[G]>1—2me ™ =1— g —ane
By the union bound,
P[ENG]=1-P[E°UG"] — (P[E‘] + P[GY))

2e

>1
€
>1__72TL€2__
=5 2

Consequently, if we choose n >

> 53 log §, then we will have P[ENG] > 1 —

177



Now, on the event £ N G, the function U defined in (13.67) will satisfy
U*<Z(m+1)><n) = max U(j, Z(m+1)><n)

je{1,...,m}
— LU (FY = [(m+)(p.

ngegl,é.},(m}[ w (Fy) n ( J)}
=n_max [(LP(F) = L(E)) + (L(F) = L V(E))]
> 12ne

Therefore, on the event EN G, with probability at least 1 — me=""/4, the output (Fy, 1) the
exponential mechanism with (13.67) will be such that

L(Fy) — L(Fy) = LP(Fy) = L{Y(Fy) + LY (Fy) — L(Fy)
U I, Z(m+1)><n

n
x(r7(m+1)Xn
S Uz
n

— 2 > 10e.

Thus, if n is also chosen to be larger then ;% log %, then the output (Fp, I) will satisfy
(13.68) P [L{(Fr) < L(Fy) + 10¢] <e.

By Lemma 13.4, this is impossible if we can show that the algorithm B = Pp, )| z(m+1)xn 18
(2¢, 6)-differentially private.

To see this, we observe that the algorithm B = P, jyzom+1xn is an adaptive composition
of A™ and the McSherry—Talwar algorithm. Since A is (g, ¢)-differentially private, so is A™,
and the McSherry-Talwar algorithm is (g, 0)-differentially private. Therefore, B is (2¢,0)-
differentially private. Therefore, by Lemma 13.4, its output must satisfy

P [LY)(F;) < L(Fy) + 10¢] > 2e.
which contradicts (13.68).

13.7. Technical lemmas

LEMMA 13.5. Let U and V' be two random wvariables, such that U < V' almost surely.
Then

(13.69) E|U| < |EU| +2E|V|.
PROOF. We have
ElU =E|(V-U)-V|<E|V-U|+E|V|=E[V -U]+E|V| <|EU|+2E|V|.
OJ

LEMMA 13.6. Let U and V' be two random variables, such that 0 < U,V < 1 almost
surely, and
E[U] <E[V]+ 3¢
for some 0 < e < %
(13.70) P[U <V +5¢] > e.
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PROOF. Suppose, by way of contradiction, that P[U < V 4 5¢] < e. Then
E[U] = E[UL{U - V < 5} + E[UL{U — V > 5¢}]
> E[(5e + V)1{U — V > be}]
= (5e)P[U -V > 5] + E[V1I{U — V > 5¢}].
On the other hand, since 0 <V <1
EVI{U -V <b5e}| <E[I{U —V <5e}| =P[U -V < 5¢] < e.

Therefore,
E[U] > (5e) P[lU =V > 5¢] + E[V] — ¢
> (be)(l—e)+ E[V]—¢
= E[V] + 4¢ — 5¢?
> E[V] + 3¢,

which contradicts the assumption that E[U] < E[V] + 3e.
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CHAPTER 14

Online optimization algorithms

The main topic for this chapter is online algorithms for convex optimization. In the
models for statistical learning problems discussed earlier, it is assumed the data Z™ are
generated by independent draws from a probability distribution P on Z. The probability
distribution P is unknown, and for a problem to be PAC learnable, there should be an
algorithm that is probably almost correct, where the probability of almost correctness, 1 —9,
should converge to one uniformly over all P in some class P. Thus, the definition of PAC
has some min-max aspect.

We can buy into the minimax modeling philosophy more fully by dropping the assumption
that the samples are drawn at random from some distribution P. Rather, we could consider
the samples z1,29,... to be arbitrary. The learner can be viewed as a player, and the
variables z1, 2o,... can be viewed as chosen by an adversary. Usually in this context we
won’t be modeling the adversary, but just assume the adversary could come up with an
arbitrary sequence zi, 29, . ... While the problem formulation is somewhat different from the
statistical learning framework we have been focusing on all this time, much of the same tools
we have seen can be applied to the learning problems.

The performance analysis of stochastic gradient descent we looked at in Chapter 13 is
about the performance of the stochastic gradient descent algorithm, such that the data points
z1,...,2, were fixed. All the stochastic effects were due to internal randomization in the
algorithm, and the guarantees were uniform in zq, ..., z,.

We shall focus on the online, or adversarial, function minimization problem.! An influen-
tial paper in this line of work is the one of [Zin03], although there is a long line of literature
on learning in an adversarial context.

14.1. Online convex programming and a regret bound

The paper of Zinkevich [Zin03] sparked much interest in the adversarial framework
for modeling online function minimization. The paper shows that a projected gradient
descent algorithm achieves zero asymptotic average regret rate for minimizing an arbitrary
sequence of uniformly Lipschitz convex functions over a closed bounded convex set in RY.
The framework involves objects familiar to us, although the terminology is a bit closer to
game theory.

IThere is work on a related online learning problem for which the player can select a label g, at each
time after observing x;. Then the actual label y; is revealed and the player incurs the loss £((x¢, y:), Ur). A
simple case is the 0-1 loss. An algorithm A for this problem produces a label gy = A(z1,..., 2, Y1, .., Y1)
for each t. See [SSBD14] for an introduction.
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e Let F be a nonempty, closed, convex subset of a Hilbert space . It is assumed JF is
bounded, so D := max{||f — f'|| : f, f' € F||} < co. The player selects actions from
F.

e Let Z be a set, denoting the possible actions of the adversary.

o Let ¢ : F x Z— R,. The interpretation is that ¢(f;, z;) is the loss to the player for
step t. We sometimes use the notation ¢, : Z — R, defined by ¢,(f) = ¢(f, z;).

e Suppose the player has access to an algorithm that can compute ¢,(f) and V£ (f)
for a given f.

e Suppose the player has access to an algorithm that can calculate II(f) for any
f € R4, where IT : H — JF is the projection mapping: II(f) = argmin{| f — f'||* :
f' € F}, that maps any f € H to a nearest point in J.

e T > 1 represents a time horizon of interest.

The online convex optimization game proceeds as follows.

e At each time step t from 1 to T', the player chooses f; € F
e The adversary chooses z; € Z
e The player observes z; and incurs the loss £(f;, ;).

Roughly speaking, the player would like to select the sequence of actions (f;) to minimize
the total loss for some time-horizon T, or equivalently, minimize the corresponding average
loss per time step:

T

B((F) = Y ) Lel(f) o= e ((F)

t=1
If we wanted to emphasize the dependence on 2T we could have writen Jr((f:),z7) and

Lr((f),2T) instead. A possible strategy of the player is to use a fixed f* € F for all time, in

which case we write the total loss as Jr(f*) := ZtT:l 0(f*, z) and the loss per time step as
Lr(f*) = Jr(f*). Note that Ly(f*) is the empirical loss for f* for T samples. If the player

- T
is extremely lucky, or if for each ¢ a genie knowing z; in advance reveals an optimal choice to
the player, the player could use ff* := argmingeg ¢(f, z). Typically it is unreasonable to

expect a player, without knowing z; before selecting f;, to achieve, or even nearly achieve,
the genie-assisted minimum loss.

It turns out that a realistic goal is for the player to make selections that perform nearly as
well as any fized strategy f* that could possibly be selected after the sequence 27 is revealed.
Specifically, if the player uses (f;) then the regret (for not using an optimal fixed strategy)
is defined by:

Rr((fy) = Jr((fi)) — ;%%JT(f*),

where for a particular f*, Jr((fy)) — Jr(f*) is the regret for using (f;) instead of f*. We
shall be interested in strategies the player can use to (approximately) minimize the regret.
Even this goal seems ambitious, but one important thing the player can exploit is that the
player can let f; depend on ¢, whereas the performance the player aspires to match is that
of the best policy that is constant over all steps t.

Zinkevich [Zin03] showed that the projected gradient descent algorithm, defined by

(14.1) feer = H(fe — V(1))
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meets some performance guarantees for the regret minimization problem. Specifically, under
convexity and the assumption that the functions ¢; are all L-Lipschtiz continuous, Zinkevich
showed that regret O(LDﬁ ) is achievable by gradient descent. Under such assumptions the
VT scaling is, in fact, the best possible. The paper of Hazan, Agarwal, and Kale [HAKO7]
shows that if, in addition, the functions ¢; are all m-strongly convex for some m > 0, then

gradient descent can achieve O (% log T) regret. The paper [HAKOQT7] ties together sev-

eral different previous approaches including follow-the-leader, exponential weighting, Cover’s
algorithm, and gradient descent. The following theorem combines the analysis of [Zin03]
for the case of Lipschitz continuous objective functions and the analysis of [HAKO7] for
strongly convex functions. The algorithms used for the two cases differ only in the stepsize
selections. Recall that D is the diameter of JF.

THEOREM 14.1. Suppose ((-, z) is convex and L-Lipschtiz continuous for each z, and
suppose the projected gradient algorithm (14.1) is run with stepsizes (oy)i>1.
(a) If o, = Z for t > 1, then the regret is bounded as follows:

Re((f) < DZ\C/T + (\/_— %) L,

which for ¢ = % gives:

Ry((f) < DLV2T.

(b) If, in addition, ((-, z) is m-strongly convex for some m > 0 and oy = % fort > 1, then
the regret is bounded as follows:
L*(1 +logT
Rr((f) < 08T

PROOF. Most of the proof is the same for parts (a) and (b), where for part (a) we simply
take m = 0. Let f},; = fi — a&sVl(fy), so that fi1 = II(f}.,). Let f* € F be any fixed
policy. Note that

ff+1 - f* = fi — f* - Oétv&(ft)
12 = PP = e = NP =20 (f" = [ V() + VLI

By the fact f* =II(f*) and the contraction property of II (see Proposition 4.2),
I fes1 — £l < If2e — f*]|. Also, by the Lipschitz assumption, ||V£(f;)|| < L. Therefore,

[ fer = L7 < e = 217 = 200(fe — [, VG(f2) + o L

2m

or, equivalently,

(14.2) 2<ft o f*avgt<ft)> S ”ft - f*H2 B Hft+1 - f*H2 + Oéth.

ay

(Equation (14.2) captures well the fact that this proof is based on the use of ||f; — f*||
as a potential function. The only property of the gradient vectors V/;(f;) used so far is
V4 (fi)]] < L. The specific choice of using gradient vectors is exploited next, to bound
differences in the loss function.) The strong convexity of ¢, implies ¢,(f*) — ,(fi) > (f* —
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Y+ 2| f* — fi||?, or equivalently,
200:(fe) — Lo(f*) < 2(fy — f*,VU(f1)) — m]| fi — f*||?, which combined with (14.2) gives:

Ife = FN17 = W feer = f7IP

ay

(14.3) 2(6(f1) = 4(f7) < +a L —mlfy = [

We shall use the following for 1 <¢t <T —1:
_ |2 _ X2 _ o fx||2 o fx|]2 1 1
e o L T o G ey ol +< __) T
7an | Qg

Qg Qg e7an |

Summing each side of (14.3) from ¢ =1 to T yields:

W) - Je(F) < (ai - m) 1= 51 = s = 51

T
+Z( - ) s = 1P+ L?Zat
t=1

(072N

T
1
(14.4) < D? (— - mT) +L7 a

(Part (a)) If m = 0 the bound (14.4) becomes

2

(14.5) () =) < 2 25

t=1

Now if oy = \/%, then

4 T ¢ T cdt
oy =cC+ — <c+Hec T — 1
Zt Z Vi = )

and we get

() — () < 2 (VI - 1) e

\c

If ¢ =

Rr((f1))
(Part

(b
side of (14.

= then Jr((f:)) — Jr(f*) < DLV2T. Since f* € JF is arbitrary it follows that
L\2T.

D
)) For the case m > 0 and oy = % for all ¢ > 1, the first term on the right-hand
4)

is zero, and
T T-1
1 1 1+ logT
E =1 E )l <« 2o
— LA, < + t) - m

t=2

|/\3

so part (b) of the theorem follows from (14.4) and the fact f* € F is arbitrary. O
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14.2. Online perceptron algorithm

The perceptron algorithm of Rossenblatt (1958) is an iterative algorithm for training
binary classifiers of the form y = sgn({f,z)). In this section we show that the perceptron
algorithm can be viewed as an instance of the gradient descent algorithm for a certain online
convex optimization problem, and adapt the proof of Theorem 14.1 to bound the total
number of iterations in the realizable case. Let the original data set be denoted by z". At
each time step t, the gradient descent algorithm will be applied to a sample z; = zj, for a
choice of index I; € [n] to be described in what follows. We use z and (z, y) interchangeably,
and, similarly, z; and (x¢, y;) interchangeably. Consider the surrogate loss function ¢(f,z) =
(1 —y(f,x))+, which is the penalized version of 0-1 loss arising from use of the hinge penalty
function p(u) = (1 4 u),. At step ¢ the learner selects f;, and then the adversary selects a
convex loss function. Usually we would think to use ¢;(-) = ¢(-, z;). However, the rules of
online convex function minimization allow the adversary to present a different sequence of
convex functions ¢; : t > 1, determined as follows:

o If y,(f,x4) > 0 (i.e. if f; correctly classifies z;), then ¢, = 0.
o If y,(f, ;) <0 then ¢, = ¢,.
Note that ¢; is convex for each ¢ and

wt(f»‘{ 0 1 v =sgn((fiz1))

—ypxy  else.

The gradient descent algorithm, with no projection and constant stepsize «, becomes::

_ Ji if g = sgn((f, z1))

(146) ft+1 - { ft + QU4 else,

where we use the initial state f; = 0. Since f; is proportional to « for all £, the classifiers f;
are all proportional to «, so the 0-1 loss performance of the algorithm does not depend on
«. We included the stepsize a > 0 only for the proof. We now specify how the index I; is
chosen. If there is some sample that f; does not correctly label, then I; is the index of such
a sample. Otherwise, I; € [n] is arbitrary. The classical perceptron algorithm corresponds
to this choice of I;, the update rule (14.6), and stopping at the first time ¢ it is found that
f+ separates the original data.

PROPOSITION 14.1. (Perceptron classification, realizable case) Let

L > max |||
1<i<n

and
Bz min{|[f*|| : yi(f*,z:) = 1 fori € [n]}.

At most B2L? updates are needed for the perceptron algorithm to find a separating classifier.

PROOF. (Variation of the proof of Theorem 14.1.) By the assumptions, ¢, is L-Lipschitz
continuous for all t. Let f* be a vector so that || f*|| < B and y;(f*,z;) > 1 for i € [n]. By
(14.3) with m = 0 and a; = « for all ¢,

o rE|2 _rx|]2
B S G P
o

2(0(f2) = 4(f7))
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Summing over t from 1 to T yields

2(Jr((f) — Jo(f7)) < é”fl — 17 - éHfT—i-l — f*I? + aL?T

B
< — +al’T
«

Now 4;(f;) > 1if f; does not separate the data, whereas ¢;(f*) = 0 for all ¢. Thus, if none
of fi,... fr separate the data, then 2T < 2(Jr((f;)) — Jr(f*)) < & + LT for any a > 0.
Taking o = % yields T' < BL\/T, or T < (BL)?. Thus, at most (BL)? updates are needed
for the algorithm to find a separating classifier. O

14.3. On the generalization ability of online learning algorithms

This section is based on [CBCGO4]. An instance of the on-line convex function mini-
mization framework of Section 14.1 is represented by a tuple (F,Z,¢). An online algorithm

A prescribes an action f; and then, for each ¢ > 1, an action fi 1 = A(f1,..., fi, 21, .-, 20)-
Section 14.1 considered regret for arbitrary sequences of samples. Consider instead, the
statistical learning framework, such that the samples 7, Z,,..., Z, are independent and

identically distributed random variables with values in Z and some probability distribution
P. Consider using an algorithm A for online convex function minimization with 7" = n, so
the algorithm makes one pass through the data using the samples 71, ..., Z, in order.

The sequence fi, fa, ..., fn produced by A is random, due to the randomness of the Z’s.
However, for each t € [n], f; is determined by A and Z1, ..., Z;_1, so f; is independent of Z;.
Therefore, given f;, (f;, Z;) is an unbiased estimator of the generalization performance of f;.
In essence, each subsequent sample Z; is a test sample for f;. It is therefore to be expected
that online algorithms in the statistical framework have good generalization ability. An
application of the Azuma-Hoeffding inequality (Theorem 2.1) makes this precise:

THEOREM 14.2. (Generalization ability of on-line algorithms) Suppose € is bounded, with
values in [0, 1]. Suppose Zy, Z, ... are independent and identically distributed, and let (f;)

be produced by an online learning algorithm A. Then for any T > 1, with probability at least
1 -9,

1< 1 <& 2log &
(14.7) T;L(ft) = T;E(fmzt)"‘ T

where L(f) denotes the generalization loss of a hypothesis f for the probability distribution
P used to generate the samples, and %Zle U f, Zy) = Lr((f)) is the average loss per
sample suffered by the online learner. Furthermore, if ((-,2) is convex for each z fized, and
fr= %23:1 ft, then with probability at least 1 — 9,

1 — 2log L

7 5

(14.8) L(fﬂsfge(ft,zm 7
Proor. Let Yy, = 0 and Y, = ' (L(f) — (fs,Z,)). Since
E[L(fs) — U fs, Zs)| 21, ..., Zs—1] = 0 for all s, (Y;) is a martingale. Also,
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Y; — Yiq| = |L(fy) — €(fi, Z¢)| < 1 for all t. Thus, by the Azuma-Hoeffding inequal-
ity with By = Y;_; and ¢ = 2, for any € > 0,

2¢2T? 2T
P[Yr > €T] < exp {— T } = exp {_T} )

2log %
T

of ((-, z) implies convexity of L, so by Jensen’s inequality L(f;) < & Zszl L(f:). Therefore,

(14.8) follows from (14.7). O

Setting e = and rearranging yields (14.7). For the second part, the assumed convexity

An interpretation of (14.7) is that the average (over t € [T]) generalization loss of the
hypotheses generated by the online learning algorithm A is not much larger than Lz ((f;)),
with high probability. Recall that Lz((f;)) is the loss incurred by the learner, which is
version of empirical loss, although for a sequence of hypotheses (f;) rather than a single
hypothesis. The bound (14.8) shows that, in the case ¢(f, z) is convex in f, the hypotheses
of the algorithm can be combined to yield a hypothesis f, that has generalization loss, in
the standard sense, not much larger than Ly ((f;)) incurred by the online learning algorithm.

In the statistical learning framework, if ¢(f, z) is convex in f, Theorem 14.1 implies that
the average f; of the hypotheses (f;) provided by the projected gradient descent algorithm
represents an asymptotic ERM (AERM) algorithm. As we've seen earlier, generalization
and AERM together provide consistency; the following corollary illustrates that point.?

COROLLARY 14.1. Suppose F is a closed convexr subset of a Hilbert space with finite
diameter D. Suppose { : F x Z — [0,1] is such that ((-,z) is L-Lipschitz continuous for
each fized z € Z. Suppose Zy,Zs, ..., Z, are independent and identically distributed. Let
£, = % Sy fi. where fi, ..., fy is produced by the projected gradient descent algorithm with

step size oy = % fort>1 (asin Theorem 14.1(a)). Then with probability at least 1 — 26,

— 2 8log 1
L(fn)ngDL\/jﬂ/ %85
n n

PROOF. The last statement of Theorem 14.2 with T = n implies that, with probability
at least 1 — 9,

L(f,) < %Xn:g(ftazt) + 210g%'

n

Let f* minimize the generalization loss: L* = L(f*). Theorem 14.1(a) implies that, with
probability one,

1< IR 2
L) S50 U2 +DL\/;.

t=1

2Earlier we also found that, in a certain sense, generalization is equivalent to stability with respect to
replace one sample perturbations. In the context of this section the Azuma-Hoeffding inequality is used to
show generalization; stability is not used in this section.
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The Azuma-Hoeffding inequality, as used in the proof of Theorem 14.2, and the choice
L(f*) = L*, implies that with probability at least 1 — ¢,

1 2log %
e N A R Ay X ¥
ntzl n

By the union bound, with probability at least 1 — 24, the previous three centered inequalities
all hold, implying the corollary. U

If 4(f,2) is not convex in f, the bound (14.7) still implies that at least one of the hy-
potheses (f;) generated by the algorithm has generalization loss L(f;) not much larger than
the loss of the on-line learning algorithm. Moreover, for each t, the generalization loss, L( f;),
can be estimated by applying f; not only to Z;, but to Z;, Z;,1,..., Zr, to help identify a
value t* so L(fy) ~ min, L(f;). See [CBCGO04] for details. This provides a single output
hypothesis f; with good generalization performance, even for non-convex loss. If somehow
an AERM property is also true, a consistency result along the lines of Corollary 14.1 could
be achieved for nonconvex loss.
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CHAPTER 15

Minimax lower bounds

Now that we have a good handle on the performance of ERM and its variants, it is time
to ask whether we can do better. For example, consider binary classification: we observe n
i.i.d. training samples from an unknown joint distribution P on X x {0, 1}, where X is some
feature space, and for a fixed class F of candidate classifiers f : X — {0, 1} we let fn be the
ERM solution

~

1 n
15.1 fn = argmin — Lep(x,)2v;)-
(15.1) g 10in - Zl (FX)£Y)

If Fis a VC class with VC dimension V', then the excess risk of J?n over the best-in-class
performance L*(F) = inf ey L(f) satisfies

L(f,) < L*(F) + C <\/g+ \/@)

with probability at least 1 — d, where C' > 0 is some absolute constant. Integrating, we also
get the following bound on the expected excess risk:

(15.2) E|L(f) - L'(9)] < c@,

for some constant C' > 0. Crucially, the bound (15.2) holds for all possible joint distribu-
tions P on X x {0,1}, and the right-hand side is independent of P — it depends only on
the properties of the class ¥ Thus, we deduce the following remarkable distribution-free
guarantee for ERM: for any VC class F, the ERM algorithm (15.1) satisfies

(15.3) sup  Ep |Lp(f)) —L};(&")} < C’\/g.

PeP(Xx{0,1})

(We have used subscript P to explicitly indicate the fact that the quantity under the supre-
mum depends on the underlying distribution P. In the sequel, we will often drop the sub-
script to keep the notation uncluttered.) Let’s take a moment to reflect on the significance of
the bound (15.3). What it says is that, regardless of how “weird” the stochastic relationship
between the feature X € X and the label Y € {0, 1} might be, as long as we scale our am-
bition back and aim at approaching the performance of the best classifier in some VC class
F, the ERM algorithm will produce a good classifier with a uniform O(,/V/n) guarantee on
its excess risk.

At this point, we stop and ask ourselves: could this bound be too pessimistic, even when
we are so lucky that the optimal (Bayes) classifier happens to be in F7 (Recall that the
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Bayes classifier for a given P has the form

. 1, ifn(x)>1/2
frw={y b =1
0, otherwise

where n(z) = E[Y|X = z] = P(Y = 1|X = x) is the regression function.) Let P(F) denote
the subset of P(X x {0, 1}) consisting of all joint distributions of X € X and Y € {0, 1}, such
that f* € F. Then from (15.2) we have

-~ V
(15.4) swp B |L(F,) ~ L] < ¢/~
PeP(F) n
where ﬁl is the ERM solution (15.1). However, we know that if the relationship between X

and Y is deterministic, i.e., if Y = f*(X), then ERM performs much better. More precisely,
let Po(F) be the zero-error class:

Po(F) :={PePF):Y = f(X) as.}.

Then one can show that

(15.5) sw E[L(T) - L(/M)] < 0=

PePo(9) n
a much better bound than the “global” bound (15.4) (see, e.g., the book by Vapnik [Vap98]).
This suggests that the performance of ERM is somehow tied to how “sharp” the behavior
of n is around the decision boundary that separates the sets {x € X : n(z) > 1/2} and
{z € X:n(x) < 1/2}. To see whether this is the case, let us define, for any h € [0, 1], the
class of distributions

P(h,F) = {P € P(F) : |20(X) — 1| > h as.}

(in that case, the distributions in P(h,JF) are said to satisfy the Massart noise condition
with margin h.) We have already seen the two extreme cases:
e h =0 — this gives P(0,F) = P(F) (the bound |27 — 1| > 0 holds trivially for any
P).
e h =1 — this gives the zero-error regime P(1,F) = Po(F) (if |2n — 1| > 1 a.s., then
n can take only values 0 and 1 a.s.).
However, intermediate values of h are also of interest: if a distribution P belongs to P(h, )
for some 0 < h < 1, then its regression function 7 makes a jump of size h as we cross the
decision boundary. With this in mind, for any n € N and h € [0, 1] let us define the minimaz
(excess) risk

(15.6) Ry(h,F)i=inf swp B |L(f,) = L(f")].
fn PEP(h,T)

where the infimum is over all learning algorithms f,, based on n i.i.d. training samples. The
term “minimax” indicates that we are minimizing over all admissible learning algorithms,
while maximizing over all distributions in a given class. The following result was proved by
Pascal Massart and Elodie Nédélec [MNOG6]:
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THEOREM 15.1. Let F be a VC class of binary-valued functions on X with VC dimension
V' > 2. Then for anyn >V and any h € [0, 1] we have the lower bound

(15.7) R,(h,F) > ¢ min (\/g, n_‘;L> ,

where ¢ > 0 is some absolute constant (c = 1/32 is sufficient).

Let us examine some implications:

e When h = 0, the right-hand side of (15.7) is equal to ¢/V/n. Thus, without
any further assumptions, ERM is as good as it gets (it is minimax-optimal), up to
multiplicative constants.

e When h = 1 (the zero-error case), the right-hand side of (15.7) is equal to ¢V/n,
which matches the upper bound (15.5) up to constants. Thus, if we happen to know
that we are in a zero-error situation, ERM is minimax-optimal as well.

e For intermediate values of h, the lower bound depends on the relative sizes of h, V,
and n. In particular, if A > \/V/n, we have the minimax lower bound R, (h,F) >
cV/nh. Alternatively, for a fixed h € (0,1), we may think of n* = [V/h?] as the
cutoff sample size, beyond which the effect of the margin condition on 7 can be
“spotted” and exploited by a learning algorithm.

e In the same paper, Massart and Nédélec obtain the following upper bound on ERM:

Vv
R Cy/—, if h <\/V/n
(15.8) swp E[L(f) - ()] <4 V7 2 -
PeP(h,) C— (1 + log 7) s if h > 4/ V/n

nh
Thus, ERM is nearly minimax-optimal (we say “nearly” because of the extra log
factor in the above bound; in fact, as Massart and Nédélec show, the log factor is
unavoidable when the function class F is “rich” in a certain sense). The proof of
the above upper bound is rather involved and technical, and we will not get into it
here.

The appearance of the logarithmic term in (15.8) is rather curious. Given the lower bound
of Theorem 15.1, one may be tempted to dismiss it as an artifact of the analysis used by
Massart and Nédélec. However, as we will now see, in certain situations this logarithmic term
is unavoidable. To that end, we first need a definition: We say that a class F binary-valued
functions f : X — {0,1} is (N, D)-rich, for some N, D € N, if there exist IV distinct points
T1,...,xy € X, such that the projection

F@) = { (f@r).... flan)) : | € T}

of F onto v contains all binary strings of Hamming weight' D. Some examples:

o If Fis a VC-class with VC dimension V, then it is (V, D)-rich for all 1 < D < V.
This follows directly from definitions.

IThe Hamming weight of a binary string is the number of nonzero bits it has.
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e A nontrivial example, and one that is relevant to statistical learning, is as follows.
Let F be the collection of indicators of all halfspaces in R?, for some d > 2. There is
a result in computational geometry which says that, for any N > d+ 1, one can find
N distinct points 1, ..., 7y, such that F(z") contains all strings in {0, 1}V with
Hamming weight up to, and including, |d/2]. Consequently, F is (N, |d/2])-rich
forall N >d+ 1.

We can now state the following result [MINO6]:
THEOREM 15.2. Given some D > 1, suppose that F is (N, D)-rich for all N > 4D. Then

D nh?
. > —h)— -
(15.9) R, (h,F) > (1 h)nh [1 + log 7 }

for any \/D/n < h <1, where ¢ > 0 is some absolute constant (c =1/72 is sufficient).

We will present the proofs of Theorems 15.1 and 15.2 in Sections 15.2 and 15.4, after giving
some necessary background on minimax lower bounds.

15.1. The Bhattacharyya coefficient and bounds on average error for binary
hypothesis testing

This section presents useful bounds from the theory of detection that will be used in
the next section to provide a lower bound on the probability of error for concept learning.
Consider a binary hypothesis testing problem with equal prior probabilities 7y = m = %
Suppose that the observation Y has probability mass function p; under hypothesis H; for
i = 0 or ¢ = 1. For any decision rule f : Y — {0,1}, the average probability of error
is 53, 20(y) f(y) + pr(y)(1 = f(y)). A decision rule is Bayes optimal (i.e. minimizes the
average error probability), if and only if it minimizes po(y) f(y) + p1(y)(1 — f(y)) for each y.

That is, the Bayes optimal decision rules are given by

L if pi(y) > po(y)
[ y) = 0 if pi(y) < poly)
0or 1 if po(y) = pi(y).

The corresponding minimum probability of error is given by
L, 1
Pi=5 D ) Any).
y

Let the Bhattacharyya coefficient for a pair of discrete probability distributions py and p;

be defined by:
p=> Vpoly)p(y)
y

Given probability mass functions pi, ..., pn, let ®]_;p; denote the product form joint prob-
ability mass function, (y1,...,%n) = p1(¥1) -+ - Pn(yn). In other words, the joint distribution
®'_1p; is the tensor product of the marginal distributions. The following lemma goes back
at least as far as a report of Kraft in the 1950’s (see [Kai67]).
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LEMMA 15.1. (a) For any two distributions py and py, the minimum average probability
of error for the binary hypothesis testing problem with equal priors satisfies’

(15.10) P <y

(b) The Bhattacharyya coefficient tensorizes. That is, the Bhattacharyya coefficient for ten-
sor products is the product of the Bhattacharyya coefficients:

p(®?=1p1a37 = 1p0,J Hp pl,j7p0,j

PROOF. Summing the identity po(y) + p1(y) = 2(po(y) A p1(y)) + [Po(y) — p1(y)| over y
yields

(15.11) 2=4p;+ > Ipo(y) — i (y)l.

The Cauchy-Schwarz inequality yields

> o) =) =D |Vrow) + Ver )| Vo) — Vi ()]

IN

(%: (Vroly) + \/pl(y)>2> (%: (Vrolw) - \/pl(y)>2>

(15.12) =21+ p)2(1 — p) = 2¢/1 — p?

Combining (15.11)and (15.12), and using the fact 1 —u < 1 — % for 0 < u < 1 (square
both sides to check) yields

1

2
p
- 2}>—.
pe—z[ L

For the other direction, note that po(y) Ap1(y) < v/po(y)p1(y). Summing over y and dividing
through by 2 yields p. < p/2. The proof of part (b) is left to the reader. O

ExAMPLE 15.1. Let 0 < h < 1. Suppose under py, Y has the Bernoulli(%) distri-
bution and under py, Y has the Bemoullz( ) distribution. Then p = /1 — h? so that
% <p: < */T More generally, if there are n observations, such that under H; they
are independent and identically distributed with the Bernoulli distribution p; just mentioned,
then the Bhattacharyya coefficient is p" = /(1 — h?)" and the minimum average Bayesian
error satisfies

(1—h2)
4

_ 12\n/2
(15.13) <phoa< %

2The proof shows the slightly stronger inequality, % [1 — /11— pQ] < p; < &, which is equivalent to

3H? < dry < Hy\/1—H?/4, where drv (po,p1) = 52, [po(y) — pa(y)| and H?(po,p1) = 30, (v/po(y) —
p1(y))?. H? is the version of Hellinger distance without factor 3, and p is also known as the Hellinger

affinity.
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15.2. Proof of Theorem 15.1

Theorem 15.1 is proved in this section. For convenience, we repeat the assumptions:

e X is feature space

e F is a family of classifiers f such that f : X — {0,1}.

o P =DP(X x[0,1]) is the set of all probability measures on X x {0, 1}

e For a given P, L(f) = P{Y # f(X)} for f € &, and L* = infscp L(f). (As usual,
for brevity, the subscript “P” is omitted from L in this instance.)

e Foragiven P € P, n(X) 2 P(Y = 1|X). That is, 5 is the Bayes optimal predictor of
Y given X for mean square error loss (not 0-1 loss!) under probability distribution
P.

e For h € [0,1], P(h) is the set of P € P such that the corresponding estimator 7 can
be taken to satisfy n(x) € [O, %} U {%, 1} for all z € X.

e A learning algorithm A maps Z" to F for any given number of samples
A

n. The min-max excess risk for P(h) and F is given by: R,(h,F) =
inf 4 suppep(n) Bn [ (fn) L*} , where ]?n =A(Zy,...,Z,) and Zy, ..., Z, are inde-
pendent, each with distribution P. Note that R, (h,JF) is nonincreasing in h because
if K > h, then P(R') C P(h).
Suppose the VC dimension V' of & is finite and V' > 2. We shall show that for any
hel0,1]andn >V —1,

1 [V-1V-1
15.14 > — mi .

This will imply Theorem 15.1.

By the definition of VC dimension, there exists a collection of V' points, Zy,..., 7Ty in X
such that F shatters Ty, ..., Ty. Thus, for every b € {0,1}V "1, there is a function f, € F such
that (fo(Z1),..., fo(Tv-1)) = b, and f,(Ty) = 0. Let 0 < p < 1, to be determined later. Let
Px denote the discrete probability distribution on X that assigns probability " to each of
Z1,...,Ty_1 and the remaining probability, 1 — p, to the point xy.. For each b € {0,1}V 1,
let P, denote the joint probability distribution on X x {0,1} that has marginal distribution
of X equal to P, and conditional distribution of Y given X based on the classifier f, with a
noisy label, where the probability of label flipping is % That is, P, is a discrete probability
distribution on X x {0, 1} with marginal distribution Px and n,(z) = 5% + hfy(z) for z € X.
Note the following facts about P, and f; :

e For be {0,1}V~! and f E F, the generalization loss under P, is given by
Ly(f) = 5" + 5 200 Ly@eny + (1= Dhle,)z)-

e P, e P(h) for any b€ {0,1}V-1.

e f, is a Bayes optimal classifier for probability distribution P, and L} = Ly(f;) =

Let P" denote the joint probability distribution on {0, 1}V =" x (X x {0,1})" such that the
joint distribution of B, (X1, Y),. .., (X,,Y,) under P" is such that B is uniformly distributed
over {0,1}V~1 and given B = b, the conditional distribution of (X1,Y1),...,(X,,Y,) is P

Let J?n denote a classifier determined by an arbitrary learning algorithm A applied to n
random labeled samples, so f, = A((X1,Y1),...,(X,,Y,)). Note that for any b € {0,1}V,
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the joint distribution of
(X7, Yl), (X, Vo), fn, b under P} is the same as the conditional joint distribution of
(X1, Y1), (X, Ya), fn, B under P" given B = b. For simplicity and without loss of gener-

ality, we assume fn always assigns the optimal label for feature Ty, namely, fn(xv) =0.
The following facts should now be apparent:

LoFy_ L= ph =
v=1
V-1

E [Lg(fn)] = + P{fu(T) # B}
2 Vo1&

1 o~ 1—h  ph =

(15.15) 2 BilL(R)l = 5+ 5 Y P{A@) # B}

be{0,1}V-1 v=1

Recalling that L; = 152 for all b € {0,1}V ! and using the fact that the maximum is greater
than or equal to the average, (15.15) yields
E"[L(fn)] = L7) = (Ey [Lo(fn)] — L)

max

su
b ( be{0,1}V—1

Pe?P(h)

ph V-1 N
. > — " T .
(15.16) > o Z P"{fu(T.) # B.}

We thus focus on finding a lower bound for the right-hand side of (15.16). For any v € [V —1]
let N, = ‘{z = xv}| so that N, is the number of samples with feature vector equal to z,.
Given X" = (Xl, ..., X,), the V—1 vectors of labels (Y; : X; = T,)1<y<v—1 are independent.
So for each v, for the purposes of estimating B,, it is optimal to base the decision on the N,
observations (Y; : X; = 7,). Thus, for each v, the learner faces a binary hypothesis testing
problem of the form of Example 15.1. Applying the lower bound in (15.13) to each term
on the right-hand side of (15.16), and using the fact that for each v, under P", N, has the
binomial distribution with parameters n and %5, thus yields

P {fu(T,) # By|N,} > i(l — )N

P{Ru) £ B.} 2 iﬁ"w - )%

Then (15.16) yields:

(15.17)
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Since (15.17) holds for any learning algorithm A, it follows that

(15.18) Ru(h,F) > 21 (1 bl >n

4 V-1
for h,p € 10,1], V> 2, and n > 1.

Case 1: Suppose \/% <h<1l Letp= Then (15.18) yields

(n +1)h2

V-1 1 "
h > — |1 - —
Fn(h,5) 2 4(n—|—1)h< n—I—l)

V-1 1\ _v-1
= 1— >
dnh n+1 16hn

Case 2: Suppose 0 < h < % Then the monotonicity of R, (h,F) and Case 1 for
h = /¥ (this value of h is in [0, 1] by the assumption n >V — 1) yield

V-1 1 V-1
n(h,F) > Ry —F| > = .
R( )= R ( n ) 16

Thus, in either case, (15.14) holds, and Theorem 15.1 is proved.

15.3. A bit of information theory

The entropy of a random variable X with pmf py is defined by H(X) = >~ px (i) log = (Z)
The entropy is a measure of randomness or spread of a probability distribution. If log o (l)
is a measure of how surprising it is to observe the value X = ¢ then entropy is the mean
surprise of an observation. The maximum entropy distribution on n points is the uniform
distribution, with entropy logn. In this section the logarithms can be taken to be natural
logarithms; loge = 1. If X and Y are jointly distributed, the conditional entropy of X given

Y satisfies (applying Jensen’s inequality to the concave function —ulogu):

H(YX) 2 3D HYIX = )

- ZZ (pvix (719 log py x (4]7)) px (i)
= Z - (Zpyx(j\i)px(@‘)) log (ZPYU{UWI’X@)

—Z—py )log py (j) = H(Y).

It is easy to verify the decomp051t10n rule HX,)Y)=H(X)+ HX|Y). Let X =Y - Z
denote the condition that X and Z are conditionally independent given Y. Then X —Y — Z
implies H(X|Y, Z) = H(X|Y).

The Shannon mutual information between X and Y is defined by I(X;Y) = H(X) —
H(X|Y). Thus, I(X;Y) is the reduction in the uncertainty of X due to learning Y.
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The data processing inequality: If X —Y — Z then I(X;Y) > I(X;Z). The data pro-
cessing inequality follows from the fact H(X|Y) = H(X|Y,Z) > H(X|Z).
Recall that the KL divergence between two probability distributions on the same set is

defined by
D(pllq) = Zp 10g

with the understanding that 0log 0 = 0. The mutual mformation can be expressed in terms
of the KL divergence in the following way.?

(15.19) 1(X;Y) =D px (@)D pyix (1) | py)
(15.20) 2 D(pyix|lpvIpx)

(15.21) = Z {anx (7]2) log pyxé )| )}px(i)

The representation (15.19), denoted by the notation (15.20), has a very nice interpretation.
It shows that I(X;Y) is the weighted average of the divergences of the conditional distribu-
tions, py|x(:7), of Y from their weighted average distribution, where the weights are px ().
Replacing py by another distribution ) in (15.21) yields

o pyix(jli) og 2U)
I(XvY)—Z{ZpYX (710) log =575 0 px } +ZZ{PYX (%) lgpym} x (1)

Q)
py(J)

D(pyx[|Qlpx) +ZPY ) log

(15.22) = D(pyix||Qlpx) — (pyHQ)

It is not hard to show using Jensen’s inequality that D(py||@) > 0 with equality if and only
if py = Q. Thus, (15.22) shows that for any distribution @) on the space of Y

(15.23) I(X;Y) < D(pyix [ Qlpx),

with equality if and only if @ = py. The advantage of the bound (15.23) is that often @
can be a simpler distribution than py, but for the bound to be effective, () should be a
reasonably good approximation to py so the difference D(py ||@) is small.

In the context of the geometric interpretation (15.19) of mutual information, (15.23)
implies py is the most central distribution on the space of Y values, in the sense that for any
other distribution (), the weighted average of the divergences of the conditional distributions
from @ is minimized by @ = py. (This reflects the fact that the KL divergence D(-||-) is a
Bregman divergence.)

We close with two lemmas used in the next section. Let h(p) = —plogp—(1—p)log(1—p)
for 0 < p < 1 and values h(0) = h(1) = 0. That is, h(p) is the entropy of a Bernoulli(p)
random variable.?

3Another expression for mutual information in terms of divergence is: I(X;Y) = D(Px.y|Px ® Py),
where Py ® Py is the product form distributions with the same marginal distribution as Px y.
4Using sans serif here because the letter h is used for something else in the next section.

196



LEMMA 15.2. Let B be a random vector with values in {0, 1} such that E[Y., Bi] < pN
for some p with 0 < p < 0.5. Then H(B) < Nh(p).

PROOF. Let p; = P{B; = 1}. The assumption implies ~ Y. p; < p.
H(B) = H(By) + H(By|By) + -+ H(Bx|By, -+, By-1)
< H(B:)+ H(By) +---+ H(By)
=h(p1) +--- +h(px)

N
1
< Nh| — | < Nh
< (130 ) < 000

where the last two inequalities follow from the concavity of h and Jensen’s inequality, and
the fact h is increasing over the interval [0, 0.5]. O

LEMMA 15.3. For any c¢; € (0, 1) there exists co € (0,1) such that whenever 0 < a < b <
0.25 and h(a) > ¢;blog § (e.g. alogt > ciblog ;) then a > csb. In particular, if ¢; = 3, then
1

Co =g 18 sufficient.

PROOF. Given ¢; € (0,1), let ¢c3 > 0 be so small that

log(1/cs) 1
log(1/0.25) | -

It is easy to check that if ¢; = % then ¢y = % is sufficient. We will use the fact alog% >

(1 —a)log = for 0 < a < 0.25. (The inequality is readily checked for small a and can be
checked numerically for larger a.) Suppose 0 < a < b < 0.25 and h(a) > ¢;blog 3. Then,

1
29

(&1 Z 262 |:1 +

1 1 c1b 1
>z > Z
aloga > 2h(a) =5 logb
log(1/c2) 1
> 1+ —————2|blog—
—02[ T og(1/0.25)| %D

1 1 1
> blog — + blog — | = (bcy) log —
> Co [ Ogb+ OgCQ] (bea) OgbCQ
The function v ulog% is monotone increasing over 0 < u < 0.25, so it follows that

a > bey. O

15.4. Proof of Theorem 15.2

Theorem 15.2 is proved in this section. The first part of the proof closely follows the proof
of Theorem 15.1, although it is simpler in one respect; we don’t need to reserve one point
(such as Ty) and insist all classifiers of the form f, assign label 0 to that point. Therefore
we don’t need the parameter p. Given N > 4D, let 71, ...,Ty denote any set of points such
that the projection F(ZV) contains {0,1}%, the set of all binary strings of length N and
Hamming weight D. For b € {0,1}¥, let f, € F such that (f(z1),..., f(zy)) = b. Fix an
arbitrary learning algorithm A. Thus, for any n > 1, and n samples (X1,Y7),...,(Xn, Ya),
the algorithm produces a classifier fn S

Let Px denote the distribution on X that assigns probability % to each of the points
Z1,...,Ty. For any b € {0,1}%, let P, denote the joint probability distribution on X x {0, 1}
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such that the marginal on X is Px, and given X, the label Y is equal to f(X) with probability
8 and to 1 — f(X) with probability 15. Note that

N
1—h h
Lo(f) = —5—+ D LEath-
v=1

The classifier f, achieves minimum loss for Py: L; = Ly(fy) = % The set of all such
distributions satisfies Q = {P, : b € {0,1}¥} C P(h), so it suffices to find a lower bound on
MaXpe 0,1}y Eg[Lb(f)} — L}. Let P,, be the measure on {0, 1} x (X x {0,1})" as in the proof
of Theorem 15.1. We find (15.16) holds (with the minor change mentioned above — there is
no parameter p, and all points T, are sampled with equal probability):

(15.24) sup (E"[L(f,)] = L") > max (E7[Ly(f)] = L;) > he
PeP(h) bel0,1}p

where
2 S P # B

In other words, € is the average bit error probability, for estimation of B = (Bj,..., By) by
]?n = A((X1,Y1),...,(Xn, Ys)), such that the joint distribution of B, (X3,Y)),..., (X,, Y,)
is P

Thus, R, (h) > hming e. Therefore, the remainder of the proof is to obtain a lower bound
on € for an arbitrary algorithm A. The proof differs from the proof of Theorem 15.1 for two
reasons. First, here the bits B, are not independent — exactly D of them are equal to one
with probability one. Secondly, while each bit is Bernoulli distributed under P", it has
parameter % instead of %

The idea of the proof is a variation of the idea of Fano, but it focuses directly on the
average probability of bit errors, rather than on the probability of estimating the entire block
of bits B correctly. Let B = (fu(Z1),..., fo(ZTn)). It is useful to think of B as the vector
of hidden bits and B is the estimate of B produced by the learning algorithm A based on
the data. Let B @ B denote the bit-by-bit modulo two sum (i.e. XOR sum) of the hidden
bit vector B and its estimate. Thus, B & B indicates the location of estimation errors. In

particular, € = %En [wy (B & B\], where wy denotes Hamming weight. Lemma 15.2 implies
that H(B & B) < Nh(e). Also, H(B) = log (). Therefore,

I(B,B) = H(B) — H(B|B)
— H(B)— H(B& B|B) < H(B) — H(B® B)
= log (jl\)f) — H(B& B)
> Dlog% — Nh(e).

To get an upper bound on I (B; B ) we use the fact that the label for each data sample is noisy,
limiting the information about B in each sample, and thus limiting the total information
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about B available to the learning algorithm Note that
I(B; ) 1( (X YT)
B; X"+ I(B;Y"|X")
<

2 1((x", B); Y™

2 1(
9 1(B;y"|x™)
I(B; Y™ X") +I(X™Y")

—~
=

where (a) follows from the fact B is a function of (X", Y™) and the data processing theo-
rem, (b) and (d) follow from properties of conditional mutual information or, equivalently,
conditional entropy, and (c) follows by the independence of B and X™.

To continue, we shall use the bound (15.23) based on the geometric properties of diver-
gence. If % is fairly small, then most of the B,’s are zero, so a reasonably good approximation
for the Y’s is obtained by assuming they are independent with each having the Bernoulli(%)
distribution. So let’s choose @ to be the probability distribution on {0,1}" corresponding
to independent Bernoulli(l’h) random variables. That is, () is the n-fold tensor product of

2
the Bern(152) distribution. By (15.23),

(15.25) I((B,X");Y") < D(Py|x»5lQ|Pxn.5)-

To compute the right-hand side of (15.25), consider a fixed possible value (2", ) of (X", B).
The random variables Y7,...,Y, are conditionally independent given (X", B) = (z",b) and
they are also independent under distribution @), so
1—nh
B .
ern ( . ))

The terms in the sum on the right-hand side of (15.26) fall into one of two groups. For
each 7, r; = EU for some value of v, and if b, = 0 then the conditional distribution of Y;
is the Bern( 5 ) distribution and the it" term is zero. In contrast, if ; = z, and b, = 1,
then the conditional distribution of Y; is the Bern(lgh) distribution, and the zth term is the
divergence distance between two Bernoulli distributions with parameters =2 denoted by
d (12]|452) . Thus, the right-hand side of (15.26) is md (42||152) , where m is the number
of times points 7, were sampled such that b, is one. Since a fraction D/N of the bits in B
are ones, and the points 7y, ..., Ty are sampled uniformly to produce Xi,..., X, when we
average over the distribution of (X™, B) as in the right-hand side of (15.25) we obtain:

I(B,X"),Y") < D(Py|x» 5| Q| Px» 5)
Rty
N 2 2
nDh 1+h

_ 1
N BT

s S(22) ()
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where the last step uses the fact logt <t — 1 for t > 0. Combining the upper and lower
bounds on I(B; B) yields

nD 2h? N
— > Dlog — — Nh(e).
or equivalently,

15 o= D S - (10) (2.

A nice thing about the bound (15.28) is that it holds whenever n, D, N are positive integers
with 1 < D < N, and 0 < h < 1. To complete the proof we use (15.28) and the assumptions
to get a lower bound on ¢, and multiply that bound by & to get the lower bound on R, (h,F).

Select N so that the second term on the right-hand side of (15.28) is less than or equal

to half the first term:
nD 2h? 1D N .
< ——log —= or equivalently,

N2)J\1—h) 2N °D
4nh?

15.2
(15.29) T

N
< NlogB.

Specifically, let

2
N — { Inh . J7
(1 —h) (14 log ™)
which satisfies (15.29) provided h > /D/n.?

Then
1D N
h(e) > =—log —
(=538 5
An application of Lemma 15.3 then shows that, under the assumption % <0.25,
D
15.30 > —.
(15.30) ‘=8N

Since the algorithm A is arbitrary, it follows that R,(h,F) > %. Using the explicit formula
for N then yields (15.9) for ¢ = 1/72.

REMARK 15.1. The ratio % is the fraction of bits that have value 0, so an estimator that
estimates all the bits to equal zero has bit error probability %. The bound (15.30) shows that
using the observations, the estimation error is reduced from that level by at most a constant
factor in the context of the proof.

5The fact "T}fz > 1 and logu < u — 1 for u > 1 imply nh?/ (1 + log ’%2) > D > 1, and hence, that
N>N#4 %. Since the right-hand side of (15.29) is increasing in N, it suffices to prove (15.29)
_ og 22

7 (0] -8 S
holds with N replaced by N. The inequality follows easily if it can be shown that % > %, where
s 2 log %2 > 0. The inequality is true for all s > 0 because log(1 + s) <log2 — % + 3.
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APPENDIX A

Probability and random variables

Probability theory is the foundation of statistical learning theory. This appendix gives a
quick overview of the main concepts and sets up the notation that will be used consistently
throughout the notes. This is by no means intended as a substitute for a serious course in
probability; as a good introductory reference, see the text by Gray and Davisson [GDO04],
which is geared towards beginning graduate students in electrical engineering.

Let 2 be a set. A nonempty collection F of subsets of € is called a o-algebra if it has the
following two properties:

(1) f A F, then A=Q\Ae€TF

(2) For any sequence of sets Ay, Ay ... € F, their union belongs to F: | J;2, 4; € F.
In other words, any o-algebra is closed under complements and countable unions. This
implies, in particular, that the empty set @ and the entire set ) are contained in any o-
algebra F, and that such an J is closed under countable intersections. A pair (£2, F) consisting
of a set and a o-algebra is called a measurable space. A probability measure on (Q,F) is a
function P : F — [0, 1], such that

(1) P(2) =1

(2) Given any countably infinite sequence Aj, Ay, ...F of pairwise disjoint sets, i.e.,

A;NA; = @ for every pair i # j,

(0 - S

The triple (Q, F, P) is called a probability space.
Let (X, B) be some other measurable space. A random variable on 2 with values in X is
any function X : Q — X with the property that, for any B € B, the set

X YB)={weQ: X(w) € B}
lies in F X is said to be a measurable mapping from (£2, F) into (X, B)). Together, X and P
induce a probability measure Px on (X, B) by setting
Px(B) =P (Xfl(B)) =P({we: X(w) e B}),
which is called the distribution of X. (A mildly challenging character-building exercise is to
try and prove that Py is indeed a valid probability measure.) Once Px is defined, we can
typically forget all about (©,F, P) and just work with Px. Here are two standard examples

to keep in mind. One is when X is a finite set, B is o-algebra consisting of all subsets of X,
and z — Px{x} is the probability mass function (pmf) of X, so for any B C X,

(A1) Px(B) =Y Px(x).
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The other is when X is the real line R, B is the set of Borel subset of R (the smallest o-algebra
containing all open sets), and Px has a probability density function (pdf) px, giving

(A.2) Py(B) = /B px(z)dz.

for any B € B. We will use a more abstract notation that covers these two cases (and much
more besides):

(A.3) Py(B) = /B Px(dz), VBeB.

When seeing something like (A.3), just think of (A.1) or (A.2).
If f:X — R is a real-valued function on X, the ezpected value of f(X) is

E[f(X)] = / f(2) Py (da);

again, think of either

E[f(X)] =) f(z)Px()
zeX
in the case of discrete X, or

E[f(X)] = / J(@)px (2)da

in the case of X = R and a random variable with a pdf px.
For any two jointly distributed random variables X € X and Y € X, we have their joint
distribution Pxy, the marginals

Py(A) = Pxy(A x Y) = / Pyy (dz, dy)

AxY

Py(B) = ny(x X B) = / ny(dx',dy)
XxB
for all measurable sets A C X, B CY, and the conditional distribution
ny(A X B)
Px(A)
of Y given that X € A. Neglecting technicalities and considerations of rigor, we can define
the conditional distribution of ¥ given X = x, denoted by Py x(-|z), implicitly through

PXY(AXB)zfAPx(dx) (/BPyx(dy!x))-

Here, it is helpful to think of the conditional pmf

Py|X(B‘A> =

PXY (:C7 y)
P S S St YA
Y\X(y|x) PX(iE)
in the discrete case, and of the conditional pdf
pXY(‘T7 y)
p Yr) = —>5
M) =@
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in the continuous case. The conditional expectation of any function f: X XY — R given X,
denoted by E[f(X,Y)|X], is a random variable g(X) that takes values in R, such that for
any bounded measurable function b: X — R, !
E[f(X,Y)b(X)] = E[g(X)b(X)].
In other words, E[(f(X,Y)—g(X))b(X)] =0, or f(X,Y)—g(X) is orthogonal to all bounded
measurable functions of X. In particular, taking b = 1, we get the law of iterated expectations:
E[E[f(X,Y)|X]] = E[f(X,Y)].
Once again, think of
EBIf(X, V)X =a] =) f(z.9)Prix(ylo)
yeY
if both X and Y are discrete sets, and of

BV =] = | flag)pix(olody
v
if both X and Y are subsets of R.

THEOREM A.1l. (Jensen’s inequality) Let ¢ be a convex function and let X be a random
variable such that E[X] is finite. Then E[p(X)] > o(E[X]).

For example, Jensen’s inequality implies that E[X?] > E[X]?, which also follows from
the fact Var(X) = E[X?] — E[X]?.

PROOF. Since ¢ is convex, there is a tangent to the graph of ¢ at E[X]. Equivalently,
there is a subgradient g of ¢ at E[X], meaning that

(A.4) p(x) 2 p(BX]) + (9,7 — E[X])
for all z. Replacing = by X and taking the expectation on each side of (A.4) yields the
result. U

TAs usual, we are being rather cavalier with the definitions here, since the choice of g is not unique;
one typically speaks of different versions of the conditional expectation, which, properly speaking, should be
defined w.r.t. the o-algebra generated by X.
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