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Preface

Life is just a long random walk. Things are created because the circumstances
happen to be right. More often than not, creations, such as this book, are acci-
dental. Nonparametric estimation came to life in the fifties and sixties and started
developing at a frenzied pace in the late sixties, engulfing pattern recognition in
its growth. In the mid-sixties, two young men, Tom Cover and Peter Hart, showed
the world that the nearest neighbor rule in all its simplicity was guaranteed to err at
most twice as often as the best possible discrimination method. Tom’s results had
a profound influence on Terry Wagner, who became a Professor at the University
of Texas at Austin and brought probabilistic rigor to the young field of nonpara-
metric estimation. Around 1971, Vapnik and Chervonenkis started publishing a
revolutionary series of papers with deep implications in pattern recognition, but
their work was not well known at the time. However, Tom and Terry had noticed
the potential of the work, and Terry asked Luc Devroye to read that work in prepa-
ration for his Ph.D. dissertation at the University of Texas. The year was 1974. Luc
ended up in Texas quite by accident thanks to a tip by his friend and fellow Belgian
Willy Wouters, who matched him up with Terry. By the time Luc’s dissertation
was published in 1976, pattern recognition had taken off in earnest. On the theoret-
ical side, important properties were still being discovered. In 1977, Stone stunned
the nonparametric community by showing that there are nonparametric rules that
are convergent for all distributions of the data. This is called distribution-free or
universal consistency, and it is what makes nonparametric methods so attractive.
Yet, very few researchers were concerned with universal consistency—one notable
exception was Laci Gyorfi, who at that time worked in Budapest amid an energetic
group of nonparametric specialists that included Sdndor Csibi, Jézsef Fritz, and
Pal Révész.
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So, linked by a common vision, Luc and Laci decided to join forces in the early
eighties. In 1982, they wrote six chapters of a book on nonparametric regression
function estimation, but these were never published. In fact, the notes are still in
drawers in their offices today. They felt that the subject had not matured yet. A
book on nonparametric density estimation saw the light in 1985. Unfortunately,
as true baby-boomers, neither Luc nor Laci had the time after 1985 to write a
text on nonparametric pattern recognition. Enter Gdbor Lugosi, who obtained his
doctoral degree under Laci’s supervision in 1991. Gabor had prepared a set of
rough course notes on the subject around 1992 and proposed to coordinate the
project—this book—in 1993. With renewed energy, we set out to write the book
that we should have written at least ten years ago. Discussions and work sessions
were held in Budapest, Montreal, Leuven, and Louvain-La-Neuve. In Leuven,
our gracious hosts were Ed van der Meulen and Jan Beirlant, and in Louvain-
La-Neuve, we were gastronomically and spiritually supported by Léopold Simar
and Iréne Gijbels. We thank all of them. New results accumulated, and we had
to resist the temptation to publish these in journals. Finally, in May 1995, the
manuscript had bloated to such extent that it had to be sent to the publisher, for
otherwise it would have become an encyclopedia. Some important unanswered
questions were quickly turned into masochistic exercises or wild conjectures. We
will explain subject selection, classroom use, chapter dependence, and personal
viewpoints in the Introduction. We do apologize, of course, for all remaining
eITors.

We were touched, influenced, guided, and taught by many people. Terry Wag-
ner’s rigor and taste for beautiful nonparametric problems have infected us for
life. We thank our past and present coauthors on nonparametric papers, Alain
Berlinet, Michel Broniatowski, Ricardo Cao, Paul Deheuvels, Andrds Farago,
Adam Krzyzak, Tamds Linder, Andrew Nobel, Mirek Pawlak, Igor Vajda, Harro
Walk, and Ken Zeger. Tamds Linder read most of the book and provided invalu-
able feedback. His help is especially appreciated. Several chapters were critically
read by students in Budapest. We thank all of them, especially Andrds Antos,
Miklés Csiiros, Baldzs Kégl, Istvdn Pali, and Marti Pintér. Finally, here is an al-
phabetically ordered list of friends who directly or indirectly contributed to our
knowledge and love of nonparametrics: Andrew and Roger Barron, Denis Bosq,
Prabhir Burman, Tom Cover, Antonio Cuevas, Pierre Devijver, Ricardo Fraiman,
Ned Glick, Wenceslao Gonzalez-Manteiga, Peter Hall, Eiichi Isogai, Ed Mack,
Arthur Néadas, Georg Pflug, George Roussas, Winfried Stute, Tamds Szabados,
Godfried Toussaint, Sid Yakowitz, and Yannis Yatracos.

Gabor diligently typed the entire manuscript and coordinated all contributions.
He became quite a TEXpert in the process. Several figures were made by idraw
and xfig by Gébor and Luc. Most of the drawings were directly programmed
in PostScript by Luc and an undergraduate student at McGill University, Hisham
Petry, to whom we are grateful. For Gabor, this book comes at the beginning of his
career. Unfortunately, the other two authors are not so lucky. As both Luc and Laci
felt that they would probably not write another book on nonparametric pattern
recognition—the random walk must go on—they decided to put their general
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view of the subject area on paper while trying to separate the important from the
irrelevant. Surely, this has contributed to the length of the text.

So far, our random excursions have been happy ones. Coincidentally, Luc is
married to Bea, the most understanding woman in the world, and happens to have
two great daughters, Natasha and Birgit, who do not stray off their random courses.
Similarly, Laci has an equally wonderful wife, Kati, and two children with steady
compasses, Kati and Janos. During the preparations of this book, Gdbor met a
wonderful girl, Arrate. They have recently decided to tie their lives together.

On the less amorous and glamorous side, we gratefully acknowledge the research
support of NSERC CANADA, FCAR QUEBEC, OTKA HUNGARY, and the exchange program
between the Hungarian Academy of Sciences and the Royal Belgian Academy of
Sciences. Early versions of this text were tried out in some classes at the Technical
University of Budapest, Katholieke Universiteit Leuven, Universitit Stuttgart, and
Université Montpellier II. We would like to thank those students for their help in
making this a better book.

Montreal, Quebec, Canada Luc Devroye
Budapest, Hungary Laci Gyorfi
Budapest, Hungary Gabor Lugosi
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1

Introduction

Pattern recognition or discrimination is about guessing or predicting the unknown
nature of an observation, a discrete quantity such as black or white, one or zero, sick
or healthy, real or fake. An observation is a collection of numerical measurements
such as an image (which is a sequence of bits, one per pixel), a vector of weather
data, an electrocardiogram, or a signature on a check suitably digitized. More
formally, an observation is a d-dimensional vector x. The unknown nature of
the observation is called a class. It is denoted by y and takes values in a finite
set {1,2, ..., M}. In pattern recognition, one creates a function g(x) : RE -
{1, ..., M} which represents one’s guess of y given x. The mapping g is called a
classifier. Our classifier errs on x if g(x) & y.

How one creates a rule g depends upon the problem at hand. Experts can be
called for medical diagnoses or earthquake predictions—they try to mold g to their
own knowledge and experience, often by trial and error. Theoretically, each expert
operates with a built-in classifier g, but describing this g explicitly in mathematical
form is not a sinecure. The sheer magnitude and richness of the space of x may
defeat even the best expert—it is simply impossible to specify g for all possible
x’s one is likely to see in the future. We have to be prepared to live with imperfect
classifiers. In fact, how should we measure the quality of a classifier? We can’t
just dismiss a classifier just because it misclassifies a particular x. For one thing,
if the observation does not fully describe the underlying process (that is, if y is not
a deterministic function of x), it is possible that the same x may give rise to two
different y’s on different occasions. For example, if we just measure water content
of a person’s body, and we find that the person is dehydrated, then the cause (the
class) may range from a low water intake in hot weather to severe diarrhea. Thus,
we introduce a probabilistic setting, and let (X, Y)be an R? x {1, ..., M}-valued
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random pair. The distribution of (X, Y) describes the frequency of encountering
particular pairs in practice. An error occurs if g(X) # Y, and the probability of

error for a classifier g is
L(g)=P{g(X)#Y}.

There is a best possible classifier, g*, which is defined by

g¥= argmin P{g(X)#7Y}.
gRA—={1,.... M)

Note that g* depends upon the distribution of (X, ¥). If this distribution is known,
g* may be computed. The problem of finding g* is Bayes’ problem, and the clas-
sifier g* is called the Bayes classifier (or the Bayes rule). The minimal probability
of error is called the Bayes error and is denoted by L* = L(g*). Mostly, the
distribution of (X, Y) is unknown, so that g* is unknown too.

We do not consult an expert to try to reconstruct g*, but have access to a good
database of pairs (X;, ¥;), 1 <i < n, observed in the past. This database may be
the result of experimental observation (as for meteorological data, fingerprint data,
ECG data, or handwritten characters). It could also be obtained through an expert
or a teacher who filled in the ¥;’s after having seen the X;’s. To find a classifier
g with a small probability of error is hopeless unless there is some assurance that
the (X;, ¥;)'s jointly are somehow representative of the unknown distribution. We
shall assume in this book that (X1, Y1), ..., (X, Y,), the data, is a sequence of
independent identically distributed (i.i.d.) random pairs with the same distribution
as that of (X, Y). This is a very strong assumption indeed. However, some theo-
retical results are emerging that show that classifiers based on slightly dependent
data pairs and on i.i.d. data pairs behave roughly the same. Also, simple models
are easier to understand are more amenable to interpretation.

A classifier is constructed on the basis of Xy, Y3, ..., X, ¥, and is denoted by
gn; Y is guessed by g,(X; X1, Y1, ..., Xu, ¥,). The process of constructing g, is
called learning, supervised learning, or learning with a teacher. The performance
of g, is measured by the conditional probability of error

Ln :L(gn)=P{gn(XsX1> Ylv R Xna Yn)#Yth Y17 s an Yn)} .

This is a random variable because it depends upon the data. So, L, averages over
the distribution of (X, Y), but the data is held fixed. Averaging over the data as well
would be unnatural, because in a given application, one has to live with the data
at hand. It would be marginally useful to know the number EL,, as this number
would indicate the quality of an average data sequence, not your data sequence.
This text is thus about L, the conditional probability of error.

An individual mapping g, : RY x {RY x {1, ..., M}}" —> {1,..., M} is still
called a classifier. A sequence {g,, n > 1} is called a (discrimination) rule. Thus,
classifiers are functions, and rules are sequences of functions.

A novice might ask simple questions like this: How does one construct a good
classifier? How good can a classifier be? Is classifier A better than classifier B? Can
we estimate how good a classifieris? What is the best classifier? This book partially
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answers such simple questions. A good deal of energy is spent on the mathematical
formulations of the novice’s questions. For us, a rule—not a classifier—is good if
it is consistent, that is, if

lim EL, =L*

n—>00"

or equivalently, if L, — L* in probability as n — oc. We assume that the
reader has a good grasp of the basic elements of probability, including notions
such as convergence in probability, strong laws of large numbers for averages, and
conditional probability. A selection of results and definitions that may be useful
for this text is given in the Appendix. A consistent rule guarantees us that taking
more samples essentially suffices to roughly reconstruct the unknown distribution
of (X, Y) because L, can be pushed as close as desired to L*. In other words,
infinite amounts of information can be gleaned from finite samples. Without this
guarantee, we would not be motivated to take more samples. We should be careful
and not impose conditions on (X, Y) for the consistency of a rule, because such
conditions may not be verifiable. If a rule is consistent for all distributions of
(X, Y), it is said to be universally consistent.

Interestingly, until 1977, it was not known if a universally consistent rule existed.
All pre-1977 consistency results came with restrictions on (X, ¥). In 1977, Stone
showed that one could just take any k-nearest neighbor rule with k£ = k(n) — oo
and k/n — 0. The k-nearest neighbor classifier g,(x) takes a majority vote over
the Y;’s in the subset of k pairs (X;, ¥;) from (X, Y1), ..., (X,, ¥») that have the
smallest values for || X; — x|| (i.e., for which X is closest to x). Since Stone’s proof
of the universal consistency of the k-nearest neighbor rule, several other rules have
been shown to be universally consistent as well. This book stresses universality
and hopefully gives a reasonable account of the developments in this direction.

Probabilists may wonder why we did not use convergence with probability one
in our definition of consistency. Indeed, strong consistency—convergence of L, to
L* with probability one—implies convergence for almost every sample as it grows.
Fortunately, for most well-behaved rules, consistency and strong consistency are
equivalent. For example, for the k-nearest neighbor rule, k¥ — oo and k/n — 0
together imply L, — L* with probability one. The equivalence will be dealt with,
but it will not be a major focus of attention. Most, if not all, equivalence results are
based upon some powerful concentration inequalities such as McDiarmid’s. For
example, we will be able to show that for the k-nearest neighbor rule, there exists
a number ¢ > 0, such that for all € > 0, there exists N(¢) > O depending upon
the distribution of (X, Y), such that

P(L, —L*> ¢} <e ™, n> N(e).

This illustrates yet another focus of the book—inequalities. Whenever possible, we
make a case or conclude a proof via explicit inequalities. Various parameters can
be substituted in these inequalities to allow the user to draw conclusions regarding
sample size or to permit identification of the most important parameters.

The material in the book is often technical and dry. So, to stay focused on the
main issues, we keep the problem simple:
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A. We only deal with binary classification (M = 2). The class ¥ takes values
in {0, 1}, and a classifier g, is a mapping: R¢ x {R¢ x {0, 1}}* —> {0, 1}.

B. We only consider i.i.d. data sequences. We also disallow active learning,
a set-up in which the user can select the X;’s deterministically.

C. We do not consider infinite spaces. For example, X cannot be a random
function such as a cardiogram. X must be a R?-valued random vector.
The reader should be aware that many results given here may be painlessly
extended to certain metric spaces of infinite dimension.

Let us return to our novice’s questions. We know that there are good rules, but
just how good can a classifier be? Obviously, L, > L* in all cases. It is thus
important to know L* or to estimate it, for if L* is large, any classifier, including
yours, will perform poorly. But even if L* were zero, L,, could still be large. Thus,
it would be nice to have explicit inequalities for probabilities such as

P{L, > L* +€}.

However, such inequalities must necessarily depend upon the distribution of
(X, Y). That is, for any rule,

lim inf sup P{L,>L"+¢}>0.
=00 4} distributions of (X,Y) with L*+e<1/2

Universal rate of convergence guarantees do not exist. Rate of convergence studies
must involve certain subclasses of distributions of (X, Y'). For this reason, with few
exceptions, we will steer clear of the rate of convergence quicksand.

Even if there are no universal performance guarantees, we might still be able to
satisfy our novice’s curiosity if we could satisfactorily estimate L, for the rule at
hand by a function L,, of the data. Such functions are called error estimates. For
example, for the k-nearest neighbor classifier, we could use the deleted estimate

R 1 n
Lu=- D lgucxomy »
i

where g,,; (X;) classifies X; by the k-nearest neighbor method based upon the data
(X1,Y)), ..., (X, Y,) with (X;, Y;) deleted. If this is done, we have a distribution-
free inequality

—~ 6k + 1
P{iLn—Ln‘ > 6} =

ne?

(the Rogers-Wagner inequality), provided that distance ties are broken in an ap-
propriate manner. In other words, without knowing the distribution of (X, ), we
can state with a certain confidence that L, is contained in [L,, — €, Zn + €]. Thus,
for many classifiers, it is indeed possible to estimate L, from the data at hand.
However, it is impossible to estimate L* universally well: for any n, and any es-
timate of L* based upon the data sequence, there always exists a distribution of
(X, Y) for which the estimate is arbitrarily poor.
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Can we compare rules {g,} and {g;,}? Again, the answer is negative: there exists
no “best” classifier (or superclassifier), as for any rule {g,}. there exists a distri-
bution of (X, Y) and another rule {g/,} such that for all n, E{L(g)} < E{L(gx)}.
If there had been a universally best classifier, this book would have been unnec-
essary: we would all have to use it all the time. This nonexistence implies that the
debate between practicing pattern recognizers will never end and that simulations
on particular examples should never be used to compare classifiers. As an exam-
ple, consider the 1-nearest neighbor rule, a simple but not universally consistent
rule. Yet, among all k-nearest neighbor classifiers, the 1-nearest neighbor classifier
is admissible—there are distributions for which its expected probability of error
is better than for any k-nearest neighbor classifier with & > 1. So, it can never
be totally dismissed. Thus, we must study all simple rules, and we will reserve
many pages for the nearest neighbor rule and its derivatives. We will for example
prove the Cover-Hart inequality (Cover and Hart, 1967) which states that for all
distributions of (X, Y),

limsupEL, <2L*
n—»0o0
where L, is the probability of error with the 1-nearest neighbor rule. As L* is
usually small (for otherwise, you would not want to do discrimination), 2L* is
small too, and the 1-nearest neighbor rule will do just fine.

The nonexistence of a best classifier may disappoint our novice. However, we
may change the setting somewhat and limit the classifiers to a certain class C, such
as all k-nearest neighbor classifiers with all possible values for k. Is it possible to
select the best classifier from this class? Phrased in this manner, we cannot possibly
do better than

LY inf Plg.(X) # V).
gneC

Typically, L > L*. Interestingly, there is a general paradigm for picking classifiers
from C and to obtain universal performance guarantees. It uses empirical risk min-
imization, amethod studied in great detail in the work of Vapnik and Chervonenkis
(1971). For example, if we select g, from C by minimizing

1 n
- [nXi il
n;(é’( )#Yi}

then the corresponding probability of error L, satisfies the following inequality
for all € > 0: ,
P{L, > L+e) <8(n" +1)e /12

Here V > 01is an integer depending upon the massiveness of C only. V is called the
vc dimension of C and may be infinite for large classes C. For sufficiently restricted
classes C, V is finite and the explicit universal bound given above can be used to
obtain performance guarantees for the selected g, (relative to L, not L*). The bound
above is only valid if C is independent of the data pairs (X1, Y1), ..., (X, Ya).
Fixed classes such as all classifiers that decide 1 on a halfspace and 0 on its
complement are fine. We may also sample m more pairs (in addition to the n pairs
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already present), and use the » pairs as above to select the best k for use in the
k-nearest neighbor classifier based on the m pairs. As we will see, the selected
rule is universally consistent if both m and n diverge and n/logm — co. And we
have automatically solved the problem of picking k. Recall that Stone’s universal
consistency theorem only told us to pick & = o(m) and to let & — oo, but it
does not tell us whether k &~ m®°! is preferable over k ~ m®. Empirical risk
minimization produces a random data-dependent & that is not even guaranteed to
tend to infinity or to be o(m), yet the selected rule is universally consistent.

We offer virtually no help with algorithms as in standard texts, with two notable
exceptions. Ease of computation, storage, and interpretation has spurred the de-
velopment of certain rules. For example, tree classifiers construct a tree for storing
the data, and partition R¢ by certain cuts that are typically perpendicular to a co-
ordinate axis. We say that a coordinate axis is “cut.” Such classifiers have obvious
computational advantages, and are amenable to interpretation—the components of
the vector X that are cut at the early stages of the tree are most crucial in reaching a
decision. Expert systems, automated medical diagnosis, and a host of other recog-
nition rules use tree classification. For example, in automated medical diagnosis,
one may first check a patient’s pulse (component #1). If this is zero, the patient
is dead. If it is below 40, the patient is weak. The first component is cut twice. In
each case, we may then consider another component, and continue the breakdown
into more and more specific cases. Several interesting new universally consistent
tree classifiers are described in Chapter 20.

The second group of classifiers whose development was partially based upon
easy implementations is the class of neural network classifiers, descendants of
Rosenblatt’s perceptron (Rosenblatt, 1956). These classifiers have unknown pa-
rameters that must be trained or selected by the data, in the way we let the data pick
k in the k-nearest neighbor classifier. Mostresearch papers on neural networks deal
with the training aspect, but we will not. When we say “pick the parameters by
empirical risk minimization,” we will leave the important algorithmic complexity
questions unanswered. Perceptrons divide the space by one hyperplane and attach
decisions 1 and O to the two halfspaces. Such simple classifiers are not consistent
except for a few distributions. This is the case, for example, when X takes val-
ues on {0, 1}¢ (the hypercube) and the components of X are independent. Neural
networks with one hidden layer are universally consistent if the parameters are
well-chosen. We will see that there is also some gain in considering two hidden
layers, but that it is not really necessary to go beyond two.

Complexity of the training algorithm—the phase in which a classifier g, is
selected from C—is of course important. Sometimes, one would like to obtain
classifiers that are invariant under certain transformations. For example, the k-
nearest neighbor classifier is not invariant under nonlinear transformations of the
coordinate axes. This is a drawback as components are often measurements in
an arbitrary scale. Switching to a logarithmic scale or stretching a scale out by
using Fahrenheit instead of Celsius should not affect good discrimination rules.
There exist variants of the k-nearest neighbor rule that have the given invariance.
In character recognition, sometimes all components of a vector X that represents
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a character are true measurements involving only vector differences between se-
lected points such as the leftmost and rightmost points, the geometric center, the
weighted center of all black pixels, the topmost and bottommost points. In this case,
the scale has essential information, and invariance with respect to changes of scale
would be detrimental. Here however, some invariance with respect to orthonormal
rotations is healthy.

We follow the standard notation from textbooks on probability. Thus, random
variables are uppercase characters such as X, Y, and Z. Probability measures are
denoted by greek letters such as x4 and v. Numbers and vectors are denoted by
lowercase letters such as a, b, ¢, x, and y. Sets are also denoted by roman capitals,
but there are obvious mnemonics: S denotes a sphere, B denotes a Borel set, and
so forth. If we need many kinds of sets, we will typically use the beginning of the
alphabet (A, B, C). Most functions are denoted by f, g, ¢, and . Calligraphic
letters such as A, C, and F are used to denote classes of functions or sets. A short
list of frequently used symbols is found at the end of the book.

At the end of this chapter, you will find a directed acyclic graph that describes
the dependence between chapters. Clearly, prospective teachers will have to select
small subsets of chapters. All chapters, without exception, are unashamedly theo-
retical. We did not scar the pages with backbreaking simulations or quick-and-dirty
engineering solutions. The methods gleaned from this text must be supplemented
with a healthy dose of engineering savvy. Ideally, students should have a com-
panion text filled with beautiful applications such as automated virus recognition,
telephone eavesdropping language recognition, voice recognition in security sys-
tems, fingerprint recognition, or handwritten character recognition. To run a real
pattern recognition project from scratch, several classical texts on statistical pat-
tern recognition could and should be consulted, as our work is limited to general
probability-theoretical aspects of pattern recognition. We have over 430 exercises
to help the scholars. These include skill honing exercises, brainteasers, cute puz-
zles, open problems, and serious mathematical challenges. There is no solution
manual. This book is only a start. Use it as a toy—read some proofs, enjoy some
inequalities, learn new tricks, and study the art of camouflaging one problem to
look like another. Learn for the sake of learning.
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2
The Bayes Error

2.1 The Bayes Problem

In this section, we define the mathematical model and introduce the notation we
will use for the entire book. Let (X, Y) be a pair of random variables taking their
respective values from R¢ and {0, 1}. The random pair (X, ¥) may be described
in a variety of ways: for example, it is defined by the pair (&, n), where y is the
probability measure for X and 7 is the regression of ¥ on X. More precisely, for
a Borel-measurable set A € R4,

u(A) =P{X € A},
and for any x € RY,
nx)=P{Y =1|X =x} =E{Y|X = x}.

Thus, n(x) is the conditional probability that Y is 1 given X = x. To see that this
suffices to describe the distribution of (X, Y), observe that forany C € R¢ x {0, 1},
we have

C=(CN (R {0}))U(CN(RYx{1})) F Cyx {0}UCy x {1},

and

P{(X,Y) e C) P{Xe€Cy,Y=0}+P{XecC, ¥ =1)

/ (1 = nEx)u(dx) + / n(e) ).
Co Cy
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As this is valid for any Borel-measurable set C, the distribution of (X, Y) is deter-
mined by (i, 7). The function 7 is sometimes called the a posteriori probability.

Any function g : R¢ — {0, 1} defines a classifier or a decision function. The
error probability of g is L(g) = P{g(X) # Y'}. Of particular interest is the Bayes
decision function ) 5

1 ifnpx)>1/
* —_—
g )= { 0 otherwise.

This decision function minimizes the error probability.

Theorem 2.1. For any decision function g : R — {0, 1},
P{g"(X)#Y} < P{g(X) #Y},

that is, g™ is the optimal decision.

PrROOF. Given X = x, the conditional error probability of any decision g may be
expressed as
Plg(X) #Y|X = x}
= 1-P{Y =g(X)|X =x}
1-P{¥Y=1,gX)=11X=x}+P{Y =0,g(X) =0|X =x})
1 — (I{g(x)=1}P{Y = HX = x} + I{g(x)zo}P{Y = O|X = X})
1= (Tigo=n1(0) + Iigeo=o (1 = 1(x))) ,

where 4 denotes the indicator of the set A. Thus, for every x € RY,

Pleg(X) #Y|X =x} - P{g"(X) #Y|X = x}

= 1) (ligr=1) = Lgw=n) + (1 = n(0) (Ligr=0y — Ligeo=0y)
@nx) = 1) (Ligo=t) = Lgw=11)
> 0

by the definition of g*. The statement now follows by integrating both sides with
respect to u(dx). O

FIGURE 2.1. The Bayes decision in the
example on the left is 1 if x > a, and
0 otherwise.

decide class 1
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REMARK. g* is called the Bayes decision and L* = P{g*(X) # Y} is referred to as
the Bayes probability of error, Bayes error, or Bayes risk. The proof given above
reveals that

L(g) =1 — E {Izco=1yn(X) + Igo=a1(1 — (X))},
and in particular,

L* =1 = E{Iynwos121X) + Inx)<i2(1 —n(X)} . O

We observe that the a posteriori probability
nx)=P{Y =1|X =x} =E{Y|X =x}
minimizes the squared error when Y is to be predicted by f(X) for some function

f:RY—> R:
E{n(X) -V} <E{(f(X)-1)}.

To see why the above inequality is true, observe that for each x € R?,
E{(f(X) = Y)|X = x}
= E{(f(x) = n@x)+n(x) — ¥)’[X = x]
= (f(x) = 7(0) +2(f &) — n(x)E{n(x) — Y| X = x}
+E{(n(X) = Y)’|X = x}
= (f@) =) +E{(nX) - Y)*|X = x}.

The conditional median, i.e., the function minimizing the absolute error E{| f(X)—
Y|} is even more closely related to the Bayes rule (see Problem 2.12).

2.2 A Simple Example

Let us consider the prediction of a student’s performance in a course (pass/fail)
when given a number of important factors. First, let ¥ = 1 denote a pass and let
Y = 0 stand for failure. The sole observation X is the number of hours of study
per week. This, in itself, is not a foolproof predictor of a student’s performance,
because for that we would need more information about the student’s quickness of
mind, health, and social habits. The regression function n{x) = P{Y = 1|X = x}is
probably monotonically increasing in x. If it were known to be n(x) = x /(c + x),
¢ > 0, say, our problem would be solved because the Bayes decision is

sy )1 ifnx) >1/2Ge,x >c)
g )= { 0 otherwise.
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The corresponding Bayes error is
N . min(c, X)
L* = L(g") = E{min(n(X), | ~ n(X))} =E {T} .

While we could deduce the Bayes decision from #n alone, the same cannot be said
for the Bayes error L*—it requires knowledge of the distribution of X. If X = ¢
with probability one (as in an army school, where all students are forced to study
¢ hours per week), then L* = 1/2. If we have a population that is nicely spread
out, say, X is uniform on [0, 4c], then the situation improves:

1
L' =— dx = -
4dc Jo c+x 4

1 4c s 5
min(c, x) log 2 ~ 0.305785.

Far away from x = ¢, discrimination is really simple. In general, discrimination is
much easier than estimation because of this phenomenon.

2.3 Another Simple Example

Let us work out a second simple example in which ¥ = 0 or ¥ = 1 according to
whether a student fails or passes a course. X represents one or more observations
regarding the student. The components of X in our example will be denoted by
T, B, and E respectively, where T is the average number of hours the students
watches TV, B is the average number of beers downed each day, and E is an
intangible quantity measuring extra negative factors such as laziness and learning
difficulties. In our cooked-up example, we have

Y:[l fT+B+E <7
0 otherwise.

Thus, if T, B, and E are known, Y is known as well. The Bayes classifier decides
1if T+ B+ E < 7 and 0 otherwise. The corresponding Bayes probability of
error is zero. Unfortunately, E is intangible, and not available to the observer. We
only have access to T and B. Given T and B, when should we guess that ¥ = 1?
To answer this question, one must know the joint distribution of (7, B, E), or,
equivalently, the joint distribution of (T, B, Y). So, let us assume that 7', B, and E
are i.i.d. exponential random variables (thus, they have density e ™ on [0, c0)). The
Bayes rule compares P{Y = 1|T, B} with P{Y = 0|T, B} and makes a decision
consistent with the maximum of these two values. A simple calculation shows that

P{Y=1|T,B} = P{T+B+E <7|T,B)

P{E <7—T — B|T, B}
—(7—T—B)) )

max (0,1 — e

The crossover between two decisions occurs when this value equals 1/2. Thus, the
Bayes classifier is as follows:

* 1 ifT+B <7—1log2=6.306852819...
B)=
g, B) {0 otherwise.
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Of course, this classifier is not perfect. The probability of error is

P{g"(T,B)#Y}
= P{T+B<7—1log2,T+B+E=>T7}
+P{T+B>7—-1log2, T+B+E <7}
= E{e_(7~T_B)I{T+B<7~log2}}

+P {(1 — 6—(7-T—B)) I(7>T+Bz7—log2}}

7-log2 7
= f xeFe U0 dx +f xe ¥ (1—e79) dx
0 7-log2

(since the density of 7 + B is ue™ on [0, 00))

7 —log2)? 72 (7 —log2)
e*7((——29-g;)+2(8—1og2)—8—5+(——70g——))

(as [Cue™du=(1+x)e™)
= 0.0199611... .

If we have only access to 7, then the Bayes classifier is allowed to use 7 only.
First, we find

P{Y = 1|T}

I

P{E+B <7-T|T}
max (0,1 — (1+7—T)e 7).

The crossover at 1/2 occurs at T = ¢ & 5.321653009.. ., so that the Bayes

classifier is given by
1 ifT <c

0 otherwise.

g1 =]
The probability of error is
P{g"(T)#Y}
P(T <c,T+B+E>7)+P(T >¢c,T+B+E <7)
E{(1+7=T)e " DIy}
+P{(1 -1 +7 =1 "T) Igorsq)

]

r7

[
f e (147 —x)e” T dx + / (1= (1 +7 = x)e ) dx
0 c

8 —c)? 1)

&  (8—cp
-7 > _ —(c=T7) __ 1—
¢ < 2 2 2 "2

0.02235309002 ... . .

I

The Bayes error has increased slightly, but not by much. Finally, if we do not have
access to any of the three variables, 7, B, and E, the best we can do is see which
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class is most likely. To this end, we compute
P(Y=0}=P{T+B+E>7}=(1+7+7*/2)e”’ = .02963616388... .

If we set g = | all the time, we make an error with probability 0.02963616383.. . ..

In practice, Bayes classifiers are unknown simply because the distribution of
(X, Y) is unknown. Consider a classifier based upon (7', B). Rosenblatt’s percep-
tron (see Chapter 4) looks for the best linear classifier based upon the data. That
is, the decision is of the form

1 ifaT +bB <

T,B)= { ,
&( ) 0 otherwise

for some data-based choices for a, b and c. If we have lots of data at our disposal,
then it is possible to pick out a linear classifier that is nearly optimal. As we have
seen above, the Bayes classifier happens to be linear. That is a sheer coincidence,
of course. If the Bayes classifier had not been linear—for example, if we had
Y = Iir+p2+£<7y—then even the best perceptron would be suboptimal, regardless
of how many data pairs one would have. If we use the 3-nearest neighbor rule
(Chapter 5), the asymptotic probability of error is not more than 1.3155 times the
Bayes error, which in our example is about 0.02625882705. The example above
also shows the need to look at individual components, and to evaluate how many
and which components would be most useful for discrimination. This subject is
covered in the chapter on feature extraction (Chapter 32).

2.4 Other Formulas for the Bayes Risk

The following forms of the Bayes error are often convenient:

L* = inf  P{g(X)#Y}
g:R4—{0,1}
= E{min{n(X), 1 — n(X)}}
1 1

= 5~ EE{IZn(X) — 1}

FIGURE 2.2. The Bayes decision when class-
conditional densities exist. In the figure on
the left, the decision is O on [a, b] and 1
elsewhere.

a b
Class 1 Class 0 Class 1
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In special cases, we may obtain other helpful forms. For example, if X has a
density f, then

L*

[ minneo. 1= neon s

/ min (1 — p) fo(x), pfiCe)dx,
where p = P{Y = 1}, and f;(x) is the density of X giventhat Y =i. pand 1 — p
are called the class probabilities, and fy, fi are the class-conditional densities. If

foand fi are nonoverlapping, that is, [ fofi =0, then obviously L* = 0. Assume
moreover that p = 1/2. Then

1
ro- . / min (fo(x), fi(x) dx

1
= E/fl(x)—(fl(x)_fo(x))+dx

1]

1 1
371 f |f1(x) = fo(x)ldx.

Here g, denotes the positive part of a function g. Thus, the Bayes error is directly
related to the L distance between the class densities.

FIGURE 2.3. The shaded area is
the L distance between the
class-conditional densities.

2.5 Plug-In Decisions

The best guess of ¥ from the observation X is the Bayes decision

*(x) = 0 ifnp(x)<1/2 _ | 0 ifnx)<1-nx)
W)=Y 1 otherwise | 1 otherwise.

The function 7 is typically unknown. Assume that we have access to nonnegative
functions 7(x), 1 — 7(x) that approximate n(x) and 1 — n(x) respectively. In this
case it seems natural to use the plug-in decision function

_ ] 0 iffpx) <1/2
g(x)-.{ 1 otherwise,
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to approximate the Bayes decision. The next well-known theorem (see, e.g., Van
Ryzin (1966), Wolverton and Wagner (1969a), Glick (1973), Csibi (1971), Gyorfi
(1975), (1978), Devroye and Wagner (1976b), Devroye (1982b), and Devroye and
Gyorfi (1985)) states that if 7(x) is close to the real a posteriori probability in
L;-sense, then the error probability of decision g is near the optimal decision g*.

Theorem 2.2. For the ervor probability of the plug-in decision g defined above,
we have

Pig(X)#Y} - L" = ZfRd In(x) = 1/2[{ggrenpe(dx),
and

PleC0) #¥) = L7 <2 [ In(o) = iColu(dx) = 2B = 0O

PrOOF. If for some x € RY, g(x) = g*(x), then clearly the difference between the
conditional error probabilities of g and g* is zero:

Plg(X) #Y|X =x} - P{g"(X) #Y|X =x} =0.

Otherwise, if g(x) & g*(x), then as seen in the proof of Theorem 2.1, the difference
may be written as

PigX)#Y|X=x} — P{"X)#Y|X =x}
@n(x) = 1) (Ligeormy — Tigeo=n)
[2n(x) — Wligese -

il

Thus,

il

Plg(X)#Y} - L” fw 2In() = 1/2M gaysgmcon @)

IA

fr 2n(e) — ),
since g(x) # g*(x) implies [n(x) — A(x)| = [n(x) - 1/2]. O

When the classifier g(x) can be put in the form

_ ] 0 ifgi(x) < 7jo(x)
8(x) —{ 1 otherwise,

where 77;(x), fjo(x) are some approximations of n(x) and 1 — n(x), respectively,
the situation differs from that discussed in Theorem 2.2 if y(x) + 7;(x) does not
necessarily equal to one. However, an inequality analogous to that of Theorem 2.2
remains true:
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Theorem 2.3. The error probability of the decision defined above is bounded from
above by

Pg(X)#Y}-L" < /Rd (1 = nx)) — fo(x)|(dx) + Ld [n(x) — f1(x) | p(dx).

The proof is left to the reader (Problem 2.9).

REMARK. Assume that the class-conditional densities fy, f; exist and are approxi-
mated by the densities fo (x), f~1 (x). Assume furthermore that the class probabilities
p=P{Y =1}and 1 — p = P{Y = 0} are approximated by p; and po, respectively.
Then for the error probability of the plug-in decision function

_[ 0 i AA0 = Fofoto)
g(x)—{ 1 otherwise,

Plg(X)# Y} —L*
< fR A =pfoto - Pofox)ldx + /R Ipfitx) = p1fi(0)ldx.

See Problem 2.10. O

2.6 Bayes Error Versus Dimension

The components of X that matter in the Bayes classifier are those that explicitly
appear in 1(X). In fact, then, all discrimination problems are one-dimensional, as
we could equally well replace X by n(X) or by any strictly monotone function of
n(X), such as n7(X) + 59°(X) + n(X). Unfortunately, n is unknown in general. In
the example in Section 2.3, we had in one case

(T, B)=max (0,1 — e”"~"~%)
and in another case
n(T)=max (0,1 —(1+7 — e 7).

The former format suggests that we could base all decisions on T + B. This means
that if we had no access to T and B individually, but to 7' + B jointly, we would be
able to achieve the same results! Since 7 is unknown, all of this is really irrelevant.

In general, the Bayes risk increases if we replace X by T(X) for any trans-
formation T (see Problem 2.1), as this destroys information. On the other hand,
there exist transformations (such as n(X)) that leave the Bayes error untouched.
For more on the relationship between the Bayes error and the dimension, refer to
Chapter 32.
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Problems and Exercises

PrOBLEM 2.1. Let 7 : & — A” be an arbitrary measurable function. If LY and L7y,
denote the Bayes error probabilities for (X, Y) and (T'(X), Y), respectively, then prove that

*
L = L.

(This shows that transformations of X destroy information, because the Bayes risk in-
creases.)

ProBLEM 2.2. Let X’ be independent of (X, Y). Prove that
L(*X’ ¥y = L%.

PrROBLEM 2.3. Show that L* < min(p, 1 — p), where p, 1 — p are the class probabilities.
Show that equality holds if X and Y are independent. Exhibit a distribution where X is not
independent of Y, but L* = min{p, 1 — p).

PROBLEM 2.4. NEYMAN-PEARSON LEMMA. Consider again the decision problem, but with
a decision g, we now assign two error probabilities,

LOg)=P{g(X)=1|Y =0} and L"(g)=P{g(X)=0]Y =1}.
Assume that the class-conditional densities fy, f; exist. For ¢ > 0, define the decision

U ifefitx) > folx)
gc(x)—{ 0 otherwise.

Prove that for any decision g, if LO(g) < L©(g,), then LY (g) > LV (g,). In other words,
if L© is required to be kept under a certain level, then the decision minimizing L has the
form of g, for some c. Note that g* is like that.

PrROBLEM 2.5. DECISIONS WITH REJECTION. Sometimes in decision problems, one is allowed
to say “I don’t know,” if this does not happen frequently. These decisions are called decisions
with a reject option (see, e.g., Forney (1968), Chow (1970)). Formally, a decision g(x) can
have three values: 0, 1, and “reject.” There are two performance measures: the probability
of rejection P{g(X) = “reject”}, and the error probability P{g(X) # Y|g(X) # “reject”}.
Fora 0 < ¢ < 1/2, define the decision

1 if n(x) > 1/2+c¢
gx)=1 0 ifnx) <t/2—c
“reject” otherwise.

Show that for any decision g, if
P{g(X) = “reject”} < P{g.(X) = “reject’},

then
P{e(X) # Y|g(X) # “reject”} = P{g(X) # Y|g(X) # “reject”’}.

Thus, to keep the probability of rejection under a certain level, decisions of the form of g.
are optimal (Gyorfi, Gyorfi, and Vajda (1978)).
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PrOBLEM 2.6. Consider the prediction of a student’s failure based upon variables T and B,
where Y = Ii74p.e<7 and E is an inaccessible variable (see Section 2.3).

(1) LetT, B, and E be independent. Merely by changing the distribution of E, show
that the Bayes error for classification based upon (7', B) can be made as close as
desired to 1/2. o ’ '

(2) LetT and B be independent and exponentially distributed. Find a joint distribution
of (T, B, E) such that the Bayes classifier is not a linear classifier.

(3) LetT and B be independent and exponentially distributed. Find a joint distribution
of (T, B, E) such that the Bayes classifier is given by

1 ifT?+B?< 10,
0 otherwise .

§(T,B)= {

(4) Find the Bayes classifier and Bayes error for classification based on (7', B) (with
Y as above) if (T, B, E) is uniformly distributed on [0, 4]>.

PrOBLEM 2.7. Assume that 7, B, and E are independent uniform [0, 4] random variables
with interpretations as in Section 2.3. Let Y = 1 (0) denote whether a student passes (fails)
a course. Assume that Y = 1 if and only if TBE < 8.
(1) Find the Bayes decision if no variable is available, if only T is available, and if
only T and B are available.
(2) Determine in all three cases the Bayes error.
(3) Determine the best linear classifier based upon T and B only.

ProBLEM 2.8. Let 77/, n” : R¢ — [0, 1] be arbitrary measurable functions, and define the
corresponding decisions by g'(x) = Ijyy=1/2) and g”(x) = Ijrys1/2- Prove that

IL(g) — L(g")] = P{g'(X) # g"(X)}

and
[L(g") — L") < E{120(X) — 1 igx)zcn } -

PrOBLEM 2.9. Prove Theorem 2.3.

ProBLEM 2.10. Assume that the class-conditional densities fy and f; exist and are ap-
proximated by the densities f, and f;, respectively. Assume furthermore that the class
probabilities p = P{Y = 1} and 1 — p = P{Y = 0} are approximated by p; and po. Prove
that for the error probability of the plug-in decision function

if p1 f1(x) < Pofolx)
otherwise,

g(x)={ (1)
we have
Plg(X) #¥) — L* < f 1Pt = B fioldx + fR 1= )~ ot
R

ProBLEM 2.11. Using the notation of Problem 2.10, show that if for a sequence of fm,n(x)
and p,,, (m =0, 1),

lim / IPAI(X) = P1nfia(e)Pdx +f I(1 = p) fox) = Pon fon(x)Pdx =0,
n—00 frd Rd
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then for the corresponding sequence of plug-in decisions lim,—.o P{g.(X) # Y} = L*
(Wolverton and Wagner (1969a)). HINT: According to Problem 2.10, it suffices to show that
if we are given a deterministic sequence of density functions f, fi, f2, f3,..., then

tim [ (a0 = P dx =0
implies
lim / | fu@) — FGldx =0.

(A function f is called a density function if it is nonnegative and [ f(x)dx = 1.) To see
this, observe that

/ o) — FCo)ldx =2 / ()~ FO), dx =23 fA () = fG.dx,

where A;, A, ... is a partition of R¢ into unit cubes, and f, denotes the positive part of a
function f. The key observation is that convergence to zero of each term of the infinite sum
implies convergence of the whole integral by the dominated convergence theorem, since
[ (fux) = FO)),dx < [ fa(x)dx = 1. Handle the right-hand side by the Cauchy-Schwarz
inequality.

PROBLEM 2.12. Define the L; error of a function f : RY — R by J(f) = E{| f(X) — ¥|}.
Show that a function minimizing J(f) is the Bayes rule g*, thatis, J* = inf ; J(f) = J(g*).
Thus, J* = L*. Define a decision by

10 if fx)<1/2
g(x)—{ 1 otherwise,

Prove that its error probability L(g) = P{g(X) # Y} satisfies the inequality

Lg—-L"<J(fHH—J"
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Inequalities and Alternate
Distance Measures

3.1 Measuring Discriminatory Information

In our two-class discrimination problem, the best rule has (Bayes) probability of
error

L* = E {min(n(X), 1 — n(X))} .

This quantity measures how difficult the discrimination problem is. It also serves
as a gauge of the quality of the distribution of (X, Y’ for pattern recognition. Put
differently, if ¥; and y, are certain many-to-one mappings, L* may be used to
compare discrimination based on (¥1(X), Y) with that based on (2 (X), ¥). When
¥ projects R? to R4 by taking the first d; coordinates, and ¥, takes the last d,
ccoordinates, the corresponding Bayes errors will help us decide which projection
is better. In this sense, L* is the fundamental quantity in feature extraction.

Other quantities have been suggested over the years that measure the discrimi-
natory power hidden in the distribution of (X, ¥). These may be helpful in some
settings. For example, in theoretical studies or in certain proofs, the relationship be-
tween L* and the distribution of (X, ¥) may become clearer via certain inequalities
that link L* with other functionals of the distribution. We all understand moments
and variances, but how do these simple functionals relate to L*? Perhaps we may
even learn a thing or two about what it is that makes L* small. In feature selection,
some explicit inequalities involving L* may provide just the kind of numerical in-
formation that will allow one to make certain judgements on what kind of feature
is preferable in practice. In short, we will obtain more information about L* with
a variety of uses in pattern recognition.
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In the next few sections, we avoid putting any conditions on the distribution of
X, Y).

3.2 The Kolmogorov Variational Distance

Inspired by the total variation distance between distributions, the Kolmogorov
variational distance

b = %EHP{Y = 11X} — P{Y = 0]X}))

1
= SE{R2n(X) — 11}

captures the distance between the two classes. We will not need anything special
to deal with 8, as

L* = E ! 12 X 1]
= {5—5177()— }

1
SE{I2n(X) - 11}

— bxo-

N = N =

3.3 The Nearest Neighbor Error
The asymptotic error of the nearest neighbor rule is
Ly = E{2n(X)(1 — n(X))}

(see Chapter 5). Clearly, 2n(1 — ) > min(y, 1 —n) as 2max(n, 1 — ) > 1. Also,
using the notation A = min(n(X), 1 — (X)), we have

L™ < Ly 2E{A(1 — A)}
2E{A}-E{1 — A}
(by the second association inequality of Theorem A.19)

= 2L*(1 —L*) <2L* 3.1)

A

which are well-known inequalities of Cover and Hart (1967). Ly provides us with
quite a bit of information about L*.

The measure Ly has been rediscovered under other guises: Devijver and Kittler
(1982, p.263) and Vajda (1968) call it the quadratic entropy, and Mathai and Rathie
(1975) refer to it as the harmonic mean coefficient.
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Lt FIGURE 3.1. Relationship between the
Bayes error and the asymptotic near-
est neighbor error. Every point in the

unshaded region is possible.
L*<Lyy

LynS2L*(1-L%)

LNN

3.4 The Bhattacharyya Affinity
The Bhattacharyya measure of affinity (Bhattacharyya, (1946)) is — log p, where
p=E{V/n0O0 = 1)}

will be referred to as the Matushita error. It does not occur naturally as the limit of
any standard discrimination rule (see, however, Problem 6.11). p was suggested as
adistance measure for pattern recognition by Matushita (1956). It also occurs under
other guises in mathematical statistics—see, for example, the Hellinger distance
literature (Le Cam (1970), Beran (1977)).

Clearly, p = 0 if and only if n(X) € {0, 1} with probability one, that is, if
L* = 0. Furthermore, p takes its maximal value 1/2 if and only if n(X) = 1/2 with
probability one. The relationship between p and L* is not linear though. We will
show that for all distributions, L,y is more useful than p if it is to be used as an
approximation of L*.

Theorem 3.1. For all distributions, we have

11 11
S oV1-4p2 < - /T-2L,

2 2 2 2

A IA
N
% *

IA

Proor. First of all,

P = BV —nX)]
E {(n(X)Q — n(X))} (by Jensen’s inequality)

IA
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LNN
2
L*(1 — L*) (by the Cover-Hart inequality (3.1)).

1A

Second, as o/n(1 —n) > 2n(1 — n) for all n € [0, 1], we see that p > L > L*.
Finally, by the Cover-Hart inequality,

V1 —=2Lg>+/1—4L*(1 —L*)=1—-2L".

Putting all these things together establishes the chain of inequalities. O

* FIGURE 3.2. The inequalities linking p
to L* are illustrated. Note that the re-
gion is larger than that cut out in the
(L*, Lyy) plane in Figure 3.1.

4p221—(1-2L7)

p

The inequality Ly < p is due to Ito (1972). The inequality Ly > 207 is
due to Horibe (1970). The inequality 1/2 — /1 —4p2/2 < L* < p can be
found in Kailath (1967). The left-hand side of the last inequality was shown by
Hudimoto (1957). All these inequalities are tight (see Problem 3.2). The appeal
of quantities like Ly and p is that they involve polynomials of 7, whereas L* =
E{min(n(X), 1 — n(X))} is nonpolynomial. For certain discrimination problems
in which X has a distribution that is known up to certain parameters, one may
be able to compute Ly and p explicitly as a function of these parameters. Via
inequalities, this may then be used to obtain performance guarantees for parametric
discrimination rules of the plug-in type (see Chapter 16).

For completeness, we mention a generalization of Bhattacharyya’s measure of
affinity, first suggested by Chernoff (1952):

8¢ = —log (E {n*(X)(1 — n(X)'™}),

where o € (0, 1) is fixed. For @ = 1/2, §¢ = —log p. The asymmetry introduced
by taking « # 1/2 has no practical interpretation, however.
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3.5 Entropy

The entropy of a discrete probability distribution (p;, pa, . ..) is defined by
: %
H=H(p1, p2...) =~y pilogpi,
i=1

where, by definition, 0log 0 = 0 (Shannon (1948)). The key quantity in information
theory (see Cover and Thomas (1991)), it has countless applications in many
branches of computer science, mathematical statistics, and physics. The entropy’s
main properties may be summarized as follows.

A. 'H > 0 with equality if and only if p; = 1 for some i. Proof: log p; < 0 for
all i with equality if and only if p; = 1 for some i. Thus, entropy is minimal
for a degenerate distribution, i.e., a distribution with the least amount of
“spread.”

B. H(p1,..., pr) < logk with equality if and only if p; = pp =--- = pr =
1/k. In other words, the entropy is maximal when the distribution is maxi-
mally smeared out. Proof:

k
1
H(pl,...,pk)—logk=2pilog(%};) <0

i=1 i
by the inequality logx < x — 1, x > 0.

C. For a Bernoulli distribution (p, 1 — p), the binary entropy H(p, 1 — p) =
—plogp — (1 — p)log(l — p)is concave in p.

Assume that X is a discrete random variable that must be guessed by asking
questions of the type “is X € A?.” for some sets A. Let N be the minimum expected
number of questions required to determine X with certainty. It is well known that

Ry

log2 log2
(e.g., Cover and Thomas (1991)). Thus, H not only measures how spread out the
mass of X is, but also provides us with concrete computational bounds for certain
algorithms. In the simple example above, H is in fact proportional to the expected
computational time of the best algorithm.

We are not interested in information theory per se, but rather in its usefulness

in pattern recognition. For our discussion, if we fix X = x, then Y is Bernoulli
(n(x)). Hence, the conditional entropy of ¥ given X = x is

H(n(x), 1 = n(x)) = —n(x)log n(x) — (1 — n(x))log(l — n(x)).

It measures the amount of uncertainty or chaos in ¥ given X = x. As we know, it
takes values between 0 (when n(x) € {0, 1}) and log 2 (when n(x) = 1/2), and is
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concave in 1(x). We define the expected conditional entropy by

E {H(n(X), 1 — n(X))}
—E {n(X)log n(X) + (1 — (X)) log(1 — n(X))}.

&

It

For brevity, we will refer to £ as the entropy. As pointed out above, £ = 0 if and
only if n(X) € {0, 1} with probability one. Thus, £ and L* are related to each
other.

Theorem 3.2.
A & < H(L*,1—L*=—L*logL* — (1 — L*)log(1 — L*) (Fano’s in-
equality; Fano (1952), see Cover and Thomas (1991, p. 39)).
B. £> —log(l — L) = —log(l —L*).
C. €<log2—1(1—-2Ly) <log2—1(1—2L">

IR FIGURE 3.3. Inequalities (A) and
(B) of Theorem 3.2 are illus-
trated here.

£ = —log(1-L*)

ESHWL1-LY

log 2

PROOF.
PART A. Define A = min(n(X), 1 — n(X)). Then

E = E{H(A,1-A4))
< H(EA,1-EA)
(because H is concave, by Jensen’s inequality)
= HL*1-L".
PART B.
E = —E{AlogA+(1— A)log(l — A)}
> —E{log(A®+(1—A)*)} (by Jensen’s inequality)

It

—Ef{log(1 —2A(1 — A))}
> —log(1 —E{2A(1 — A)}) (by Jensen’s inequality)
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il

- IOg(l - LN’N)
—log(l — L*).

v

ParT C. By the concavity of (A, 1 — A) as a function of A, and Taylor series
expansion, .
H(A,1— A) <log2 — 5(2A — 12

Therefore, by Part A,

1
£ < log2—E{§(2A—1)2}
1
= 10g2~§(1——2LNN)
1
< log2—§+2L*(1—L*)

(by the Cover-Hart inequality (3.1))

1 12
= log2 — 5(1 —2L%. O

ReEMARK. The nearly monotone relationship between £ and L* will see lots of
uses. We warn the reader that near the origin, L* may decrease linearly in £, but
it may also decrease much faster than £2%°. Such wide variation was not observed
in the relationship between L* and L, (where it is linear) or L* and p (where it
is between linear and quadratic). O

3.6 Jeffreys’ Divergence

Jeffreys’ divergence (1948) is a symmetric form of the Kullback-Leibler (1951)
divergence

5KL=E{n(X)1ogﬂ}.

1 —n(X)
It will be denoted by
- ~ Diog M)
J=E {(2n(X) Dlog 7= n(X)} A

To understand .7, note that the function (2 — 1)log Tg‘ﬁ is symmetric about 1/2,
convex, and has minimum (0) at n = 1/2. As n | 0, 1 1, the function becomes
unbounded. Therefore, J = oo if P{n(X) € {0, 1}} > 0. For this reason, its
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use in discrimination is necessarily limited. For generalizations of 7, see Rényi
(1961), Burbea and Rao (1982), Taneja (1983; 1987), and Burbea (1984). It is thus
impossible to bound J from above by a function of Ly and/or L*. However, lower
bounds are easy to obtain. As x log((1 +x)/(1 — x)) is convex in x and

1+]2n — 1]
1—12n—-1])°

n
I—n

(Zn = 1)log =2n - 1l10g<

we note that by Jensen’s inequality,

E{|2n(X) — 1]} log < 1+ E{|2n(X) — 1;})

J =z = E(2n(X) — 1}
_ i} 1+(1 —2L%
= (1-2L )log(—————l_(1~2L*))
- (- 2910 ( 12E
= (1- )og( I~ )
> 2(1—=2L">

The first bound cannot be universally bettered (it is achieved when 7(x) is constant
over the space). Also, for fixed L*, any value of J above the lower bound is
possible for some distribution of (X, Y). From the definition of 7, we see that
J =0 if and only if = 1/2 with probability one, or L* = 1/2.

FIGURE 3.4. This figure illustrates
the above lower bound on Jeffreys’
. divergence in terms of the Bayes er-
YOF.

T = (1=2L7) log((I~L*)/L¥)

*

0 12

Related bounds were obtained by Toussaint (1974b):

1+ /1T =2Lw
1 — 2L, log (———ﬂ) > 2(1 = 2Lw).
1 —/T=2Lw

The last bound is strictly better than our L* bound given above. See Problem 3.7.

3.7 F-Errors

The error measures discussed so far are all related to expected values of concave
functions of n(X) = P{Y = 1|X}. In general, if F is a concave function on [0, 1],
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we define the F-error corresponding to (X, Y) by
dr(X,Y)=E{F(n(X))}.
Examples of F-errors are o ’
(a) the Bayes error L*: F(x) = min(x, 1 — x),
(b) the asymptotic nearest neighbor error Lyy: F(x) = 2x(1 — x),
(c) the Matushita error p: F(x) = /x(1 — x),
(d) the expected conditional entropy £: F(x) = —xlogx — (1 — x)log(1 — x),
(e) the negated Jeffreys’ divergence —J: F(x) = —(2x — 1) log =;.

Hashlamoun, Varshney, and Samarasooriya (1994) point out that if F(x) >
min(x, 1 — x) for each x € [0, 1], then the corresponding F-error is an upper
bound on the Bayes error. The closer F(x) is to min(x, 1 — x), the tighter the upper
bound is. For example, F(x) = (1/2)sin(zrx) < 2x(1 — x) yields an upper bound
tighter than L. All these errors share the property that the error increases if X is
transformed by an arbitrary function.

Theorem 3.3. Let t : R — R* be an arbitrary measurable function. Then for
any distribution of (X, Y),

dp(X,Y) < dp(t(X), Y).

PrROOF. Define 5; : R* — [0, 1] by n,(x) = P{Y = 1]|¢(X) = x}, and observe that
n:(t(X)) = E {(n(X)[t(X)} .
Thus,

dp(1(X), Y)

E {F(n:(t(X))}

= E{FE{nXOlXOH}

E{E{Fn(X)t(X)}} (byJensen’s inequality)
= E{F(n(X)}=dr(X,Y). O

Y

REMARK. We also see from the proof that the F-error remains unchanged if the
transformation ¢ is invertible. Theorem 3.3 states that F-errors are a bit like Bayes
errors—when information is lost (by replacing X by #(X)), F-errors increase. O
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3.8 The Mahalanobis Distance

Two conditional distributions with about the same covariance matrices and means
that are far away from each other are probably so well separated that L* is small.
An interesting measure of the visual distance between two random variables Xg
and X is the so-called Mahalanobis distance (Mahalanobis, (1936)) given by

A = /(my —mo)T == (my — my),

where m; = EX,;, mo = EXo, are the means, X1 = E {(X; —m)(X; —m)T } and
%o = E{(Xo — mo)(Xo — mg)"} are the covariance matrices, & = pX; + (1 —
P)20, ()! is the transpose of a vector, and p = 1 — p is a mixture parameter. If
¥, = g = 021, where I is the identity matrix, then

m, —m
A= llmy ofl
o
is a scaled version of the distance between the means. If £; = 021, g = o¢1,

then
[lmy — mol|

Jpoi+(1— p)og

varies between ||m; —my|| /o1 and ||m; —my||/op as p changes from 1 to 0. Assume
that we have a discrimination problem in which given ¥ = 1, X is distributed as
X1, given Y = 0, X is distributed as Xo, and p = P{Y = 1}, 1 — p are the class
probabilities. Then, interestingly, A is related to the Bayes error in a general sense.
If the Mahalanobis distance between the class-conditional distributions is large,
then L* is small.

A=

Theorem 3.4. (DEVIVER AND KITTLER (1982, p. 166)). For all distributions of
(X, Y) for which E{[IXHZ} < 0o, we have

2p(1 —

L <Ly<—220=P
1+ p(1 — p)A?

ReEMARK. For a distribution with mean m and covariance matrix %, the Mahalanobis

distance from a point x € R? to m is

Vi =m)TE-1(x —m).

In one dimension, this is simply interpreted as distance from the mean as measured
in units of standard deviation. The use of Mahalanobis distance in discrimination
is based upon the intuitive notion that we should classify according to the class for
which we are within the least units of standard deviations. Atleast, for distributions
that look like nice globular clouds, such a recommendation may make sense.
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proor. Firstassume thatd = 1, thatis, X isreal valued. Let u and ¢ be real numbers,
and consider the quantity E {(u(X — ¢) — (2n(X) — 1))*}. We will show that if u
and c are chosen to minimize this number, then it satisfies

- ~ 2p(1—p)
<E X—co)—C2nX)—D)Y?}=2(—C—2 [ , 3.2
0 < E{u(X - o) — 2n(X) - 1))?} (1+p(1——p)A2 w), (32
which proves the theorem for d = 1. To see this, note that the expression

E{(u(X —c)—2n(X) — 1))2} is minimized for ¢ = EX — E{2n(X) — 1}/u.
Then

E{u(X —¢)— @n(X) - 1))’}
= Var{2n(X) — 1} + u? Var{X} — 2u Cov{X, 2n(X) — 1},

—where Cov{X, Z} = E{(X — EX)(Z — EZ)}—which is, in turn, minimized for
u = Cov{X, 2n(X) — 1}/ Var{X}. Straightforward calculation shows that (3.2)
indeed holds.

To extend the inequality (3.2) to multidimensional problems, apply it to the
one-dimensional decision problem (Z, ¥), where Z = X7 X }(m; — myg). Then
the theorem follows by noting that by Theorem 3.3,

LNN(Xa Y) S LNN(Zs Y),

where L (X, Y) denotes the nearest-neighbor error corresponding to (X, ¥). O

In case X and X are both normal with the same covariance matrices, we have

Theorem 3.5. (MATUSHITA (1973); SEE PROBLEM 3.11). When X and X, are
multivariate normal random variables with X1 = Yo = X, then

p=E VOO0 =000} = v/p(1 = p) e,

If the class-conditional densities f; and fy may be written as functions of
(x —m)T B (x —my) and (x — mo)T T (x — mo) respectively, then A remains
relatively tightly linked with L* (Mitchell and Krzanowski (1985)), but such dis-
tributions are the exception rather than the rule. In general, when A is small, it is
impossible to deduce whether L* is small or not (see Problem 3.12).

3.9 f-Divergences

Wehave defined error measures as the expected value of a concave function of n(X).
This makes it easier to relate these measures to the Bayes error L* and other error
probabilities. In this section we briefly make the connection to the more classical
statistical theory of distances between probability measures. A general concept of
these distance measures, called f-divergences, was introduced by Csiszér (1967).
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The corresponding theory is summarized in Vajda (1989). F-errors defined earlier
may be calculated if one knows the class probabilities p, 1 — p, and the conditional
distributions jug, (1 of X, given {¥Y =0} and {Y = 1}, that is,

wi(A)y=P{XeAlY =i} i=0,L

For fixed class probabilities, an F -error is small if the two conditional distributions
are “far away” from each other. A metric quantifying this distance may be defined
as follows. Let f : [0, 00) — R U {—00, 00} be a convex function with f(1) =0
The f-divergence between two probability measures & and v on R is defined by

w(Aj)
D, v) = 2 A;
(e, v) = Asup V(A f (U(A ))

where the supremum is taken over all finite measurable partitions A of R¢. If A is a
measure dominating y and v—that is, both 1 and v are absolutely continuous with
respect to A—and p = du/dX and g = dv/d are the corresponding densities,
then the f-divergence may be put in the form

Dy, v) = /q(x)f(pi ;)/\(d ).

Clearly, this quantity is independent of the choice of A. For example, we may
take A = i + v. If ;£ and v are absolutely continuous with respect to the Lebesgue
measure, then A may be chosen to be the Lebesgue measure. By Jensen’s inequality,

Dg(ue,v) > 0,and Dg(p, u) =0
An important example of f-divergences is the total variation, or variational
distance obtained by choosing f(x) = |x — 1|, yielding

V(iw,v)= A —v(A).
(i, v) Ai?i};'“( i) — V(A

For this divergence, the equivalence of the two definitions is stated by Scheffé’s
theorem (see Problem 12.13).

Theorem 3.6. (SCHEFFE (1947)).
V() = 2sup A) = ()| = / 1p(x) — g()IAd),

where the supremum is taken over all Borel subsets of R%.

Another important example is the Hellinger distance, given by f(x) = (1 —

No¥
Hy(ju,v) = sup 2< Z\/M(A W(A; )

A={A;}

2 (1 - / \/p(x)q(x))»(dx)) .

1]
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The quantity L(u, v) = f  p(x)g(x))(dx) is often called the Hellinger integral.
We mention two useful inequalities in this respect. For the sake of simplicity, we
state their discrete form. (The integral forms are analogous, see Problem 3.21.)

Lemma 3.1. (LECAM (1973)). For positive sequences a; and b;, both summing to

one,

2
. 1
Zi:mlﬂ(ai, b)) = 3 (Zj:\/aibi) .
ProOF. By the Cauchy-Schwarz inequality,

Z\/ES Zdz‘ Zbii Z%w

i:a;<b; i:a;<b; ia;<b; ia;<b;

This, together with the inequality (x + y)? < 2x? + 2y?, and symmetry, implies

(Zﬁ’) (% vame Zm)z

i:a;<b; i.a;>b;

(2 (2. )

ia;<b; iai=b;

Z(ZM 3 b,~>

i.a;<b; i:a;>b;

IA

IA

ZZmin(ai,bi). o

Lemma 3.2, (DEVROYE AND GYORFI (1985, p. 225)). Letay,...,a by, ...b;
be nonnegative numbers such that Zle a; = Zi;l b; = 1. Then

2
i ab; <1— ————-———(Zfﬂ 16181' _ bil) .

) = (e o) e )

i=1
(by the Cauchy-Schwarz inequality)



34 3. Inequalities and Alternate Distance Measures

IA

3 (va )
s(l-zk;m)

which proves the lemma. O

Information divergence is obtained by taking f(x) = x log x:

(A
I(p,v) = o ZM(A )log (V(Aj)).

I(u, v) is also called the Kullback-Leibler number.
Our last example is the x2-divergence, defined by f(x) = (x — 1)

((A;) — V(Aj))2
i1 7y

2
= /p(x)x(dx)—l.
q(x)

Next, we highlight the connection between F-errors and f-divergences. Let
1o and pq denote the conditional distributions of X given {¥ = 0} and {Y = 1}.
Assume that the class probabilities are equal: p = 1/2. If F is a concave function,
then the F-error dp(X, Y) may be written as

X, v)

1
dr(X,Y)=F (§> = Dy(1o, 1),

where

f(x)_——F(1 )(1+x)+F< )

and Dy is the corresponding f-divergence. It is easy to see that f is convex,
whenever F is concave. A special case of this correspondence is

1 1
L*=~1{1—=V(uo, ,
2( 5 (o Ml))

if p =1/2. Also, it is easy to verify, that

p =+ p(1 = p) Lo, (1),

where p is the Matushita error. For further connections, we refer the reader to the
exercises.
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Problems and Exercises

proBLEM 3.1. Show that forevery (1, [*) with0 < [* <[} < 2[*(1—1*) < 1/2, there exists
a distribution of (X, Y) with Lyy = [, and.L* = [*. Therefore, the Cover-Hart inequalities
are not universally improvable.

PROBLEM 3.2. TIGHTNESS OF THE BOUNDS. Theorem 3.1 cannot be improved.

(1) Show that for all & € [0, 1/2], there exists a distribution of (X, Y) such that
Liw=L"=c.

(2) Show that for all & € [0, 1/2], there exists a distribution of (X, Y) such that
Ly =« L*———-«/l—Za

(3) Show that for all a € [0, 1/2], there exists a distribution of (X, Y) such that
L*=p=a.

(4) Show that for all «a € [0, 1/2], there exists a distribution of (X, Y) such that
Lw=a,L*=1—1/1-4p%

ProBLEM 3.3. Show that & > L*.

ProBLEM 3.4. For any o < 1, find a sequence of distributions of (X,,, ¥,,) having expected
conditional entropies £, and Bayes errors L}, such that L? — Oasn — oo, and £, decreases
o zero at the same rate as (L})".

PrROBLEM 3.5. CONCAVITY OF ERROR MEASURES. Let Y denote the mixture random variable
taking the value ¥; with probability p and the value Y, with probability 1— p. Let X be a fixed
R4-valued random variable, and define n(x) = P{Y; = 1|X = x}, ;. (x) = P{Y, = 1|X = x},
where Y, Y, are Bernoulli random variables. Clearly, n(x) = pn(x) + (1 — p)n2(x). Which
of the error measures L*, p, Ly, & are concave in p for fixed joint distribution of X, Yy, ¥»?
Can every discrimination problem (X, Y) be decomposed this way for some Y3, p, Y», where
mx), n2(x) € {0, 1} for all x? If not, will the condition n;(x), 72(x) € {0, 1/2, 1} for all x
do?

PrROBLEM 3.6. Show that for every [* € [0, 1/2], there exists a distribution of (X, Y) with
L*=[*and & = H(L*, 1 — L*). Thus, Fano’s inequality is tight.

PROBLEM 3.7. TOUSSAINT’S INEQUALITIES (1974B). Mimic a proof in the text to show that

1+4/1—=2Lw
J=+1=2L log< ) 2(1 — 2L )
NN m NN

PrOBLEM 3.8. Show that L* < e~%¢, where 8¢ is Chernoff’s measure of affinity with
parameter « € (0, 1).

PrROBLEM 3.9. Prove that L* = p — E{(2n(X) — 1)}, where p = P{Y = 1}, and (x), =
max(x, 0).

ProBLEM 3.10. Show that 7 > —2log p —2H(p, | — p), where p = P{Y = 1} (Toussaint
(1974b)).

ProBLEM 3.11. Let f; and f; be two multivariate normal densities with means mg, m; and
common covariance matrix . If P{Y = 1} = p, and f, f, are the conditional densities of
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X given Y =1 and Y = 0 respectively, then show that
p=+/pl—pre s,
where p is the Matushita error and A is the Mahalanobis distance.

PRrOBLEM 3.12. For every § € [0, c0) and I* € [0, 1/2] with I* < 2/(4 + §%), find distribu-
tions wo and g for X given ¥ = 1, Y = 0, such that the Mahalanobis distance A = §, yet
L* = [*. Therefore, the Mahalanobis distance is not universally related to the Bayes risk.

ProOBLEM 3.13. Show that the Mahalanobis distance A is invariant under linear invertible
transformations of X.

PrROBLEM 3.14. Lissack and Fu (1976) have suggested the measures
Se =E{2n(X) - 11}, 0 < < oo.

For a = 1, this is twice the Kolmogorov distance dx,. Show the following:
(1) If0<a <1 theni(1 -8 < L* < (18
() Ifl<a <oo, then (1 —§%%) < L* < (1 -6y

PrROBLEM 3.15. Hashlamoun, Varshney, and Samarasooriya (1994) suggest using the F-

error with the function

1 _ 1y
F(x)= 7 sin(zx)e 18063(x—3)

to obtain tight upper bounds on L*. Show that F(x) > min(x, 1 — x), so that the corre-
sponding F-error is indeed an upper bound on the Bayes risk.

PROBLEM 3.16. Prove that L* < max(p(1 — p)) (1 = 1V (i, it1)).

PROBLEM 3.17. Prove that L* < /p(1 — p)L(pop1). HINT: min(a, b) < +ab.

PROBLEM 3.18. Assume that the components of X = (X®, ..., X®) are conditionally
independent (given Y), and identically distributed, that is, P{X® € A|Y = j} = v;(A) for
i=1,...,dand j =0, 1. Use the previous exercise to show that

L* </p(1 = p)(L(vy, v))* .
PROBLEM 3.19. Show that x?(i1, u2) = I(iq, o). HINT: x — 1 > logx.

PROBLEM 3.20. Show the following analog of Theorem 3.3. Let ¢ : RY — R* be a mea-
surable function, and 1, v probability measures on R¢. Define the measures y; and v, on
RE by w(A) = u(t~'(A)) and v,(A) = v(r"1(A)). Show that for any convex function f,
Dg(p, v) = Dy, vr).

PrOBLEM 3.21. Prove the following connections between the Hellinger integral and the
total variation:

-ty " 2
—5 (m,v) _i(z(ﬂ"))),

and
(V(u, v))* < 801 — L, v)).

HINT: Proceed analogously to Lemmas 3.1 and 3.2.
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PrROBLEM 3.22. PINSKER’S INEQUALITY. Show that
(V (1, ) < 211, v)

(Csiszér (1967), Kullback (1967), and Kemperman (1969)). HiNT: First prove the inequality
if ;1 and v are concentrated on the same two atoms. Then define A = {x : p(x) > ¢(x)}, and
the measures p*, v* on the set {0, 1} by u*(0) = 1 — u*(1) = u(A) and v*(0) = 1 —v*(1) =
v(A), and apply the previous result. Conclude by pointing out that Scheffé’s theorem states
V(u*, v¥) = V(u, v), and that I(u*, v*) < I(u, v).






4

Linear Discrimination

In this chapter, we split the space by a hyperplane and assign a different class to each
halfspace. Such rules offer tremendous advantages—they are easy to interpret as
each decision is based upon the sign of "% a;x® +aq, where x = (x1), ..., x@)
and the g;’s are weights. The weight vector determines the relative importance of
the components. The decision is also easily implemented—in a standard software
solution, the time of a decision is proportional to d—and the prospect that a small
chip can be built to make a virtually instantaneous decision is particularly exciting.
Rosenblatt (1962) realized the tremendous potential of such linear rules and
called them perceptrons. Changing one or more weights as new data arrive allows
us to quickly and easily adapt the weights to new situations. Training or learn-
ing patterned after the human brain thus became a reality. This chapter merely
looks at some theoretical properties of perceptrons. We begin with the simple one-
dimensional situation, and deal with the choice of weights in R¢ further on. Unless
one is terribly lucky, linear discrimination rules cannot provide error probabilities
close to the Bayes risk, but that should not diminish the value of this chapter.
Linear discrimination is at the heart of nearly every successful pattern recognition
method, including tree classifiers (Chapters 20 and 21), generalized linear classi-
fiers (Chapter 17), and neural networks (Chapter 30). We also encounter for the
first time rules in which the parameters (weights) are dependent upon the data.



40 4. Linear Discrimination

x® a, [
x? a,
b
Oorl
input ] e >
. L
° sum threshold
element

X9 a,

weights

FIGURE 4.1. Rosenblatt’s perceptron. The decision is based upon
a linear combination of the components of the input vector.

4.1 Univariate Discrimination and Stoller Splits

As an introductory example, let X be univariate. The crudest and simplest possible
rule is the linear discrimination rule

! ifx <x’'

I
gl = { 1 -y otherwise,

where x’is asplit pointand y’ € {0, 1} isaclass.In general, x’ and y’ are measurable
functions of the data D,,. Within this class of simple rules, there is of course a best
possible rule that can be determined if we know the distribution. Assume for
example that (X, Y) is described in the standard manner: let P{Y = 1} = p. Given
Y =1, X has a distribution function F;(x) = P{X < x|Y = 1}, and given ¥ =0,
X has a distribution function Fy(x) = P{X < x|Y = 0}, where Fy and F; are
the class-conditional distribution functions. Then a theoretically optimal rule is
determined by the split point x* and class y* given by

(¢, y%) = argmin P{g(X) # Y’}
[eR%)

(the minimum is always reached if we allow the values x’ = co and x’ = —00).
We call the corresponding minimal probability of error L and note that

L = (xi/nyfl){l{yeo} (PFi(x)+ (1 = p)(1 = Fo(x)))

+Iiy-yy (p(1 — Fi(x") + (1 — p)Fo(x))} .

A splitdefined by (x*, y*) will be called a theoretical Stoller split (Stoller (1954)).
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Lemma 4.1. L < 1/2 with equality if and only if L* = 1/2.

Proor. Take (x', y') = (—o0, 0). Then the probability of erroris 1 — p = P{Y = 0}.
Take (x', ¥') = (—00, 1). Then the probability of error is p. Clearly,

L* < L <min(p,1— p).

This proves the first part of the lemma. For the second part, if L = 1/2, then
p=1/2,and for every x, pFi(x) + (1 — p)(1 — Fo(x)) > 1/2 and p(1 — F1(x)) +
(1—p)Fo(x) = 1/2. The firstinequality implies p F; (x) — (1 — p)Fo(x) = p—1/2,
while the second implies pFi(x) — (1 — p)Fo(x) < p — 1/2. Therefore, L = 1/2
means that for every x, pFi(x) — (1 — p)Fo(x) = p — 1/2. Thus, for all x,
Fi(x) = Fo(x), and therefore L* = 1/2. O

Lemma 4.2.
1 1
L=——suppFi(x)—(1—-pFx) —p+=].
2 X 2
In particulay, if p = 1/2, then

11
L=5 =580 R0 = Rl

ProOE. Set p(x) = pFi(x) — (1 — p)Fy(x). Then, by definition,

L = nfmin{p(x)+1—p, p—px)

1 1
= =——su —p+=
2 xp p(x)—p 21

(since min{a, b} = (a + b — |a — b])/2). O

The last property relates the quality of theoretical Stoller splits to the Kol-
mogorov-Smirnov distance sup, [F;(x) — Fp(x)| between the class-conditional
distribution functions. As a fun exercise, consider two classes with means mg =
E{X|Y = 0}, m; = E{X|Y = 1}, and variances o = Var{X|Y = 0} and 0} =
Var{X|Y = 1}. Then the following inequality holds.

Theorem 4.1.

1

(no—my)? *
1+ (og+o()?

L*<L<

ReEMARK. When p = 1/2, Chernoff (1971) proved

1

= ( 2
mo—hnty
2+2 (oo+01)?
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Moreover, Becker (1968) pointed out that this is the best possible bound (see
Problem 4.2). O

ProOF. Assume without loss of generality that mo < m. Clearly, L is smaller
than the probability of error for the rule that decides 0 when x < mg + Ag, and 1
otherwise, where m; — mg = Ag + A1, Ag, Ay > 0.

FIGURE 4.2. The split providing the bound
decide class 0 decide class 1 of Theorem 4.1.

®
[

&

The probability of error of the latter rule is
pFi(mo + Ag) + (1 — p)(1 — Fo(mo + Ao))
PP{X <m; — A]Y =1} +(1 — p)P{X > mg + AolY =0}

]

2 ol
< + —
SN A2 a p) A
(by the ChebysheV-CanteIh inequality; see Appendix, Theorem A.17)
p 1—p

= +
1+9—2i 1+9§
Lt )
(take Ay = (01/00) A, and Ag = |m; — mgloo/(og +01) )
1

1 (mg—mp)? "
(o0+01)?

We have yet another example of the principle that well-separated classes yield
small values for L and thus L*. Separation is now measured in terms of the largeness
of |m — mg| with respect to o + 0. Another inequality in the same spirit is given
in Problem 4.1.

The limitations of theoretical Stoller splits are best shown in a simple example.
Consider a uniform [0, 1] random variable X, and define

1 if0<X<i+e
Y={0 ifl+e<X<3—c¢
1 if§-—e<X<l1
for some small € > 0. As Y is a function of X, we have L* = 0. If we are forced to
make a trivial X-independent decision, then the best we can do is to set g(x) = 1.
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The probability of erroris P{1/3+¢ < X < 2/3 — ¢} = 1/3 — 2¢. Consider next
a theoretical Stoller split. One sees quickly that the best split occurs at x’ = 0 or
x' =1, and thus that L = 1/3 — 2¢. In other words, even the best theoretical split
is superfluous. Note also that in the above example, mo = m; = 1/2 so that the
inequality of Theorem 4.1 says L < 1—it degenerates.

We now consider what to do when a split must be data-based. Stoller (1954)
suggests taking (x’, ') such that the empirical error is minimal. He finds (x’, )
such that

1 n
’ ! :
&y = Jremin ; (Ix <x, v} + Lix,ox vt —31) -
(x" and y’ are now random variables, but in spite of our convention, we keep the
lowercase notation for now.) We will call this Stoller’s rule. The split is referred to
as an empirical Stoller split. Denote the set {(—oo, x] x {y}} U{(x, 00) x {1 — y}}
by C(x, y). Then
(X/, y/) = arg min v,(C(x, ),
(x.y)

where v, is the empirical measure for the data D, = (X1, Y1), ..., (X, Y»), that
is, for every measurable set A € R x {0, 1}, v,(4) = (1/n) >, Lix, voea)-
Denoting the measure of (X, Y) in R x {0, 1} by v, it is clear that E{v,(C)} =
VCO)=P{X <x, Y #y}+P{X >x,Y #1— y}.Let L, = P{g,(X) # Y|D,} be
the error probability of the splitting rule g, with the data-dependent choice (x', y’)
given above, conditioned on the data. Then

v(C(', ¥
V(€ YD) = va(C, YD) + 0 (C(, ¥))

Ly

< (SUP)(V(C(x, ¥) = va(Clx, ¥)) + v (C(x*, y*)
x,y
(where (x*, y*) minimizes v(C(x, y)) over all (x, y))
< 2(SUP) [W(C(x, y)) — va(C(x, y)| + v(C(x", ¥))
x,y
= 2(sup) w(C(x, y) ~ v (C(x, y)| + L.
x,y

From the next theorem we see that the supremum above is small even for moder-
ately large n, and therefore, Stoller’s rule performs closely to the best split regard-
less of the distribution of (X, Y).

Theorem 4.2. For Stoller’s rule, and € > 0,

P{L,— L > ¢} < 4e 2,

E(L, - L) <,/ 2108%)
n

and
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Proor. By the inequality given just above the theorem,

P{L,~L>¢ =< P {SUP W(C(x, y)) = va(Clx, )| = %}
(x.»)

<P {sup W(C(x, 0)) — 1 (Cx, 0)] = g}
+P {sup W(C(x, 1) = 5,(Cx, )] = §}

< 4 e——2n(e /2)?
by a double application of Massart’s (1990) tightened version of the Dvoretzky-
Kiefer-Wolfowitz inequality (1956) (Theorem 12.9). See Problem 4.5. We do not
prove this inequality here, but we will thoroughly discuss several such inequalities
in Chapter 12 in a greater generality. The second inequality follows from the first
via Problem 12.1. O

The probability of error of Stoller’s rule is uniformly close to L over all possible
distributions. This is just a preview of things to come, as we may be able to obtain
good performance guarantees within a limited class of rules.

4.2 Linear Discriminants

Rosenblatt’s perceptron (Rosenblatt (1962); see Nilsson (1965) for a good discus-
sion) is based upon a dichotomy of R¢ into two parts by a hyperplane. The linear
discrimination rule with weights ag, a1, . . ., ag is given by

d
1 if a;x?D +ay >0
g(x) = ; ’ ‘

0 otherwise,

where x = (x(V, ..., x).

FIGURE 4.3. A linear discriminant in R? that cor-
rectly classifies all but four data points.
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Its probability of error is for now denoted by L(a, ag), where a = (ai, ..., aq).
Again, we set
L= inf L(a,ag)

aeR?,a0eR
for the best possible probability of error within this class. Let the class-conditional
distribution functions of a; XD+ - -+a, X'® be denoted by Fy , and Fy ,, depending
upon whether ¥ = O or ¥ = 1. For L(a, ap), we may use the bounds of Lemma
4.2, and apply them to Fy , and Fj ,. Thus,

1 1
L= —supsup|pFia(x) = (1 = p)Fou(r) = p+ 3.
a X

which, for p = 1/2, reduces to
1

1
L == — =supsup |Fy.(x) = Fyo(x)|.
2 2 4

Therefore, L = 1/2 if and only if p = 1/2 and for all a, F) , = Fy,. Then apply
the following simple lemma.

Lemma 4.3. (CRAMER AND WOLD (1936)). X, and X,, random variables taking
values in R, are identically distributed if and only if a” X and a” X, have the
same distribution for all vectors a € R4,

ProoF. Two random variables have identical distributions if and only if they have
the same characteristic function—see, for example, Lukécs and Laha (1964). Now,
the characteristic function of X; = (X %1), oL X id)) is

Yi(a) Yilai, ..., aq)

—_ E {ei(a1X§1)+-~+adX§d))}

) @ .
= E {e’(”‘XZ +oraaky )] (by assumption)
= Ynla,...,aq),

the characteristic function of X,. O

Thus, we have proved the following:
Theorem 4.3. L < 1/2 with equality if and only if L* = 1/2.

Thus, as in the one-dimensional case, whenever L* < 1/2, a meaningful (L <
1/2) cut by a hyperplane is possible. There are also examples in which no cut
improves over a rule in which g(x) = y for some y and all x, yet L* = 0 and
L > 1/4 (say). To generalize Theorem 4.1, we offer the following result. A related
inequality is shown in Problem 4.7. The idea of using Chebyshev’s inequality to
obtain such bounds is due to Yau and Lin (1968) (see also Devijver and Kittler
(1982, p.162)).
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Theorem 4.4. Let Xo and X be random variables distributed as X given Y =0,
and Y = 1 respectively. Set mg = E{Xo}, m = E{X,}. Define also the covariance
matrices £, = E{(X1 —m)(X1 —m)"} and To = E {(Xo — mo)(Xo — mo)” }.
Then

1
L* <L < inf >
acR4 (a” (m1—mo))
(@ o) 2 +(aT 1) /2)

Prook. For any a € R? we may apply Theorem 4.1 to a’ X and a? X;. Theorem
4.4 follows by noting that

E {a” Xo} = a” E{Xo} = a"my,
E{a"X\}=a"m,
and that
Var {a” Xo} = E {a” (Xo — mo)(Xo — mo)’a} = a” Toa,

Var {aTXl} =a’'$a. O

We may obtain explicit inequalities by different choices of a. a = m; — myg
yields a convenient formula. We see from the next section that a = Z(m; — mg)
with £ = pZ; + (1 — p)Xo is also a meaningful choice (see also Problem 4.7).

4.3 The Fisher Linear Discriminant

Data-based values for a may be found by various criteria. One of the first methods
was suggested by Fisher (1936). Let 71; and 7 be the sample means for the two
classes (e.g., My = > iy Xi/l{i : Yi = 1}].) Picture projecting X1, ..., X, to a
line in the direction of a. Note that this is perpendicular to the hyperplane given
by a” x +ag = 0. The projected values are a’ X1, ..., a’ X,. These are all equal to
0 for those X; on the hyperplane a” x = 0 through the origin, and grow in absolute
value as we flee that hyperplane. Let 812 and '502 be the sample scatters for classes
1 and 0, respectively, that s,

~ ~\2
012 = E (aTXi — aTml) =alSia
i:Y;=1

and similarly for 57, where

Si= Y (X — )X — )’
itY;=1

is the scatter matrix for class 1.
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The Fisher linear discriminant is that linear function a” x for which the criterion

J(a)= (o' —a"o)" _ (a” 1 — )’

6’}2 +802 . aT(Sl + So)a

is maximum. This corresponds to finding a direction a that best separates a7}

from a” g relative to the sample scatter. Luckily, to find that a, we need not resort
to numerical iteration—the solution is given by

a=(S1+So)" (71 — o).

Fisher’s suggestion is to replace (Xi, Y1), ..., (X, Y,) by @Xy, Y1), ...,
(aTX,, Y») and to perform one-dimensional discrimination. Usually, the rule uses
a simple split

1 ifaTx+ay>0

0 otherwise .1

gao (x ) = {
for some constant ag. Unfortunately, Fisher discriminants can be arbitrarily bad:
there are distributions such that even though the two classes are linearly separable
(i.e., L = 0), the Fisher linear discriminant has an error probability close to 1 (see
Problem 4.9).

4.4 The Normal Distribution

There are a few situations in which, by sheer accident, the Bayes rule is a lin-
ear discriminant. While this is not a major issue, it is interesting to identify the
most important case, i.e., that of the multivariate normal distribution. The general
multivariate normal density is written as

f(x) - 1 e—-%(x—m)TE_l(x~m)’

VQ2m)? det(T)

where m is the mean (both x and m are d-component column vectors), X is the
d x d covariance matrix, £ 7! is the inverse of X, and det(X) is its determinant.
We write f ~ N(m, X). Clearly, if X has density f, then m = EX and ¥ =
E{(X —m)(X —m)"}.

The multivariate normal density is completely specified by d + (}) formal pa-
rameters (m and X). A sample from the density is clustered in an elliptical cloud.
The loci of points of constant density are ellipsoids described by

x—m)ITx —m)=r?

for some constant » > 0. The number r is the Mahalanobis distance from x to m,
and is in fact useful even when the underlying distribution is not normal. It takes
into account the directional stretch of the space determined by .



48 4. Linear Discrimination

FIGURE 4.4. Points at equal Mahalanobis
distance from m.

Given a two-class problem in which X has a density (1 — p) fo(x) + pfi(x) and
foand f; are both multivariate normal with parameters m;, %;, i = 0, 1, the Bayes
rule is easily described by

«oy_ ) 1 i pfi(x) > (1 = p) fo(x)
gx)= { 0 otherwise.
Take logarithms and note that g*(x) = 1 if and only if

(x —m)T 7 (x —my) — 21og p +log(det(1))
< (x —mo) Ty x — mp) — 2log(1 — p) + log(det(Xo)).

In practice, one might wish to estimate my, mg, X1, Lo and p from the data and
use these estimates in the formula for g*. Interestingly, as (x — m;)7 X Yx —myp)
is the squared Mahalanobis distance from x to m; in class i (called riz), the Bayes
rule is simply

1 ifrl2 < rg — 2log((1 — p)/p) +log(det(Xy)/ det(X;))
0 otherwise.

g (x) = {

In particular, when p = 1/2, ¥y = X; = X, we have

) 2
1 ifr{ <rj

g (x) = { 0 otherwise;
just classify according to the class whose mean is at the nearest Mahalanobis
distance from x. When Xy = £; = X, the Bayes rule becomes linear:

2" (x) = { 1 ifa’x+ay>0
0 otherwise,

where a = (m; —mg)X ™!, and ag = 2log(p/(1 — p)) + mE T~tmg — m{ T='m.
Thus, linear discrimination rules occur as special cases of Bayes rules for multi-
variate normal distributions.

Our intuition that a should be in the direction m; — mg to best separate the
classes is almost right. Note nevertheless that a is not perpendicular in general to
the hyperplane of loci at equal distance from mp and m;. When X is replaced by
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the standard data-based estimate, we obtain in fact the Fisher linear discriminant.
Furthermore, when X; # X, the decision boundary is usually not linear, and
Fisher’s linear discriminant must therefore be suboptimal.

HISTORICAL REMARKS. In early-statistical work on discrimination, the normal
distribution plays a central role (Anderson (1958)). For a simple introduction, we
refer to Duda and Hart (1973). McLachlan (1992) has more details, and Raudys
(1972; 1976) relates the error, dimensionality, and sample size for normal and
nearly normal models. See also Raudys and Pikelis (1980; 1982). O

4.5 Empirical Risk Minimization

In this section we present an algorithm that yields a classifier whose error probabil-
ity is very close to the minimal error probability L achievable by linear classifiers,
provided that X has a density. The algorithm selects a classifier by minimizing the
empirical error over finitely many—?2 (:‘i)—l‘mear classifiers. For a rule

ifa’x +ag > 0
0 otherwise,

¢(x) = {
the probability of error is

L(¢) =P{op(X) #Y}.

L(¢) may be estimated by the empirical risk

~ 1 &
La(p) =~ > ooy
i=1

that is, the number of errors made by the classifier ¢ is counted and normalized.

Assume that X has a density, and consider d arbitrary data points X;,, X;,. .. .
X;, among {X1, ..., X,}, and let a’x+ayg=0bea hyperplane containing these
points. Because of the density assumption, the d points are in general position with
probability one, and this hyperplane is unique. This hyperplane determines two
classifiers:

Uit alx +ag >0
$1(x) = { 0 otherwise,
and .
_ ifa'x+ay <0
$alx) = { 0 otherwise,

whose empirical errors Z,,((bl) and L,,(qbz) may be calculated. To each d-tuple
Xi,, Xi,, ..., X;, of data points, we may assign two classifiers in this manner,
yleldmg altogether 2(})) classifiers. Denote these classifiers by ¢1., ..., Py(ry- Let

¢ be a linear classifier that minimizes L,(¢;) over all i = 1, 20
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We denote the best possible error probability by

L =inf L(¢)

over the class of all linear rules, and define ¢* = arg miny L(¢) as the best linear
rule. If there are several classifiers with L(¢) = L, then we choose ¢* among these
in an arbitrary fixed manner. Next we show that the classifier corresponding to $
is really very good.

FIGURE 4.5. If the data points are in general

. . o . .
° position, then for each linear rule there exists
o o a linear split defined by a hyperplane crossing
° . . .
¢ d points such that the difference between the
® .. .
© ° . ° empirical errors is at most d /n.

®
o .

First note that there is no linear classifier ¢ whose empirical error Z,,(d)) is
smaller than Z(a) — d/n. This follows from the fact that since the data points are
in general position (recall the density assumption), then for each linear classifier
we may find one whose defining hyperplane contains exactly d data points such
that the two decisions agree on all data points except possibly for these d points—
see Figure 4.5. Thus, we may view minimization of the empirical error over the
finite set {¢y, ..., ¢2(Z)} as approximate minimization over the infinite set of linear
classifiers. In Chapters 12 and 13 we will develop the full theory for rules that are
found by empirical risk minimization. Theorem 4.5 just gives you a taste of things
to come. Other—more involved, but also more general—proofs go back to Vapnik
and Chervonenkis (1971; 1974c).

Theorem 4.5. Assume that X has a density. If a is found by empirical error mini-
mization as described above, then, for all possible distributions of (X, Y),ifn > d
and2d/n <€ <1, we have

| {L((;)\) > L+ E} < ¢ (2(2) + 1) e—nez/z‘

Moreover, ifn > d, then

E{L@) - L} < \E((m D) logn + (2d +2)).

REMARK. With some care Theorem 4.5 and Theorem 4.6 below can be extended so
that the density assumption may be dropped. One needs to ensure that the selected
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linear rule has empirical error close to that of the best possible linear rule. With
the classifier suggested above this property may fail to hold if the data points are
not necessarily of general position. The ideas presented here are generalized in
Chapter 12 (see Theorem 12.2). O

PrOOF. We begin with the following simple inequality:
L(@) — Lu(@)+ L&) — L")

~ o~ o~ d
L(¢) — Lu(9) + La(¢™) — L(9™) + -

(since L($) < Ln(¢) +d/n for any ¢)

L($)— L

IA

-~ ~ d
< max (L)~ La(@) + La(¢") — L") + —.
2(3) "

f
Therefore, by the union-of-events bound, we have
P{L@®) ~L > ¢}

2(3) R ¢ R d e
* *
< ;P{L«m ~Lu@ > £} +P{Ln(¢ )~ L@+~ > 5} :
To bound the second term on the right-hand side, observe that nfn(qb*) is bi-
nomially distributed with parameters n and L(¢*). By an inequality due to Chernoff
(1952) and Okamoto (1958) for the tail of the binomial distribution,

’ {fn(zﬁ*) — L@ > 5 - fl‘} <270 < e g,
n
We prove this inequality later (see Theorem 8.1). Next we bound one term of
the sum on the right-hand side. Note that by symmetry all 2(3) terms are equal.
Assume that the classifier ¢ is determined by the d-tuple of the first d data points
X1, ..., X, . We write
€

P{L@n - Luen > 5| =E{P {100 - L0 > 5| X1, X} |,

and bound the conditional probability inside. Let (X{, Y{"), ..., (X}, Y) be inde-
pendent of the data and be distributed as the data (X1, Y1), ..., (X4, Y4). Define

c oo |y ifi<d
(Xf’yf)‘{(xi,yi) ifi > d.

Then
P{L@) - L) > 5| X1, X

n

1 €
< P[L(¢'1) - D Iguxomy > 3

i=d+1

X1,...,Xd}
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1 & d €
< P { L(gy) — = Z Ly + = > = X1,y Xd}
n 4= no 2
.. e d
= P L(¢y) — —Binomial(n, L(¢)) > - — —| X1, ..., X4
n 2 n
(as L(¢;) depends upon X, ..., X; only and
(X}, Y] ..., (X}, Y}) are independent of X, ..., X;)
< e—Zn(%—%)z
(by Theorem 8.1; use the fact that € > 2d/n)
< ewnez/2€2del

The inequality for the expected value follows from the probability inequality by
the following simple argument: by the Cauchy-Schwarz inequality,

E{L@ - 1) =E{L@-1)"}.

Denoting Z = (L(;ﬁ\) — L)Q, for any u > 0,

E{Z} = E{Z|Z>ulP{Z > u}+E{Z|Z <u}P{Z < u}
< P{Z>u}+u
2
< e+ )e™? vu if u> (%ﬁ)
n

by the probability inequality, and since () < n?. Choosing u to minimize the
obtained expression yields the desired inequality: first verify that the minimum

occurs for
2 o ne
“ELR T
where ¢ = 2 (2n? +1). Check thatif n > d, then u > (2d/n)?. Then note that the
bound ce™™/? + y equals
2 2 2
Zlog ’;ﬁ < Zlog (e¥*2n%1) = Z((d + 1) logn + (2d +2)). O
n

n n

Observe for now that the bound on P {L(¢) > L + €} decreases rapidly with .
To have an impact, it must become less than § for small 6. This happens, roughly
speaking, when

> d lo d+lo !
n=ca\ta Ty

for some constant c¢. Doubling d, the dimension, causes this minimal sample size
to roughly double as well.
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An important special case is when the distribution is linearly separable, that is,
L = 0. In such cases the empirical risk minimization above performs even better

as the size of the error improves to O(d logn/n) from O (,/ dlogn/ n) Clearly,

the data points are linearly separable as well, that is, Zn(qb*) = 0 with probability
one, and therefore L, (¢) < d/n with probability one.

Theorem 4.6. Assume that X has a density, and that the best linear classifier
has zero probability of error (L = Q). Then for the empirical risk minimization
algorithm of Theorem 4.5, foralln > d and € < 1,

P{L(¢)> €} < 2(2)(“—‘”2

and
: dlogn +2

E{L(¢)} = —— y

PROOF. By the union bound,

P(L(@) > €} < P{ max_ L<¢i>>e}
i=1,2,...2(0) La(¢1)<?

2,

ZP{E(@) <4 L > e}.
=1 n

IA

By symmetry, this sum equals

2(2)1» {En«m) <4 Loy~ e}
n

- 2(")E {P{f,,(dn) <2 L(gy) > €
d n

where, as in Theorem 4.5, ¢; is determined by the data points X1, ..., X,;. How-
ever,
-~ d
P Ln(¢1)§;,L(¢1)>€ Xl,...,Xd

< P{oi(Xaw) =Ya1,....00( X)) =Y, L(¢) > €| X1, ..., X4}
(since all of the (at most d) errors committed by ¢
oceur for (X1, Y1), ..., (X4, Ya))
< Q-
since the probability that no (X;, ¥;), pairi =d + 1, ..., n falls in the set {(x, y) :

$1(x) # y} is less than (1 — €)"~¢ if the probability of the set is larger than €. The
proof of the probability inequality may be completed by noting that 1 — x < e,
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For the expected error probability, note that for any u > 0,

E{L($)}

/ OOP{L@) > t}dt
0

IA

U+ fOOP{L(d?) > t}dt

IA

o
u+2nd/ e~ =t gy
u

(by the probability inequality and (g) < n?)

2nd
= u+—
n

6_('1—(1)”.

We choose u to minimize the obtained bound, which yields the desired inequality.
O

4.6 Minimizing Other Criteria

Empirical risk minimization uses extensive computations, because Zn (¢) is not
a unimodal function in general (see Problems 4.10 and 4.11). Also, gradient op-
timization is difficult because the gradients are zero almost everywhere. In fact,
given n labeled points in R¢, finding the best linear dichotomy is NP hard (see
Johnson and Preparata (1978)). To aid in the optimization, some have suggested
minimizing a modified empirical error, such as

~ 1<
Lu@)=—> (¥ =D —a’ X; = ao) Iy, c00)
i=1

or
-~ 1 &
Lu¢)=~ Z}w (@Y =) —a"X; —ag),

where W is a positive convex function. Of particular importance here is the mean
square error criterion W(u) = u? (see, e.g., Widrow and Hoff (1960)). One can
easily verify that L,(¢) has a gradient (with respect to (a, ap)) that may aid in

locating a local minimum. Let ¢ denote the linear discrimination rule minimizing

E{(@r-1-d'X -a)’}

over all a and ag. A description of the solution is given in Problem 4.14.
Even in a one-dimensional situation, the mean square error criterion muddles
the issue and does not give any performance guarantees:
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Theorem 4.7. If supy y, denotes the supremum with respect to all distributions
onR x {0, 1}, then
sup (L(@) — L) =1,
S @n ]

where $ is a linear discriminant obtained by minimizing
E{(@Y - 1) — a1X — ao)*}

over all a; and ag.

REMARK. This theorem establishes the existence of distributions of (X, Y) for which
L(a) > 1 — € and L < € simultaneously for arbitrarily small € > 0. Therefore,
minimizing the mean square error criterion is not recommended unless one has
additional information regarding the distribution of (X, Y). O

PROOF. Let € > 0 and 6 > 0. Consider a triatomic distribution of (X, Y):

P(X,Y)=(-0,1)}=P{(X,Y)=(1, 1)} = €/2,

P{(X,Y)=(0,0}=1—¢€.

-6 9\ 1 FIGURE 4.6. A distribution for which
- o . .
probability &/2 probability 1-e  probability /2 Squared error minimization fails.

For € < 1/2, the best linear rule decides class 0 on [—0/2, co) and 1 elsewhere,
for a probability of error L = €/2. The mean square error criterion asks that we
minimize

L) = [ -1 =P+ S —u— v+ S(1+ub — o))

with respect to ag = v and a; = u. Setting the derivatives with respect to # and v
equal to zero yields

_(w=1)0—-v

€
PV and v=2e—1+5u(9—1),

for
(2e — 1)(1 +6%) — %9(9 — 1)
v= .

1+62—£(1-06)?

Ifwelete | Oandlet® 1 oo, then v ~ 3¢/2. Thus, for € small enough and 6
large enough, considering the decision at O only, L(¢) > 1 — €, because at x =0,
ux +v = v > 0. Thus, L(a) — L > 1 — 3¢/2 for € small enough and 9 large
enough. O
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Others have suggested minimizing

n

> (o@" X +ag) — i)’

i=1

where o (1) is a sigmoid, that is, an increasing function from O to 1 such.as 1/(1 +
e™), see, for example, Wassel and Sklansky (1972), Do Tu and Installe (1975),
Fritz and Gyorfi (1976), and Sklansky and Wassel (1979). Clearly, o (1) = Ij,>0
provides the empirical error probability. However, the point here is to use smooth
sigmoids so that gradient algorithms may be used to find the optimum. This may
be viewed as a compromise between the mean squared error criteria and empirical
error minimization. Here, too, anomalies can occur, and the error space is not well
behaved, displaying many local minima (Hertz, Krogh, and Palmer (1991, p.108)).
See, however, Problems 4.16 and 4.17.

Problems and Exercises

PrOBLEM 4.1. With the notation of Theorem 4.1, show that the error probability L of a
one-dimensional theoretical Stoller split satisfies

I < 4p(1 — p)

- — (mg—m1)?
1+ p(1 P)(pr)dgwalz

(Gyorfi and Vajda (1980)). Is this bound better than that of Theorem 4.1? HINT: For any
threshold rule g.(x) = Ijz>¢ and 4 > 0, write

Lg) = PX—¢>02VY—1=—1}+P{X—c<0,2Y —1=1}
< PlluX—-o—Q2Y-Dl=1}
< E{wX -0 —-QY -1y}

by Chebyshev’s inequality. Choose u and ¢ to minimize the upper bound.

ProBLEM 4.2. Let p = 1/2.If L is the error probability of the one-dimensional theoretical
Stoller split, show that
1

B —
" rakeny
Show that the bound is achieved for some distribution when the class-conditional distribu-
tions of X (that is, given ¥ = 0 and Y = 1) are concentrated on two points each, one of
which is shared by both classes (Chernoff (1971), Becker (1968)).

PROBLEM 4.3. Let X be aunivariate random variable. The distribution functions for X given
Y =1and Y =0are F; and F, respectively. Assume that the moment generating functions
for X exist, that is, E {¢'¥|Y = 1} = ¥1(¢), E {¢¥|Y =0} = (1), 1 € R, where ¥, v
are finite for all . In the spirit of Theorem 4.1, derive an upper bound for L in function of
Y1, Yo. Apply your bound to the case that F; and Fy are both normal with possibly different
means and variances.
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PROBLEM 4.4. SIGNALS IN ADDITIVE GAUSSIAN NOISE. Let 50, 5; € RY be fixed, and let N
be a multivariate gaussian random variable with zero mean and covariance matrix X. Let
P{Y =0} =P{Y =1} = 1/2, and define

_ sé +N ifY=0

] si+N ifY=1.
Construct the Bayes decision and calculate L*. Prove that if ¥ is the identity matrix, and
so and s1 have constant components, then L* — 0 exponentially rapidly as d — oo.

PROBLEM 4.5. In the last step of the proof of Theorem 4.2, we used the Dvoretzky-Kiefer-
Wolfowitz-Massart inequality (Theorem 12.9). This result states thatif Z, ..., Z, are i.i.d.
random variables on the real line with distribution function F(z) = P{Z, < z} and empirical
distribution function F,(z) = (1/n) Y_}_, lz,<,. then

P {SUP%F(Z) — F(2) > 6} <2¢7,
z€R

Use this inequality to conclude that

P {Sup W(Cx, 1)) = v, (Clx, 1)) > %} < 2e7 /27,
HiNT: Map (X, Y) on the real line by a one-to-one function ¥ : (R x {0, 1}) — R such
that Z = ¥((X, Y)) < Oif and only if ¥ = 0. Use the Dvoretzky-Kiefer-Wolfowitz-Massart
inequality for Z.

PrROBLEM 4.6. Let L be the probability of error for the best sphere rule, that is, for the rule
that associates a class with the inside of a sphere S, ,, and the other class with the outside.
Here the center x, and radius r are both variable. Show that L = 1/2 if and only if L* = 1/2,
and that L < 1/2.

ProBLEM 4.7. With the notation of Theorem 4.4, show that the probability of error L of the
best linear discriminant satisfies

4p(1 - p)
~ 1+p(l - p)Aa?

where

A =/ (mi — mp)T == (my — my),

is the Mahalanobis distance (Chapter 3) with & = pX;+(1— p) X, (Gyorfiand Vajda (1980)).
Interestingly, the upper bound is just twice the bound of Theorem 3.4 for the asymptotic
nearest neighbor error. Thus, a large Mahalanobis distance does not only imply that the
Bayes error is small, but also, small error probabilities may be achieved by simple linear
classifiers. HINT: Apply the inequality of Problem 4.1 for the univariate random variable
X' =a"X a=X"Y(m —myg).

PROBLEM 4.8. If m; and o are the mean and variance of @’ X, given that ¥ =i,i =0, 1,
where a is a column vector of weights, then show that the criterion

(m; — mg)?
h@)= —5——
of +0o;
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is minimized for a = (2, + o)~ (M| — M), where M; and X; are the mean vector and
covariance matrix of X, given Y =i. Also, show that

(my — mo)*

Sa) = ———oo—
2(@) po?+ (1 — p)al

is minimized for a = (pZ; + (1 — p)To) (M, — My), where p,1 — p are the class
probabilities. This exercise shows that if discrimination is attempted in one dimension, we
might consider projections a’ X where a maximizes the weighted distance between the
projected means.

ProBLEM 4.9. In the Fisher linear discriminant rule (4.1) with free parameter ap, show that
forany e > 0, there exists a distribution for (X, ¥), X € R? with L = 0and E{||X|*} < o0
such that inf,, E{L(g,)} > 1/2 — €. Moreover, if ag is chosen to minimize the squared
error

E{(@r-n-a'X -a)],
then E{L(gq)} > 1 — €.

ProBLEM 4.10. Find a distribution of (X,Y) with X € R? such that with probability at
least one half, L,(¢) is not unimodal with respect to the weight vector (a, ag).

PrOBLEM 4.11. The following observation may help in developing a fast algorithm to find
the best linear classifier in certain cases. Assume that the Bayes rule is a linear split cutting
through the origin, that is, L* = L(a*) for some coefficient vector a* € R?, where L(a)
denotes the error probability of the classifier

iyl ax® >0
8alx) _{ 0 otherwise,

and a = (ay, ...,a,). Show that L(a) is unimodal as a function of a € RY, and L(a) is
monotone increasing along rays pointing from a*, that is, for any A € (0, 1) and a € R¢,
L(a) — L(ha + (1 — A)a™) > 0 (Fritz and Gyorfi (1976)). HINT: Use the expression

d
Lia)=1/2 — / (n(x) — 1/2) sign (Z aix(i)> w(dx)
i=1
to show that L(a) — L(Aa + (1 — A)a*) = fA |n(x) — 1/2|u(dx) for some set A C RY.
PrROBLEM 4.12. Leta = (ag, a;) and

a= arg min E {((ZY - 1) —a1 X — ao)z I(yl.#ga(xi)}} N

and g,(x) = Ii4,x+ap>0}- Show that for every € > 0, there exists a distribution of (X, Y) on
R x {0, 1} such that L(@) — L > 1 — ¢, where L(@) is the error probability for gz. HINT:
Argue as in the proof of Theorem 4.7. A distribution with four atoms suffices.

PrOBLEM 4.13. Repeat the previous exercise for

d=argminE {{2Y — 1) —a; X —apl}.
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PrROBLEM 4.14. Let¢* denote the linear discrimination rule that minimizes the mean square
error E {(2Y — 1 — a” X — ag)*} over all @ and aq. As this criterion is quadratic in (a, ao),
itis unimodal. One usually approximates ¢* by ¢ by minimizing 3. @2Yi—1—a’ X; —ag)?
over all a and a;. Show that the minimal column vector (a, a,) is given by

—1
(Z X,fX;T) (Z(zn - 1)X§) ,

where X| = (X;, 1)is a (d + 1)-dimensional column vector.
PrOBLEM 4.15. The perceptron criterion is

J= Z laT X; + agl.
i2¥; —1ssign(a” X;+ag)

Find a distribution for which L* =0, L < 1/4, yet liminf,_, o, E{L,(¢)} > 1/2, where ¢

is the linear discrimination rule obtained by using the a and gy that minimize J.

PROBLEM 4.16. Let o be amonotone nondecreasing function on R satisfying limy., _ o ()
=0and lim, . c(u) = 1. For & > 0, define o5, (1) = o (hu). Consider the linear discrimi-
nation rule ¢ with a and aq chosen to minimize

Z (O’h(aTX,' +£l()) - Y,)2 .
i=1

For every fixed 4 > 0 and 0 < € < 1, exhibit a distribution with L < ¢ and
liminf E{L, ()} > 1 —e.

On the other hand, show that if 4 iiepends on the sample size n such thath — ooasn — o0,
then for all distributions, E{L,(¢)} — L.

PROBLEM 4.17. Given Y = i, let X be normal with mean m; and covariance matrix X%;,
i =0, 1. Consider discrimination based upon the minimization of the criterion

E {(Y —o(XTAX +w X + c))z}

with respect to A, w, and ¢, ad x d matrix, d x 1 vector and constant respectively, where
o(u) = 1/(1 + ™) is the standard sigmoid function. Show that this is minimized for the
same A, w, and ¢ that minimize the probability of error

P{2y — 1 #sign(X"AX +w' X +0)},

and conclude that in this particular case, the squared error criterion may be used to obtain
a Bayes-optimal classifier (Horne and Hush (1990)).






5
Nearest Neighbor Rules

5.1 Introduction

Simple rules survive. The k-nearest neighbor rule, since its conception in 1951
and 1952 (Fix and Hodges (1951; 1952; 1991a; 1991b)), has thus attracted many
followers and continues to be studied by many researchers. Formally, we define
the k-NN rule by

= b Y wailiyay > 3 i liyio)

& X)=1 ¢ otherwise,

where wy,; = 1/k if X; is among the k nearest neighbors of x, and w,; = 0
elsewhere. X; is said to be the k-th nearest neighbor of x if the distance ||x — X;||
is the k-th smallest among ||x — X |, ..., ||x — X, ||. In case of a distance tie, the

candidate with the smaller index is said to be closer to x. The decision is based
upon a majority vote. It is convenient to let k£ be odd, to avoid voting ties. Several
issues are worth considering:

(A) Universal consistency. Establish convergence to the Bayes rule if £ — oo
and k/n — 0O as n — oo. This is dealt with in Chapter 11.

(B) Finite k performance. What happens if we hold k fixed and let n tend to
infinity?

(C) The choice of the weight vector (wy1, . .., Wyy,). Are equal weights for the
k nearest neighbors better than unequal weights in some sense?
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(D) The choice of a distance metric. Achieve invariance with respect to a certain
family of transformations.

(E) The reduction of the data size. Can we obtain good performance when the
data set is edited and/or reduced in size to lessen the storage load?

FIGURE 5.1. At every point the decision
is the label of the closest data point. The
set of points whose nearest neighbor is
X; is called the Voronoi cell of X;. The
partition induced by the Voronoi cells is
a Voronoi partition. A Voronoi partition
of 15 random points is shown here.

In the first couple of sections, we will be concerned with convergence issues
for k nearest neighbor rules when & does not change with n. In particular, we
will see that for all distributions, the expected error probability E{L,} tends to
a limit Ly, that is in general close to but larger than L*. The methodology for
obtaining this result is interesting in its own right. The expression for Ly is then
studied, and several key inequalities such as Ly, < 2L* (Cover and Hart (1967))
and Ly < L* (1 + m) are proved and applied. The other issues mentioned
above are dealt with in the remaining sections. For surveys of various aspects of
the nearest neighbor or related methods, see Dasarathy (1991), Devijver (1980),
or Devroye and Wagner (1982).

REMARK. COMPUTATIONAL CONCERNS. Storing the »n data pairs in an array and
searching for the k nearest neighbors may take time proportional to nkd if done
in a naive manner—the “d” accounts for the cost of one distance computation.
This complexity may be reduced in terms of one or more of the three factors
involved. Typically, with k and d fixed, O(n'/¢) worst-case time (Papadimitriou
and Bentley (1980)) and O(logr) expected time (Friedman, Bentley, and Finkel
(1977)) may be achieved. Multidimensional search trees that partition the space
and guide the search are invaluable—for this approach, see Fukunaga and Narendra
(1975), Friedman, Bentley, and Finkel (1977), Niemann and Goppert (1988), Kim
and Park (1986), and Broder (1990). We refer to a survey in Dasarathy (1991)
for more references. Other approaches are described by Yunck (1976), Friedman,
Baskett, and Shustek (1975), Vidal (1986), Sethi (1981), and Farago, Linder, and
Lugosi (1993). Generally, with preprocessing, one may considerably reduce the
overall complexity in terms of n and d. O
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5.2 Notation and Simple Asymptotics

We fix x € R4, and reorder the data (X, Y1), ..., (Xn, Yy)according to increasing
values of || X; — x||. The reordered data sequence is denoted by

Xyx), Yy(x), ..., Xmy(x), Yy (x)) orby (Xiy, Yy, -+ -, Xwys Youy)
if no confusion is possible. X (x) is the k-th nearest neighbor of x.

REMARK. We note here that, rather arbitrarily, we defined neighbors in terms of
the Euclidean distance ||x — y||. Surprisingly, the asymptotic properties derived in
this chapter remain valid to a wide variety of metrics—the asymptotic probability
of error is independent of the distance measure (see Problem 5.1). O

Denote the probability measure for X by g, and let S, . be the closed ball
centered at x of radius € > 0. The collection of all x with p(Sy ) > Oforalle > 0
is called the support of X or w. This set plays a key role because of the following
property.

Lemma 5.1. If x € support(u) and lim, o k/n = 0, then |Xg(x) —x|| = 0
with probability one. If X is independent of the data and has probability measure
u, then || Xxy(X) — X|| — O with probability one whenever k/n — 0.

ProoF. Take € > 0. By definition, x € support(u) implies that pu(Sy) > 0.
Observe that || Xx)(x) — x|| > € if and only if

1 & k
- lex,»esx,é} <-.
n i=1 n

By the strong law of large numbers, the left-hand side converges to ((Sy¢) > 0
with probability one, while, by assumption, the right-hand side tends to zero.
Therefore, || X)y(x) — x|| — O with probability one.

The second statement follows from the previous argument as well. First note
that by Lemma A.1 in the Appendix, P{X € support(u)} = 1, therefore for every
€ >0,

P{IX(X) — X|| > €}
= E{I{XG support(,u)}P{“X(k)(X) - X” > GIX € SUPPOI'[(M)}} )

which converges to zero by the dominated convergence theorem, proving conver-
gence in probability. If k does not change with n, then || X4,(X) — X | is monotone
decreasing for n > k; therefore, it converges with probability one as well. If
k = k, is allowed to grow with n such that k/n — 0, then using the notation
X, ny(X) = Xx(X), we see by a similar argument that the sequence of monotone
decreasing random variables

sup [| Xk, m)(X) — X|| = [ X, (X) — X

m>n
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converges to zero in probability, and therefore, with probability one as well. This
completes the proof. O

Because 1 is measurable (and thus well-behaved in a general sense) and
| X@(x) — x|l is small, the values n(X;(x)) should be close to 7(x) for all i
small enough. We now introduce a proof method that exploits this fact, and will
make subsequent analyses very simple—it suffices to look at data samples in a new
way via embedding. The basic idea is to define an auxiliary rule g, (x) in which
the Y(;(x)’s are replaced by % i.i.d. Bernoulli random variables with parameter
n(x)—locally, the Y(;(x)’s behave in such a way. It is easy to show that the error
probabilities of the two rules are close, and analyzing the behavior of the auxiliary
rule is much more convenient.

To make things more precise, we assume that we are given i.i.d. data pairs
(X1, Uy),...,(X,, U,), all distributed as (X, U), where X is as before (and has
probability measure  on the Borel sets of R9), and U is uniformly distributed on
[0, 1] and independent of X. If we set Y; = I{y,<px,y, then (X1, 1), ..., (Xy, Y)
are i.i.d. and distributed as the prototype pair (X, Y). So why bother with the U;’s?
In embedding arguments, we will use the same U;’s to construct a second data
sequence that is heavily correlated (coupled) with the original data sequence, and
is more convenient to analyze. For example, for fixed x € R¢, we may define

Y/ (x) = L, <neoy-

We now have an i.i.d. sequence with i-th vector given by X;, Y;, ¥/(x), U;. Re-
ordering the data sequence according to increasing values of || X; — x| yields a
new sequence with the i-th vector denoted by X)(x), Yi)(x), ¥, (x), Ugy(x). If
no confusion is possible, the argument x will be dropped. A rule is called k-local
if for n > k, g, is of the form

1 if 1[/‘()6, Y(l)(x), ey Y(k)(x)) > 0,

0 otherwise, G.D

gn(x) = {

for some function . For the k-NN rule, we have, for example,

k

k

Yx, Yay, .o Yy) = E Yiy(x) — 7
in1

In other words, g, takes a majority vote over the k£ nearest neighbors of x and
breaks ties in favor of class 0.

To study g, turns out to be almost equivalent to studying the approximate rule
&
Loifr(x, Y0, oo, Y () > 0
0 otherwise.

gn(x) = {

The latter rule is of no practical value because it requires the knowledge of n(x).
Interestingly however, it is easier to study, as Y(’l)(x), R Y(’k)(x) are i.i.d., whereas
Yy(x), ..., Ygy(x) are not. Note, in particular, the following:
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Lemma 5.2. Forall x,n >k,

P {y(x, Yi(x0), .., Y () # ¥(x, Y(y(x), .., Y ()}

.
< Y E{In() — n(Xe@)l}
i=1

and

k
P{g,(x) # g,(0)} < > E{In(x) = n(Xe(x)l} -

i=1
PrOOF. Both statements follow directly from the observation that

(¥, Yy, ., Y (o) # 9, Y, (), Y ()}

{ro@), .., Yoy e) # (Y x), .., Y (x))
k

N

IN

i=1 i

and using the union bound and the fact that the U;y(x)’s are uniform [0, 1]. O

We need the following result, in which X is distributed as X, but independent

of the data sequence:

Lemma 5.3. (SToNE (1977)). For any integrable function f, any n, and any

k <n,

k
Y E{lf XX} < kyaE{ F(X)I),

i=1

d
where y; < (1 +2/v/2— \/5) — 1 depends upon the dimension only.

The proof of this lemma is beautiful but a bit technical—it is given in a separate

65

k
{n(XyH(x) < Upn(x) < nx)} U {n(x) < Up(x) < n(Xpx))},
=1

section. Here is how it is applied, and why, for fixed k, we may think of f(X,(X))

as_f(X) for all practical purposes.

Lemma 5.4. For any integrable function f,

E{If(X)— f(Xp(X)I} = 0

| =

k
i=1

asn — oo whenever k/n — Q.

PRrROOF. Given € > 0, find a uniformly continuous function g vanishing off a

boundedset A, suchthat E{|g(X)— f(X)|} < € (see Theorem A.8 in the Appendix).
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Then foreach e > 0, thereisad > Osuch that ||x —z|| < § implies [g(x)—g(2)] <
€. Thus,

E{|f(X)— fXeXO)I}

k
=1

bl Mt

l

IA

1 k
E{|f(X) = g0l + 7 3 B {1200 — gX (01}
i=1

E {Ig(X» (X)) — F(Xa(X)I}

k
+
=1

1
k2
L+ YDE{f(X) — gX)} + €+ ligllooP {I|X — Xp(X)|| > 8}
(by Lemma 5.3, where § depends on € only)

2+ ya)e +o(1) (byLemmaS5.1). O

IA

IA

5.3 Proof of Stone’s Lemma

In this section we prove Lemma 5.3. For 8 € (0, 7 /2), a cone C(x, #) is the col-
lection of all y € R? for which angle(x, y) < 6. Equivalently, in vector notation,
xTy/lxlllyll = cos@. The set z + C(x, 0) is the translation of C(x, ) by z.

FIGURE 5.2. A cone of angle 6.

C(x,0)

0

Ify,z € C(x,n/6),and [|y|| < [lz|l, then ||y — z|| < [|z[, as we will now show.
Indeed,

y'z

izl
Iy l* +l1zI* = 21y ll1z] cos(z/3)

lzl*  lzll

< |lzI>  (see Figure 5.3).

Iy l>+lzl? = 21y lHz]

ly = z?

IA
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FIGURE 5.3. The key geometrical prop-
erty of cones of angle < /2.

The following covering lemma is needed in what follows:

Lemma 5.5. Let 0 € (0, w/2) be fixed. Then there exists a set {x1, ..., x,,} C R?
such that

Vd
RE = U C(xi,0).
=1

Furthermore, it is always possible to take

1 d
v (1 ) !

For 6 =1t /6, we have

d

2
va<\l+——) - L

2-3

PRrROOE. We assume without loss of generality that ||x; || = 1 for all i. Each x; is the
center of a sphere S; of radius r = 2 sin(6/2). S; has the property that

{xollxll =108 ={x : x| =1} N C(x;, 6).

Letus only look atx;’s such that [|x; —x; || > r forall j #i.Inthatcase, | C(x;, 0)
covers R% if and only if {J S; covers {x : |x| = 1}. Then the spheres S} of radius
r/2 centered at the x;’s are disjoint and |J S] € So,14/2 — So,r/2 (see Figure 5.4).
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FIGURE 5.4. Bounding y,.

Thus, if v; = volume(Sy 1),

() < (13 - ()
2\¢ 1 d
s (102) cio(e )

The last inequality follows from the fact that
. T /1 — cos(/6) 23
s — = = .0
12 2 4

FIGURE 5.5. Covering the

or

space by cones.

X+Cl(x;, 76)

With the preliminary results out of the way, we cover R? by y,; cones X +
C(xj,m/6), 1 < j =< ya, and mark in each cone the X; that is nearest to
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X, if such an X; exists. If X; belongs to X + C(x;,7/6) and is not marked,
then X cannot be the nearest neighbor of X; in {X1, ..., X;_1, X, Xi41, ..., Xn}
Similarly, we might mark all k nearest neighbors of X in each cone (if there
are less than k points in a cone, mark all of them). By a similar argument, if
X; € X +C(x;, m/6) is not marked, then X cannot be among the k nearest neigh-
bors of X; in {Xy, ..., X;—1, X, Xi41, ..., Xu}. (The order of this set of points is
important if distance ties occur with positive probability, and they are broken by
comparing indices.) Therefore, if f is a nonnegative function,

k
E { f(Xo) (X))}
i=1

n
E { _S_ I{X,- is among the k nearest neighbors of X in {Xl,...,X,,}}f(Xi)}
i=1

- E { 0y
i=1

(by exchanging X and X;)

< E {f(X) Z I{X, is marked} }

i=1

< kyE{f(X)},

as we can mark at most k£ nodes in each cone, and the number of cones is at most
vs—see Lemma 5.5. This concludes the proof of Stone’s lemma. O

5.4 The Asymptotic Probability of Error

We return to k-local rules (and in particular, to k-nearest neighbor rules). Let
D, = (X1, Y1, U1), ..., (X4, Yy, Uyp)) be the i.i.d. data augmented by the uniform
random variables Uy, ..., U, as described earlier. For a decision g, based on D,,
we have the probability of error

1l

L, P{g.(X) # Y|D}}

P {sign (¥(X, Y1)(X), ..., Y(X))) ¥ sign2Y — D)| D, },

1l

where i is the function whose sign determines g,; see (5.1). Define the random
variables Y<’1)(X ) .., Y(/k)(X ) as we did earlier, and set

L, =P {sign (W(X, Y,(X), ..., ¥jy(X))) #sign@Y — D)|D,} .
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By Lemmas 5.2 and 5.4,
E“Ln - L:;l}
< P{Y(X, Y50, ..., Yo (X)) #¥(X, Y5 (X), ..., Y (X))

A

k
D E{In(X) - n(Xo (X))}
i=1

o(1).
Because lim, (EL] — EL,) = 0, we need only study the rule g,

1 ify(x,Zy,...,Z) >0
0 otherwise

g, (x) = {

(Zy, ..., Zy areiid. Bernoulli (7(x))) unless we are concerned with the closeness
of L, to EL, as well.

We now illustrate this important time-saving device on the 1-nearest neighbor
rule. Clearly, ¥ (x, Z;) = 2Z; — 1, and therefore

E{L,}=P{Z, #Y} =E {2n(X)(1 — n(X))} .
We have, without further work:
Theorem 5.1. For the nearest neighbor rule, for any distribution of (X, Y),

Jim E{L,} =E {2n(X)(1 — (X))} = L.

Under various continuity conditions (X has a density f and both f and 7 are
almost everywhere continuous); this result is due to Cover and Hart (1967). In
the present generality, it essentially appears in Stone (1977). See also Devroye
(1981c). Elsewhere (Chapter 3), we show that

L* < Ly <2L*(1 — L*) < 2L*.

Hence, the previous result says that the nearest neighbor rule is asymptotically at
most twice as bad as the Bayes rule—especially for small L*, this property should
be useful.

We formally define the quantity, when k is odd,

LkNN
KLk .
= E {Z (J)UJ(X)(I — n(X))k"] (n(X)I(j<k/2} + (1 — T](X))I(j>k/2})} .
=0
We have the following result:

Theorem 5.2. Let k be odd and fixed. Then, for the k-NN rule,
lim E{L,} = L.
n=>00
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‘PrOOE. We note that it suffices to show that lim,,_, o, E{L’} = Ly (in the previ-
ously introduced notation). But for every n,

E{L,}

i

k k
P{Z1+---+Zk>—2‘,Y=O}+P{Z1+---+Zk<§,Y=1}

k k
P{Zl+---+Zk > 5,20=0}+P{21+-'~+Zk < —2-,20=1}
(where Zy, . .., Z; are 1.1.d. Bernoulli (n(X)) random variables),

which leads directly to the sought result. O

Several representations of Ly, will be useful for later analysis. For example,
we have

LkNN
= E {n(X)P { Binomial(k, n(X)) < g) X}}

+E {(1 - n(X)P { Binomial(k, n(X)) > ;1 X} }
= E {min(n(X), 1 — n(X))}

+E {(1 — 2min(n(X), 1 — n(X)))P { Binomial(k, 7(X)) > ’E‘I X}} .

It should be stressed that the limit result in Theorem 5.2 is distribution-free. The
limit Ly depends upon 1(X) (or min(n(X), 1 — n(X))) only. The continuity or
lack of smoothness of 7 is immaterial—it only matters for the speed with which
E{L,} approaches the limit L yy.

5.5 The Asymptotic Error Probability of
Weighted Nearest Neighbor Rules

Following Royall (1966), a weighted nearest neighbor rule with weights wy, .. .,
wy makes a decision according to

. k k
gn(x) = I if Zi:Y<,«)(x)=1 w; > Zi:Ym(x):O Wi
0 otherwise.
T . . o def
In case of a voting tie, this rule is not symmetric. We may modify it so that g,,(x) =
—1 if we have a voting tie. The “—1” should be considered as an indecision. By
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previous arguments the asymptotic probability of error is a function of w1, . .., wy
given by L(wy, ..., wr) = E{e(n(X))}, where

k k
alp) = P {Zin; >3 w1 - Y{)} (1-p)
i=1 i=1
k k
+P {Zin; =D will - Y,-’)}p,
i=1 i=1

where now Y|, ..., Y} are i.i.d. Bernoulli (p). Equivalently, with Z; =2Y/ — 1 ¢
{_'la 1}3

k k
a(p)=(1— p)P{ZwiZi > 0} +pP{ZwiZi < 0} .

i=1 i=1

Assume that P {fol w Z; = 0} = 0 for now. Then, if p < 1/2,

k
a(p)=p+(1—2p)P {wazi > 0} :

i=1
and an antisymmetric expression is valid when p > 1/2. Note next the following.
If we let N, be the number of vectors z = (z1, .. ., z¢) € {—1, 1}* with > =y =1
and 3" w;z; > 0, then N; + Ny = (];) Thus,

k
P {Z wl-Z,- > 0}
i=1

k

= Y Np'd—-pt

1=0
K\ ,_ _ _
= > (,)pk ‘A=p)+ Y N (p'a—p) = pF(1 = p)')
I<k/2 l<k/2
1/ k k/2 k/2
- 1— )L en
+2<k/2>p ( P) {k even}
= I+I1I1+III.

Note that I + 111 does not depend on the vector of weights, and represents
P{Binomial(k, 1 — p) < k/2} = P{Binomial(k, p) > k/2}.
Finally, since p < 1/2,

o= > N(p'—pf'=pa-p))
I<k/2
= > Np'd—p)(d-pF?—p)
I<k/2

0.

v
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This term is zero if and only if N; = 0 for all/ < k/2. In other words, it vanishes
if and only if no numerical minority of w;’s can sum to a majority (as in the case
(0.7,0.2,0.1), where 0.7 alone, a numerical minority, outweighs the others). But
such cases are equivalent to ordinary k-nearest neighbor rules if k is odd. When &
is even, and we add a tiny weight to one w;, as in

<1+e 1—e/tk—1) l—e/(k—l))

T 3 ey X

forsmall € > 0, then no numerical minority can win either, and we have an optimal
rule (11 = 0). We have thus shown the following:

Theorem 5.3. (BAILEY AND JAIN (1978)). Let L(wy, ..., wy) be the asymptotic
probability of error of the weighted k-NN rule with weights wy, ..., wy. Let the
k-NN rule be defined by (1/k, 1/k, ..., 1/k) ifk is odd, and by

(/k, 1k, .. 1/ +e, =1/(k = 1), =1/(k = 1), ..., —1/(k — 1))

for 0 < e < 1/k when k is even. Denoting the asymptotic probability of error by
L for the latter rule, we have

L(wla s wk) 2 LkNN'

If P{n(X) = 1/2} < 1, then equality occurs if and only if every numerical minority
of the w;’s carries less than half of the total weight.

The result states that standard k-nearest neighbor rules are to be preferred in an
asymptotic sense. This does not mean that for a particular sample size, one should
steer clear of nonuniform weights. In fact, if £ is allowed to vary with n, then
nonuniform weights are advantageous (Royall (1966)).

Consider the space W of all weight vectors (wy, . . ., wg) withw; > 0, Zfﬂ w; =
1. Is it totally ordered with respect to L(wy, ..., wy) or not? To answer this ques-
tion, we must return to a(p) once again. The weight vector only influences the
term /] given there. Consider, for example, the weight vectors

(0.3,0.22,0.13,0.12,0.071, 0.071, 0.071, 0.017)
and (0.26, 0.26, 0.13, 0.12,0.071, 0.071, 0.071, 0.017).

Numerical minorities are made up of one, two, or three components. For both

weight vectors, Ny = 0, N, = 1. However, N3 = 6 + 4 in the former case, and

N3 = 6+2 in the latter. Thus, the “7/” term is uniformly smaller overall p < 1/2

in the latter case, and we see that for all distributions, the second weight vector is

better. When the N;’s are not strictly nested, such a universal comparison becomes

impossible, as in the example of Problem 5.8. Hence, W is only partially ordered.
Unwittingly, we have also shown the following theorem:

Theorem 5.4. For all distributions,

L* < < Logsipen < Logk—tpon <00+ < Lagy < Ly < 217
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ProoOF. It suffices once again to look at a(p). Consider the weight vector w; =
. = w1 = | (ignoring normalization) as for the (2k + 1)-NN rule. The term

Il is zero, as Ng = N; = --- = N, = 0. However, the (2k — 1)-NN rule with

Vector wy = - -+ = Wy—1 = 1, W = Wyt = 0, has a nonzero term 11, because
k-1

No=---=Ny_1 =0, yet Ny = (*,) > 0. Hence, Loksipw < Lk—1yn- O

REMARK. We have strict inequality Logiipww < Lk—iw Whenever P{n(X) ¢
{0,1,1/2}} > 0. When L* =0, we have Ly = Layy = Ly = -+~ =0 as well. O

5.6 k-Nearest Neighbor Rules: Even k

Until now we assumed throughout that & was odd, so that voting ties were avoided.
The tie-breaking procedure we follow for the 2k-nearest neighbor rule is as follows:

1 if Zg% Yo (x) > k

gn(X) = 0 if 2127(1 Y(,’)(x) <k

Y(l)(x) if Zi:l Y(i)(x) =k.
Formally, this is equivalent to a weighted 2k-nearest neighbor rule with weight
vector (3,2,2,2,...,2,2). Itis easy to check from Theorem 5.3 that this is the

asymptotically best weight vector. Even values do not decrease the probability of
error. In particular, we have the following:

Theorem 5.5. (DEVIVER (1978)). For all distributions, and all integers k,

Lokt = Lk-

ProoOF. Recall that Ly may be written in the form L = E{o(n(X))}, where
a(n(x)) = lim P{g9(X) #Y|X = x}
n—o

is the pointwise asymptotic error probability of the k-NNrule g0, Itis convenient to
consider Zy, ..., Zy ii.d. {—1, 1}-valued random variables withP{Z;, = 1} = p =
n(x), and to base the decision upon the sign of lefl Z;. From the general formula
for weighted nearest neighbor rules, the pointwise asymptotic error probability of
the (2k)-NN rule is

lim P{g%P(X)#Y|X = x}

n—>

n

2k 2k
= pP{ZZ,<O}+pP{ZZ1=O,ZI<O}

i=1 i=1

2k 2k
+(1——p)P{ZZ,- >O}+(1—p)P[ZZ,-=O,Z1 >o}

i=1 i=1
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2k 2k
pP{ZZ,- <0} +(1 —p)P[ZZi > 0}
i=2 =2

lim P{g®* V(X)#Y|X = x}.
n—>0o

I

Therefore, Logpn = Lok—1p- O

5.7 Inequalities for the Probability of Error
We return to the case when k is odd. Recall that
Lig = E{a(n(X))},
where
ap(p)=min(p, 1 — p)+2p — 1|P {Binomial(k, min(p, 1 — p)) > g} .

Since L* = E {min((X), 1 — n(X))}, we may exploit this representation to obtain
a variety of inequalities on Ly — L*. We begin with one that is very easy to prove
but perhaps not the strongest.

Theorem 5.6. For all odd k and all distributions,

1
Ly SL*+——.
™ Vke

PrOOF. By the above representation,

k
Lipw—L* < sup (1—2p)P{B> —}
0<p<l/2 2

(B is Binomial (k, p))

B —k 1
= sup (l—2p)P{ p>——p}
0<p<1/2 k 2
< sup (1—2p)e 0/2rY
O<p<1/2
(by the Okamoto-Hoeffding inequality-—Theorem 8.1)
= sup ue 12

O<u<l

1
—. O
ke
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Theorem 5.7. (GYORFI AND GYORFI (1978)). For all distributions and all odd k,

. 2L
Ly < L7+ T

ProoOF. We note that for p < 1/2, with B binomial (k, p),

A IS LR )

E{|B —kpl}
k(1/2— p)
/Var({B}
k(1/2 = p)
2v/p(0=p)
VE1 -2p)

]

IA

(Markov’s inequality)

IA

(Cauchy-Schwarz inequality)

Hence,

LkNN - L

IA

E{% n(X)(l—n(X))}
2
NG
2> [T
NASE
2L

= .
k

IA

\/E{n(X)(l —n(X))} (Jensen’s inequality)

REMARK. For large k, B is approximately normal (k, p(1 — p)), and thus E{|B —
kpl} ~ kp(l — p)/2/m, as the first absolute moment of a normal random
variable is 4/2/7 (see Problem 5.11). Working this through yields an approximate
bound of /L /(k). The bound is proportional to /L. This can be improved
to L* if, instead of bounding it from above by Markov’s inequality, we directly
approximate P {B — kp > k (1/2 — p)} as shown below. O

Theorem 5.8. (DevVROYE (1981B)). For all distributions and k > 3 odd,

Liww < L* <1 + :/y—]; (1+ O(k‘“é))) ,

where y = sup,.o2rP{N > r} = 0.33994241 .., N is normal (0, 1), and O(-)
refers to k — oo. (Explicit constants are given in the proof.)
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The constant y in the proof cannot be improved. A slightly weaker bound was
obtained by Devijver (1979):

1

2k’ ) )
Lo L*+ 2—2‘];7 ( % )LNN (where k' = [k/Z])

IA

2
L* + L/ %(1 +0(1)) (ask — oo, see Lemma A.3).

See also Devijver and Kittler (1982, p.102).

Lemma 5.6. (DeEVROYE (19818)). For p < 1/2 and with k > 3 odd,

k k! ?
P {Binomial(k, p) > —} —— f (x(1 — x))*&=D/2 gy
2 (591 (59! o

VAT ,
A / e~ ?dyz,
(1-2p)k=T

IA

whereAfﬁ(l+%+%).

ProoF. Consider k& i.i.d. uniform random variables on [0, 1]. The number of values
in [0, p] is binomial (k, p). The number exceeds k/2 if and only if the (k + 1)/2-th
order statistic of the uniform cloud is atmost p. The latteris beta ((k+1)/2, (k+1)/2)
distributed, explaining the first equality (Problem 5.32). Note that we have written a
discrete sum as an integral—in some cases, such tricks pay off handsome rewards.

z
k—1

To show the inequality, replace x by % (1 - ) and use the inequality 1 —u <

e to obtain a bound as shown with

Finally,
A = P B=5+—1~}—kﬂ— (B is binomial (k, 1/2))
2 J2vk=-3
< R K1 problem 5.17)
Sl k-1
1 JEEED
2r k-1

IA
‘M
N
P
+
+
N—’
—
o)
]
©
=3
——
o
B
Nl
pot
(0]
b
0
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PRrROOF OF THEOREM 5.8. From earlier remarks,
Lo — L* E {ax(n(X)) — min(n(X), 1 — n(X))}

(7)) .
E -1 X),1—nX
{(min<n(x>, 1= (X)) ) min(1(, 1= ))}

i

I

IA

1-2 k
sup pP {B > ~} L* (B is binomial (k, p)).
O<p<l1/2 p 2

We merely bound the factor in brackets. Clearly, by Lemma 5.6,

1=2 k—1
Liow —L* < L*| sup Py [ ez ).
O<p<i/2 P 1-2p)Vk—1

Take a < 1 as the solution of (3 /(ea2))3/ 2 m = y, which is possible if

k—1> 557 ( ) =2.4886858 .. .. Setting v = (1 — 2p)/k — 1, we have

1— 2p /\/ ~1 e~ ? /2
1

sup

O<p<1/2 p 2p)k=1 V2
21}/\/__ =) —z /2
< max sup dz,
O<v<avk—1 - U/V - v V2T
2p«/—_—_—_1 e V)2
sup
avk=1<v<k— I—U/Vk——l 2T
<  max 14 , k- le‘az(k_l)/2
= A—awk—-1 2n
y 3 \32 1
< max [ —F (_—) !
(1—a)Wk—1 \ea? (k — 1)/27

(use u3/%e=* < (3/(2ce))*? for all u > 0)

Y
A—a)Wk—=1

Collect all bounds and note thata = O (k~'/¢). O

5.8 Behavior When L* Is Small

In this section, we look more closely at Ly when L* is small. Recalling that
Linw = E{ax(n(X))} with

o (p) = min(p, 1—p)+{1—2min(p, 1—p)|P {Binomial(k, min(p, 1 — p)) > —I;—}
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for odd k, it is easily seen that Ly, = E{&(min(n(X), 1 — n(X)))} for some
function &,. Because

1 — JT—ap(i =
min(p, 1 — p) = — 2’7( 2}

we also have Ly = E{¢(n(X)(1 — n(X)))} for some other function v, . Worked-
out forms of L include

k . )
Lin = E{ Z ( .)n(X)JH(l — U(X))k—]
i<k/2
+ 2 (k.)n<X>f<1 - n(X))’”'“}
isk2 N

k ) . .
Z ( )E {(U(X)(l - n(X)))J"‘I ((1 N n(X))k—ZJ—l + n(X)k-—2]——l)} .

j<k/2

As p?+(1— p)*is afunction of p(1 — p) for integer a, this may be further reduced
to simplified forms such as

Lw = E{Q2nX)(1 —n(X)},
Law = E{nX)1 — X))} +4E {(n(X)X1 — n(X)))},
Lsw = EnCOUI —nX)}+E{0X)1 — X))’}

+12E {(n(X)(1 — n(X))»*} .

The behavior of oy near zero is very informative. As p | 0, we have

2p(1 —p)~2p,
as(p) p(1 = p)1+4p)~ p+3p?
as(p) ~ p+10p°,

while for the Bayes error, L* = E{min(n(X), 1 — n(X))} = E{@so(n(X))}, where
oo =min(p, 1 — p) ~ pas p | 0. Assume that n(x) = p atall x. Then, as p | O,

o (p)

Lo ~2L* and Lag ~ L*.

Moreover, Ly — L* ~ L*, L3y — L* ~ 3L*2. Assume that L* = p =0.01. Then
L; ~ 0.02, whereas Ly — L* = 0.0003. For all practical purposes, the 3-NN rule
is virtually perfect. For this reason, the 3-NN rule is highly recommended. Little is
gained by considering the 5-NN rule when p is small, as Lsy, — L* =~ 0.00001.

Let a;, be the smallest number such that o (p) < a; min(p, 1 — p) for all p (the
tangents in Figure 5.6). Then

Lo = E{lax(n(X))} = aE{min(n(X), (1 — n(X))}

= akL*.
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This is precisely at the basis of the inequalities of Theorems 5.6 through 5.8, where
it was shown that g = 1 + O(1/vk).

FIGURE 5.6. ax(p) as a function
of p.

o, (p)
ak pl,"

172 4

tangent o (p)

5.9 Nearest Neighbor Rules When L* =0

From Theorem 5.4 we retain that if L* = 0, then Ly, = 0 for all k. In fact, then,
for every fixed k, the k-nearest neighbor rule is consistent. Cover has a beautiful
example to illustrate this remarkable fact. L* = O implies thatn(x) € {0, 1} forall x,
and thus, the classes are separated. This does not imply that the support of X given
Y = 0 is different from the support of X given ¥ = 1. Take for example a random
rational number from [0, 1] (e.g., generate I, J independently and at random from
the geometric distribution on {1, 2,3, ...}, and set X = min(/, J)/ max({, J)).
Every rational number on [0, 1] has positive probability. Given ¥ = 1, X is as
above, and given Y = 0, X is uniform on [0, 1]. Let P{Y = 1} = P{Y =0} = 1/2.
The support of X is identical in both cases. As

) = 1 if x is rational
MX)=1 0 ifxis irrational,

we see that L* = 0 and that the nearest neighbor rule is consistent. If someone
shows us a number X drawn from the same distribution as the data, then we may
decide the rationality of X merely by looking at the rationality of the nearest
neighbor of X. Although we did not show this, the same is true if we are given any
x €[0,1]:

lim P{x is rational ¥;;,(x) = 0 (X(1)(x) is not rational)}

n—o0

It

lim P{x is not rational ¥(;)(x) = 1 (X(1)(x) is rational)}

n—>00

0 (see Problem 5.38).
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5.10 Admissibility of the Nearest Neighbor Rule

The consistency theorems of Chapter 11 show us that we should take k = k, — o0
in the k-NN rule. The decreasing nature of Ly, corroborates this. Yet, there exist
distributions for which for all #, the 1-NN rule is better than the k-NN rule for any
k = 3. This observation, due to Cover and Hart (1967), rests on the following class
of examples. Let Sy and S; be two spheres of radius 1 centered at a and b, where
la —bll > 2. GivenY =1, X is uniform on S;, while given ¥ = 0, X is uniform
on Sy, whereas P{Y = 1} = P{Y = 0} = 1/2. We note that given n observations,

with the 1-NN rule,
1
E{L} =Py =0Y1=- =V =U}+PY=1Y ==Y, =0} = 7.

For the k-NN rule, £ being odd, we have

P {Y =0,> Iy < Lk/2J=

i=1

P {y S0l = Lk/ZJ}

i=1

It

E{L,}

= P{Binomial(n, 1/2) < |k/2]}
1 WA

= h k>3
— > — .
. ] when

Hence, the k-NN rule is worse than the 1-NN rule for every n when the distribution
is given above. We refer to the exercises regarding some interesting admissibility
questions for k-NN rules.

5.11 The (k, [)-Nearest Neighbor Rule

In 1970, Hellman (1970) proposed the (k, [)-nearest neighbor rule, which is iden-
tical to the k-nearest neighbor rule, but refuses to make a decision unless at least
[ > k/2 observations are from the same class. Formally, we set

1 if Y Yeox) =1
g =130 Y Vo) <k-I
—1 otherwise (no decision).

Define the pseudoprobability of error by
L, =P{g.(X) ¢ {-1,Y}|D,},

that is, the probability that we reach a decision and correctly classify X. Clearly,
L, < P{g,(X) # Y|D,}, our standard probability of error. The latter inequality
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is only superficially interesting, as the probability of not reaching a decision is
not taken into account in L,. We may extend Theorem 5.2 to show the following
(Problem 5.35):

Theorem 5.9. For the (k, l)-nearest neighbor rule, the pseudoprobability of error
L, satisfies

1_1»1101o E{L,} = E{nX)P{Binomial(k, n(X)) <k —1|X}

+(1 — n(X))P{Binomial(k, n(X)) > 1|X}}

def
= Lk)[.

The above result is distribution-free. Note that the k-nearest neighbor rule for
odd k corresponds to Ly (k+1)/2. The limit L ; by itself is not interesting, but it was
shown by Devijver (1979) that L;; holds information regarding the Bayes error
L*.

Theorem 5.10. (DEVUVER (1979)). For all distributions and with k odd,
Lig < Lgg-1 <+ < Lzt < LY < Ligiiy21 = Liowe

Also,
Lijgaow + L, k2141

2

This theorem (for which we refer to Problem 5.34) shows that L* is tightly
sandwiched between Ly, the asymptotic probability of error of the k-nearest
neighbor rule, and the “tennis” rule which requires that the difference of votes
between the two classes among the k nearest neighbors be at least two. If L, is
close to its limit, and if we can estimate L, (see the chapters on error estimation),
then we may be able to use Devijver’s inequalities to obtain estimates of the Bayes
error L*. For additional results, see Loizou and Maybank (1987).

As a corollary of Devijver’s inequalities, we note that

< L* = LkNN-

Lisn ~ L
Liw — L* < ke ko Tk/2141
2
‘We have

Ly = L*+E{|l1—-2min(n(X), 1 — n(X))|
x P{Binomial(k, min(n(X), 1 — n(X))) > | X}},

and therefore

Liy — L
= E{|1 - 2min(n(X), 1 — n(X))|
x P{Binomial(k, min(n(X), 1 — n(X))) =1|X}}
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= E{[1 - 2min(n(X). 1 = n(X))|
k .
x ( l) min(n(X), 1 — n(X)'(1 — min(n(X), 1 - n(X)))k"}

e\ Ik — Dk
()5

(because u'(1 — u)*~* reaches its maximum on [0, 1] at u = I/k)

k
127l(k — 1)

x e,
(use () < 7 (kf T ﬁ l(k]i - by Stirling’s formula).

IA

IA

With [ = [k/27, we thus obtain

1 k
NN L* _—
L = 20\ 22

k0398942
k=1 Jk

improving on Theorem 5.6. Various other inequalities may be derived in this man-
ner as well.

Problems and Exercises

PrOBLEM 5.1. Let || - || be an arbitrary norm on R¢, and define the k-nearest neighbor rule
in terms of the distance p(x, z) = ||x — z||. Show that Theorems 5.1 and 5.2 remain valid.
HINT: Only Stone’s lemma needs adjusting. The role of cones C(x, /6) used in the proof
are now played by sets with the following property: x and z belong to the same set if and
only if

X Z

I PN
Ixfh izl

PROBLEM 5.2. Does there exist a distribution for which sup,..; E{L,} > 1/2 for the nearest
neighbor rule?

PROBLEM 5.3. Show that Liyy < 1.32L* and that Lsyy < 1.22L%.

PROBLEM 5.4. Show that if C* is a compact subset of R¢ and C is the support set for the
probability measure u,

sup “X(l) — X“ d O
xeCNC*

with probability one, where X(;) is the nearest neighbor of x among X1, ..., X, (Wagner
(1971)).



84 5. Nearest Neighbor Rules

PROBLEM 5.5. Let 1 be the probability measure of X givenY = 0, and let v be the probability
measure of X given ¥ = 1. Assume that X is real-valued and that P{Y =0} = P{Y = 1} =
1/2. Find a pair (v, @) such that

(1) support(i) = support(v);

2) L*=0.
Conclude that L* = 0 does not tell us a lot about the support sets of u and v.

PrOBLEM 5.6. Consider the (2k + 1)-nearest neighbor rule for distributions (X, ¥') with
n(x) = p constant, and ¥ independent of X. This exercise explores the behavior of L sxs1yny

asp | 0.
(1) For fixed integer / > 0, as p | 0, show that

2%k
P{Binomial(2k, p) > I} ~ ( ) ) P

(2) Use a convenient representation of L ox.1yny to conclude that as p | 0,

2w\ [ 2%\
Logsypn =p + ((k) + (k + 1)) P+ o(pFh.

PrROBLEM 5.7. Das Gupta and Lin (1980) proposed the following rule for data with X € R.
Assume X is nonatomic. First, reorder X, . .., X,, X according to increasing values, and
denote the ordered setby X1y < Xo) < -+ < Xy < X < Xy < -+ - < Xy The ¥;’s are
permuted so that Y, is the label of X ;,. Take votes among {¥;, Yy}, {Yo—1y, Yien}s - -
until for the first time there is agreement (Yj;—;, = Y. j+1)), at which time we decide that
class, thatis, g,(X) = Yy—j) = Y+ j+1)- This rule s invariant under monotone transformations
of the x-axis.

(1) If L denotes the asymptotic expected probability of error, show that for all non-

atomic X,

L=E{ n(X)(1 — n(X) }
1 —2n(X)(1 — n(X)

(2) Show that L is the same as for the rule in which X € R¢ and we consider 2-NN,
4-NN, 6-NN, etc. rules in turn, stopping at the first 2k-NN rule for which there is no
voting tie. Assume for simplicity that X has a density (with a good distance-tie
breaking rule, this may be dropped).

(3) Show that L — Ly > (1/2)(Lany — Lxy), and thus that L > (Lyy + Lanx)/2.

(4) Show that L < Lyy. Hence, the rule performs somewhere in between the 1-NN
and 3-NN rules.

PrOBLEM 5.8. Let Y be independent of X, and n(x) = p constant. Consider a weighted
(2k + 1)-nearest neighbor rule with weights 2m + 1,1, 1, ..., 1) (there are 2k “ones”),
where k — 1 > m > 0. For m = 0, we obtain the (2k + 1)-NN rule. Let L(k, m) be the
asymptotic probability of error.

(1) Using results from Problem 5.6, show that

2k 2k
L k, = p+ k~m+1 + k+m+1 + k—m+1
(k.m)=p (k - m)p (k +m+ l)p olp )

as p | 0. Conclude that within this class of rules, for small p, the goodness of a
rule is measured by k — m. :
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(2) Letd > Obesmall, and set p = 1/2 — §. Show that if X is binomial (2k, 1/2 — §)
and Z is binomial (2k, 1/2), then for fixed /, as § | 0,

P(X > 1} =P{Z > 1} - 2k$P(Z =1} + 0(8%),

and
P{X <1} =P{Z <1} +2kSP{Z =1+ 1} + 0o(8?).

(3) Conclude fhat for fixed k,mas § | 0,

1
Lk,m) = 3 —282(kP{Z =k +m} +kP{Z =k +m + 1}
+P{Z <k+m)—P{Z>k+m+1}) +0(8?).

(4) Take weight vector w with k fixed and m = | 10+/k], and compare it with weight
vector w' with k/2 components and m = [+/k/2] as p | O and p 1 1/2. Assume
that k is very large but fixed. In particular, show that w is better as p | 0, and w’
is better as p 1 1/2. For the last example, note that for fixed ¢ > 0,

1
2

e—2c2

KPIZ =k+m)+kP{Z=k+m+1} ~ 8/k as k — oo

by the central limit theorem.

(5) Conclude that there exist different weight vectors w, w’ for which there exists a
pair of distributions of (X, ¥) such that their asymptotic error probabilities are
differently ordered. Thus, W is not totally ordered with respect to the probability
of error.

PROBLEM 5.9. Patrick and Fisher (1970) find the k-th nearest neighbor in each of the two
classes and classify according to which is nearest. Show that their rule is equivalent to a
(2k — 1)-nearest neighbor rule.

PROBLEM 5.10. Rabiner et al. (1979) generalize the rule of Problem 5.9 so as to classify
according to the average distance to the k-th nearest neighbor within each class. Assume
that X has a density. For fixed k, find the asymptotic probability of error.

PROBLEM 5.11. If N is normal (0, 1), then E{|N|} = ./2/7. Prove this.
PROBLEM 5.12. Show that if Lo = L1, then Ligopa = L.

PROBLEM 5.13. Show that

77 +17
L < ——f———+1 L*~ 1.3155... L"
273

for all distributions (Devroye (1981b)). HINT: Find the smallest constant a such that Layy <
L*(1 + a) using the representation of Lsyy in terms of the binomial tail.

PROBLEM 5.14. Show that if X has a density f, then for all u > 0,
tim P {2} X0)(X) — X|| > u|X} = e~/
n—»00

with probability one, where v = [ 55, @ is the volume of the unitball in R4 (Gyorfi (1978)).
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PrROBLEM 5.15. Consider a rule that takes a majority vote over all ¥;’s for which || X; —x|| <
(¢/vn)*?, where v = |, 5,, 4 is the volume of the unit ball, and ¢ > 0is fixed. In case of a
tie decide g,(x) =0. '
(1) If X has adensity f, show that liminf, . E{L,} > E {n(X)e=/®} HINT: Use
the obvious inequality E{L,} > P{Y = 1, 14, (Sx.c/un) = 0}.
(2) IfY isindependent of X and n = p > 1/2, then

E {n(X)e=/®} CE{e @) P 4o
L* 1—-p

as p 1 1. Show this.
(3) Conclude that
liminf,_, . E{L,}
sup ———— =00,
(X, ¥):L*>0 L*
and thus that distribution-free bounds of the form lim,_, ., E{L,} < ¢L* obtained
for k-nearest neighbor estimates do not exist for these simple rules (Devroye

(1981a)).

PROBLEM 5.16. Take an example with n(X) = 1/2 — 1 /(2+/%), and show that the bound
Ljw — L* < 1/+/ke cannot be essentially bettered for large values of k, that is, there exists
a sequence of distributions (indexed by k) for which

1—o(1)

7k

as k — oo, where N is a normal (0, 1) random variable.

Lpw—L" >

P{N > 1}

PROBLEM 5.17. If B is binomial (n, p), then

[ n
=i} < —_ 0 [ .
Sl;pP{B i} < i =)’ <i<n

PROBLEM 5.18. Show that for k > 3,

Mf 1+_1... 1+i =1+g+_3._.
k—1 2k 2k k  4k?

PrOBLEM 5.19. Show that there exists a sequence of distributions of (X, ¥') (indexed by %)
in which Y is independent of X and n(x) = p (with p depending on k only) such that

L — L*
lim inf (—""”T——> VEk >y =0339942. ..,

n—co

where y is the constant of Theorem 5.8 (Devroye (1981b)). HINT: Verify the proof of The-
orem 5.8 but bound things from below. Slud’s inequality (see Lemma A.6 in the Appendix)
may be of use here.

PrOBLEM 5.20. Consider a weighted nearest neighbor rule with weights 1, p, p?, p, ... for
o < 1. Show that the expected probability of error tends for all distributions to a limit L(p).
HiNT: Truncate at £ fixed but large, and argue that the tail has asymptotically negligible
weight.
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" PROBLEM 5.21. CONTINUED. With L(p) as in the previous exercise, show that L(p) = Lyy
whenever p < 1/2.

PROBLEM 5.22. CONTINUED. Prove or disprove: as p increases from 1/2to 1, L(p) decreases
monotonically from Ly to L*. (This question is difficult.)

PROBLEM 5.23. Show that in the weighted NN rule with weights (1, p, p?), 0 < p < 1, the
asymptotic probability of error is Lyy if p < (v5 —1)/2 and is Ly if p > (/5 — 1)/2.

PROBLEM 5.24. Is there any k, other than one, for which the k-NN rule is admissible, that is,
for which there exists a distribution of (X, Y) such that E{L, } for the k-NN rule is smaller
than E{L,} for any &’-NN rule with k" = k, for all n? HINT: This is difficult. Note that if this
is to hold for all 7, then it must hold for the limits. From this, deduce that with probability
one, n(x) € {0, 1/2, 1} for any such distribution.

PROBLEM 5.25. For every fixed » and odd k& with n > 1000k, find a distribution of (X, Y)
such that E{L,} for the k-NN rule is smaller than E{L,} for any k’-NN rule with ¥’ # k, k¥’
odd. Thus, for a given n, no k can be a priori discarded from consideration.

PROBLEM 5.26. Let X be uniform on [0, 1], n(x) = x, and P{Y = 0} = P{Y = 1} = 1/2.
Show that for the nearest neighbor rule,

1 . 3n+5
3 2n+1D)(n+2)(n+3)

(Cover and Hart (1967); Peterson (1970)).

E{L,} =

PROBLEM 5.27. For the nearest neighbor rule, if X has a density, then

1
n+1

[E{L,} — E{Lp}| =

(Cover (1968a)).

PROBLEM 5.28. Let X have adensity f > ¢ > Oon [0, 1], and assume that fj” and f{” exist
and are uniformly bounded. Show that for the nearest neighbor rule, E{L,} = L+ 0(1/n?%)
(Cover (1968a)). For d-dimensional problems this result was generalized by Psaltis, Snapp,
and Venkatesh (1994).

PROBLEM 5.29. Show that Ly < (1 + +/2/k)L* is the best possible bound of the form

L <(1 +a/\/l;)L* valid simultaneously for all £ > 1 (Devroye (1981b)).
PROBLEM 5.30. Show that Ly < (1 +4/1/k)L* for all £ > 3 (Devroye (1981b)).

PROBLEM 5.31. Let x = (x(1), x(2)) € R?. Consider the nearest neighbor rule based upon
vectors with components (x3(1), x7(2), x(1)x (2)). Show that this is asymptotically not better
than if we had used (x(1), x(2)). Show by example that (x2(1), x*(2), x®(1)x(2)) may yield
a worse asymptotic error probability than (x(1), x(2)).

PROBLEM 5.32. UNIFORM ORDER STATISTICS. Let Uy < -+ - < Uy, be order statistics of
i.i.d. uniform [0, 1] random variables. Show the following:

(1) Uy, isbeta (k,n+ 1 — k), thatis, Uy, has density
A xR, 0<x <1

n!
= T = o
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@)
E{UG) = ;%)ilr.%l)—l}%g, forany a > 0.
3)
sy

for a > 1, where {(a) is a function of a only (Royall (1966)).

PROBLEM 5.33. DUDANI’S RULE. Dudani (1976) proposes a weighted k-NNrule where Y ;)(x)
receives weight
1Xwe) —xll = I Xp) —xll, 1=i<k

Why is this roughly speaking equivalent to attaching weight 1 — (i /k)"/? to the i-th nearest
neighbor if X has a density? HINT: If u is the probability measure of X, then

1 (Sexay—xt) » - - -+ 1 (Se.1xgom—-x1)

are distributed like Uy, . .., Uy where Uy < --- < Uy, are the order statistics of n i.i.d.
uniform [0, 1] random variables. Replace w by a good local approximation, and use results
from the previous exercise.

PROBLEM 5.34. Show Devijver’s theorem (Theorem 5.10) in two parts: first establish the
inequality L* > Ly /-1 for the tennis rule, and then establish the monotonicity.

PROBLEM 5.35. Show Theorem 5.9 for the (k, /) nearest neighbor rule.

PROBLEM 5.36. Let R be the asymptotic error probability of the (2, 2)-nearest neighbor
rule. Prove that R = E{2n(X)(1 — n(X))} = Lxx.

PROBLEM 5.37. For the nearest neighbor rule, show that for all distributions,

lim P{g,(X)=0,Y =1} = Ilim P{g.,(X)=1,Y =0}

n—>00

E{n(X)( — n(X)}

(Devijver and Kittler (1982)). Thus, errors of both kinds are equally likely.

PrROBLEM 5.38. LetP{Y =1} =P{Y =0} = 1/2 and let X be arandom rational if ¥ = 1 (as
defined in Section 5.9) such that every rational number has positive probability, and let X
be uniform [0, 1]if ¥ = 0. Show that for every x € [0, 1] not rational, P{Y;y(x) =1} — 0
as n — oo, while for every x € [0, 1] rational, P{Y;y(x) =0} — Oas n — oo.

PROBLEM 5.39. Let X, ..., X, be i.i.d. and have a common density. Show that for fixed
k>0,

nP {X3 is among the k nearest neighbors of X; and X, in {X;,..., X,}} = 0.

Show that the same result remains valid whenever k varies with  such that k//n — 0.
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PROBLEM 5.40. IMPERFECT TRAINING. Let (X, Y, Z2), (X1, Y1, Zy), ..., (X,, Y,, Z,) be a se-
quence of i.i.d. triples in R x {0, 1} x {0, 1} with P{Y = 1|X = x} = n(x) and P{Z =
11X = x} = 7/(x). Let Z)(X) be Z; if X is the nearest neighbor of X among X1, ..., X,.
Show that . .
lim P(Z)(X) # ¥} = E {n(X)+7/(X) — 20(X)n' (X))

(Lugosi (1992)).
PROBLEM 5.41. Improve the bound in Lemma 5.3 to y, < 37 — 1.

PROBLEM 5.42. Show that if {C(x;, w/6), ..., C(x,,, 7/6)} is a collection of cones cover-
ing R?, then y, > 27.

PROBLEM 5.43. Recalling that Ly = E {a;(7(X))}, where
. . . . . k
ar(p) =min(p, 1 — p) +|1 — 2min(p, 1 — p)|P { Binomial(k, min(p, 1 — p)) > 3(
show that for every fixed p, P {Binomial(k, min(p, 1 — p)) > %} J Oask — oo (itis the
monotonicity that is harder to show). How would you then prove that limy_, o Lgn = L*?

PROBLEM 5.44. Show that the asymptotic error probability of the rule that decides g, (x) =
Y (x) is identical to that of the rule in which g, (x) = ¥3,(x).

PROBLEM 5.45. Show that forall distributions Lsw = E{1s(7(X)(1—7(X))}, where s () =
u+ut+ 1203,

PROBLEM 5.46. Show that for all distributions,

L L2 L3
LSNN>ﬂ+_NE+3__ﬂ

-2 4 2
and that I
L > —% + L2
PrROBLEM 5.47. Let X be the nearest neighbor of x among X, ..., X,,. Construct an
example for which E{||X1) — x||} = oo for all x € R¥. (Therefore, we have to steer clear

of convergence in the mean in Lemma 5.1.) Let X be the nearest neighbor of X; among
Xy, ..., X,. Construct a distribution such that E{|| Xy — X, ||} = co for all n.

PrROBLEM 5.48. Consider the weighted nearest neighbor rule with weights (wy, ..., wy).
Define a new weight vector (wy, wa, .. ., Wi—1, V1, - - ., V), Where Zﬁ:l v; = wy. Thus, the
weight vectors are partially ordered by the operation “partition.” Assume that all weights
are nonnegative. Let the asymptotic expected probability of errors be L and L', respectively.
True or false: for all distributions of (X, Y), L’ < L.

PROBLEM 5.49. GABRIEL NEIGHBORS. Given X1, ..., X, € R%, we say that X; and X; are
Gabriel neighbors if the ball centered at (X; + X ;)/2 of radius || X; — X ;|| /2 contains no Xy,
k # i, j (Gabriel and Sokal (1969); Matula and Sokal (1980)). Clearly, if X; is the nearest
neighbor of X;, then X; and X; are Gabriel neighbors. Show that if X has a density and
Xy, ..., X, are i.i.d. and drawn from the distribution of X, then the expected number of
Gabriel neighbors of X; tends to 2¢ as n — 0o (Devroye (1988¢)).
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FIGURE 5.7. The Gabriel graph of
20 points on the plane is shown:
Gabriel neighbors are connected by
an edge. Note that all circles strad-
dling these edges have no data point

in their interior.

PROBLEM 5.50. GABRIEL NEIGHBOR RULE. Define the Gabriel neighbor rule simply as the
rule that takes a majority vote over all Y;’s for the Gabriel neighbors of X among X;, . .., X,,.
Ties are broken by flipping a coin. Let L, be the conditional probability of error for the
Gabriel rule. Using the result of the previous exercise, show that if L* is the Bayes error,
then

(¢S} rli)nc}o E{L,}=0ifL*=0;

@) lmsupE(L,} < Lwif L* > 0,d > 1;

n—00

(3) limsupE{L,} < cL*forsomec <2,ifd > 1.

For (3), determine the best possible value of ¢. HINT: Use Theorem 5.8 and try obtaining,
for d = 2, a lower bound for P{Ny > 3}, where Ny is the number of Gabriel neighbors of
X among X, ..., X,.
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Consistency

6.1 Universal Consistency

If we are given a sequence D, = ((X1, V1), ..., (X,, ¥y)) of training data, the best
we can expect from a classification function is to achieve the Bayes error probability
L*. Generally, we cannot hope to obtain a function that exactly achieves the Bayes
error probability, but it is possible to construct a sequence of classification functions
{gn}, that is, a classification rule, such that the error probability

Ly = L(gn) =P{ga(X, Dy) # YDy}

gets arbitrarily close to L* with large probability (that is, for “most” D,,). This idea
is formulated in the definitions of consistency:

DERINITION 6.1. (WEAK AND STRONG CONSISTENCY). A classification rule is con-
sistent (or asymptotically Bayes-risk efficient) for a certain distribution of (X, Y)

if
EL,=P{g,X,D,) #Y}—> L* asn — o0,
and strongly consistent if

lim L, =L* with probability 1.

n—0oe

RemaRrK. Consistency is defined as the convergence of the expected value of L, to
L*. Since L, is a random variable bounded between L* and 1, this convergence
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is equivalent to the convergence of L, to L* in probability, which means that for
every € > 0

lim P{L, — L* > ¢} =0.

n—0od
Obviously, since almost sure convergence always implies convergence in proba-
bility, strong consistency implies consistency. O

A consistent rule guarantees that by increasing the amount of data the probability
that the error probability is within a very small distance of the optimal achievable
gets arbitrarily close to one. Intuitively, the rule can eventually learn the optimal
decision from a large amount of training data with high probability. Strong con-
sistency means that by using more data the error probability gets arbitrarily close
to the optimum for every training sequence except for a set of sequences that has
zero probability altogether.

A decision rule can be consistent for a certain class of distributions of (X, Y),
but may not be consistent for others. It is clearly desirable to have a rule that is
consistent for a large class of distributions. Since in many situations we do not have
any prior information about the distribution, it is essential to have a rule that gives
good performance for all distributions. This very strong requirement of universal
goodness is formulated as follows:

DEFINITION 6.2. (UNIVERSAL CONSISTENCY). A sequence of decision rules is called
universally (strongly) consistent if it is (strongly) consistent for any distribution of
the pair (X, Y).

In this chapter we show that such universally consistent classification rules exist.
At first, this may seem very surprising, for some distributions are very “strange,”
and seem hard to learn. For example, let X be uniformly distributed on [0, 1] with
probability 1/2, and let X be atomic on the rationals with probability 1/2. For
example, if the rationals are enumerated ry, 7, 73, ..., then P{X =r;} =1 /2”1.
Let Y = 1if X is rational and Y = 0 if X is irrational. Obviously, L* = 0. If
a classification rule g, is consistent, then the probability of incorrectly guessing
the rationality of X tends to zero. Note here that we cannot “check” whether X
is rational or not, but we should base our decision solely on the data D, given to
us. One consistent rule is the following: g,(x, D,) = Y if X; is the closest point
to x among X, ..., X,,. The fact that the rationals are dense in [0, 1] makes the
statement even more surprising. See Problem 6.3.

6.2 Classification and Regression Estimation

In this section we show how consistency of classification rules can be deduced
from consistent regression estimation. In many cases the a posteriori probability
n(x) is estimated from the training data D,, by some function 7, (x) = 1,(x, D,).
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In this case, the error probability L(g,) = P{g,(X) # Y|D,} of the plug-in rule

_} 0 ifnux)<1/2
8a(x) = { 1. - -otherwise-

is a random variable. Then a simple corollary of Theorem 2.2 is as follows:

COROLLARY 6.1. The error probability of the classifier g,(x) defined above satis-
fies the inequality

L(gn) — L™ = Z/Rd [n(x) — na(O)|u(dx) = 2E{|n(X) = na(X)|| Dy} .

The next corollary follows from the Cauchy-Schwarz inequality.

COROLLARY 6.2. If

_ 10 ifmx)<1/2
8 (x) _{ 1 otherwise,

then its error probability satisfies

P{gu(X) #Y|Dy} - L7 < 2\//Rd n(x) = 1 ()12 pd).

Clearly, n(x) = P{Y = 1|X = x} = E{Y|X = x} is just the regression function of
Y on X. Therefore, the most interesting consequence of Theorem 2.2 is that the
mere existence of a regression function estimate n,,(x) for which

fWﬂ—m@WMM%+0

in probability or with probability one implies that the plug-in decision rule g, is
consistent or strongly consistent, respectively.

Clearly, from Theorem 2.3, one can arrive at a conclusion analogous to Corollary
6.1 when the probabilities ng(x) = P{Y = 0|X = x} and n(x) = P{¥Y = 1|X = x}
are estimated from data separately by some 7y, , and 5, ,, respectively. Usually, a
key part of proving consistency of classification rules is writing the rules in one
of the plug-in forms, and showing L;-convergence of the approximating fanctions
to the a posteriori probabilities. Here we have some freedom, as for any positive
function 1,(x), we have, for example,

Oimmwsmm»_{0ﬁmﬁ<mm

x) = . LZICH IR A €)
8n(x) { 1 otherwise, 1 otherwise.
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6.3 Partitioning Rules

Many important classification rules partition R¢ into disjoint cells A;, Ay, ... and
classify in each cell according to the majority vote among the labels of the X;’s
falling in the same cell. More precisely,

2,(x) = { 0 if 3 Iy lixieaw < Ximt Im=oyIixieaco)
1 otherwise,

where A(x) denotes the cell containing x. The decision is zero if the number of
ones does not exceed the number of zeros in the cell where X falls, and vice versa.
The partitions we consider in this section may change with r, and they may also
depend on the points X1, ..., X,, but we assume that the labels do not play a role
in constructing the partition. The next theorem is a general consistency result for
such partitioning rules. It requires two properties of the partition: first, cells should
be small enough so that local changes of the distribution can be detected. On the
other hand, cells should be large enough to contain a large number of points so
that averaging among the labels is effective. diam(A) denotes the diameter of a set
A, that is,
diam(A) = sup |lx — y|l.
X,yEA

Let
N(x)=nu,(A(x)) = Z Iix,cany

i=1

denote the number of X;’s falling in the same cell as x. The conditions of the
theorem below require that a random cell—selected according to the distribution
of X—has a small diameter, and contains many points with large probability.

Theorem 6.1. Consider a partitioning classification rule as defined above. Then
E{L,} > L*if

(1) diam(A(X)) — 0 in probability,

(2) N(X) > oo in probability.

Proor. Define n(x) = P{Y = 1|X = x}. From Corollary 6.1 we recall that we need
only show E{|7,(X) — n(X)|} — 0, where

- 1
Nn(x) = NG Z Y;.

i:X;eA(x)
Introduce n(x) = E{n(X)|X € A(x)}. By the triangle inequality,
E{[7,(X) — n(X)1} < E{[mu(X) — (X))} + E{|7(X) — n(X)[}.

By conditioning on the random variable N (x), it is easy to see that N(x)7,(x) is
distributed as B(N(x), 7(x)), a binomial random variable with parameters N(x)
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and 7(x). Thus,

E{|7.(X) — 7(ONX, Iix,eacxyys - - - » Iix,eacor)

B(N(X), (X)) _
= Eyi——= — 1| Iiveo-0)| X, 1 R
- { N(X) 1(X)| Iinexy>0) {X1€A(X)} (X, €A(X)}
+ Iineo=0)
n(X)(1 - 7(X))
< El [ L osol X, T o
- { N(X) NXO>0} {X1eA(0)} (X, €A()
+ Iinen=0)

by the Cauchy-Schwarz inequality. Taking expectations, we see that

1
E{7,(X) - n(X)l} < E{E—I\J(—XSI{N(X)>0}}+P{N(X)=O}
1 1
< —Z-P{N(X)fk}+ﬁ+P{N(X)=0}

for any k, and this can be made small, first by choosing & large enough and then
by using condition (2).

For € > 0, find a uniformly continuous [0, 1]-valued function 7. on a bounded
set C and vanishing off C so that E {|.(X) — n(X)|} < e. Next, we employ the
triangle inequality:

E {|7(X) —n(X)l}

IA

E{|7(X) — 7.(X)}
+E {[7:(X) — 1(X)1}
+E{[n(X) — n(X)l}
= I+11+111,

where 7. (x) = E{n.(X)|X € A(x)}. Clearly, 1] < € by choice of 7. Since 7. is
uniformly continuous, we can find a 6 = 6(¢) > 0 such that

Il < € +P{diam(A(X)) > 6}.

Therefore, /1 < 2¢ for n large enough, by condition (1). Finally, I < II] < €.
Taken together these steps prove the theorem. O

6.4 The Histogram Rule

In this section we describe the cubic histogram rule and show its universal con-
sistency by checking the conditions of Theorem 6.1. The rule partitions R into
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cubes of the same size, and makes a decision according to the majority vote among
the ¥;’s such that the corresponding X; falls in the same cube as X. Formally, let
P, ={A1, Ana, .. .} be apartition of R4 into cubes of size ki, > 0, that is, into sets
of the type ]_[le[k,-h,,, (ki + 1)h,,), where the k;’s are integers. For every x € R?
let A, (x) = A,; if x € A,;. The histogram rule is defined by

. n n
20(x) = { 0 i iy Tr=nixiea,cor < 2t Tv=o lixiea,co
n - .
1 otherwise.
By g o ° FIGURE 6.1. A cubic histogram rule:
= o - ° .. . .
B B b ° The decision is 1 in the shaded area.
g B oD 210 o)
° ® oL -
° ° 0® .o A
o
8 o ° .
o® - 8 - o Class 0
s ° - e Class 1
~=ﬂ‘ o ° o ]
| L
a o
i St o
© ° . ° 5
oce o =]
[ [ - .
h,

Consistency of the histogram rule was established under some additional con-
ditions by Glick (1973). Universal consistency follows from the results of Gordon
and Olshen (1978), (1980). A direct proof of strong universal consistency is given
in Chapter 9.

The next theorem establishes universal consistency of certain cubic histogram
rules.

Theorem 6.2. If h, — 0 and nh® — 00 as n — oo, then the cubic histogram
rule is universally consistent.

PROOF. We check the two simple conditions of Theorem 6.1. Clearly, the diameter
of each cell is ~/dh?. Therefore condition (1) follows trivially. To show condition
(2), we need to prove that for any M < oo, P{N(X) < M} — 0. Let S be an
arbitrary ball centered at the origin. Then the number of cells intersecting S is not
more than ¢; + ¢,/ k% for some positive constants c¢;, ¢;. Then

P{N(X) = M}
< ) PXeA,, NX)< M} +P{X € 5}
JiAnNSHD
< ) wAp+ Y AyP{rp(Ay) < MY+ u(S)
Jihpp S JiAnjNS#D

(An)<2M /n WAy)>2M/n
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) wAP(Ay) = E{in(An)) < M/n — p(An)} + 1(S9)

iS50

1(Ans)>2M

2M (c L cz)
n \ 7 pd

—(Anj) .
+ Y AP {unmm — E{un(Anj)} < ——2——’-} + (S
JihyjOSH
W(Ay))=>2M/n
2M c Var{u,(A,;)} ¢
(et g) X A ()
R JiApNS# (H« nj
1(An)>2M /1
(by Chebyshev’s inequality)
2M( [} 1
—la+—5)+ 4p(Apj) ——— + n(S°)
" i) Zﬂ " nu(Any)
/»‘«(Anj)>2M/n
2M + 4 (%) c
— (c1#35) + (59
(),

because nh?® — oo. Since S is arbitrary, the proof of the theorem is complete. O

6.5

Stone’s Theorem

A general theorem by Stone (1977) allows us to deduce universal consistency of
several classification rules. Consider a rule based on an estimate of the a posteriori
probability # of the form

n n
() = D Tyt W) = ¥iWyi(x),
i=1 i=1

where the weights W;(x) = Wyi(x, X1, ..., X,) are nonnegative and sum to one:

i Wm'(x) = 1.
i=1

The classification rule is defined as

{ 0 if 30 Ty Wai(6) < 300 Tgyi=0y Wi (x)

8n(x) 1 otherwise,

0 iYL Y W) < 172
1 otherwise.
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N, is a weighted average estimator of n. It is intuitively clear that pairs (X;, Y;)
such that X; is close to x should provide more information about 5(x) than those far
from x. Thus, the weights are typically much larger in the neighborhood of X, so
1, 18 roughly a (weighted) relative frequency of the X;’s that have label 1 among
points in the neighborhood of X. Thus, 1, might be viewed as a local average
estimator, and g, alocal (weighted) majority vote. Examples of such rules include
the histogram, kernel, and nearest neighbor rules. These rules will be studied in
depth later.

Theorem 6.3. (STONE(1977)). Assume that for any distribution of X, the weights
satisfy the following three conditions:
(i) Thereis a constant ¢ such that, for every nonnegative measurable function
f satisfying E f(X) < oo,

E {Z Wni<X>f<Xi)} < Ef(X).
i=1
(ii) Foralla > 0,

lim E {Z an(X)I{uXi—lea}} =0.

n—>00 =1
(iii)

lim E [ max W,,,-(X)} =0.

n—>o0 1<i<n

Then g, is universally consistent.

REMARK. Condition (ii) requires that the overall weight of X;’s outside of any
ball of a fixed radius centered at X must go to zero. In other words, only points
in a shrinking neighborhood of X should be taken into account in the averaging.
Condition (iii) requires that no single X; has too large a contribution to the estimate.
Hence, the number of points encountered in the averaging must tend to infinity.
Condition (i) is technical. O

Proor. By Corollary 6.2 it suffices to show that for every distribution of (X, ¥)
lim E {(n(X) — n.(X))*} = 0.
n—>00

Introduce the notation

M(x) = Y (X)) Wy (x).
i=1
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Then by the simple inequality (a + b)* < 2(a” + b*) we have
E {(n(X) — na(X))*}
= E{((n(X) = 0.(X0)) + @a(X) = na(X)))*}
< 2(E{0&X) =X} +E{@u(X) — m(X))*}). (6.1)

Therefore, it is enough to show that both terms on the right-hand side tend to zero.
Since the W,;’s are nonnegative and sum to one, by Jensen’s inequality, the first
term is

n 2
E{nX)-7(X)?} = E (Z Wni(X)(n(X)—n(Xi)))
i=1

IA

E { > W (X)m(X) — n(Xi))Q} :
i=1

If the function 0 < n* < 1is continuous with bounded support, then it is uniformly
continuous as well: for every € > 0, there is an ¢ > 0 such that for ||x; — x|| < a,
In*(x1)— n*(x)|?> < €. Recall here that || x|| denotes the Euclidean norm of a vector
x € RY. Thus, since [7*(x;) — n*(x)| < 1,

E [Z Wi (X)(7"(X) = n*(Xi»z}
i=1

i=1 i=1

< E {Z Wni<X>I{uxﬁX,.uza;} +E {Z anX)e} — €,

by (ii). Since the set of continuous functions with bounded support is dense in
Lo(u), for every € > O we can choose n* such that

E{(n(X)—n"(X)*} <e.

By this choice, using the inequality (a + b + ¢)* < 3(a® + b? + ¢*) (which follows
from the Cauchy-Schwarz inequality),

E {(n(X) — 7,())*}

< E {Z Wi (X)(n(X) — n(Xi»z}
i=1

IA

3E {Z W, (X) ((0(X) = (X)) + (*(X) — " (X:)?

i=1
+(* (X)) — (X))}
3E {(n(X) — n*(X))*}

IA

+3E {Z Wi (X)(7*(X) — n*(Xi»z} +3cE {(n(X) — n*(X))*},

i=1
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where we used (i). Therefore,

limsup E {(n(X) — 7,(X))*} <3e(1+1+0).

n—>00

To handle the second term of the right-hand side of (6.1), observe that

E{Y: = nX)¥; —n(X;)IX, X1,..., X,} =0 foralli #j

by independence. Therefore,

E {(@.(X) — 1 (X))*}

l

IA

" 2
E (Z_; Wi (X)(n(X:) — Yi))

YD E{Wu(X)0(X) — Y)W (X)((X;) — ¥)))
i=1 j=1
E{W2(X)(n(X;) — Y)*}

i=1

E {Z W,i(X)} <E {fl(lax Wi (X)) an(X)}
i=1 =t=n

j=1

E{max Wni(X)} -0

I<i<n

by (iii), and the theorem is proved. O

6.6 The k-Nearest Neighbor Rule

In Chapter 5 we discussed asymptotic properties of the k-nearest neighbor rule
when k remains fixed as the sample size n grows. In such cases the expected
probability of error converges to a number between L* and 2L*. In this section
we show that if & is allowed to grow with n such that k/n — 0, the rule is weakly
universally consistent. The proof is a very simple application of Stone’s theorem.
This result, appearing in Stone’s paper (1977), was the first universal consistency
result for any rule. Strong consistency, and many other different aspects of the

k-NN rule are studied in Chapters 11 and 26.

Recall the definition of the k-nearest neighbor rule: first the data are ordered

according to increasing Euclidean distances of the X;’s to x:

(Xy(x), Yy(x)), oy (X (my(x), Ymy(x)),
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that is, X(x) is the i-th nearest neighbor of x among the points X, ..., X,.
Distance ties are broken by comparing indices, that is, in case of || X; — x|| =
| X; — x|, X; is considered to be “closer” to x if i < j.

The k-NN classification rule is defined as

. k k
gn(x) = { (f lfl:Zflﬁl. Iy =) = Zi:l Iy0=0)
. otherwise.

In other words, g,(x) is a majority vote among the labels of the k nearest neighbors
of x.

Theorem 6.4. (STONE (1977)). Ifk — coandk/n — O, then for all distributions
EL, — L*

ProoF. We proceed by checking the conditions of Stone’s weak convergence theo-
rem (Theorem 6.3). The weight W,,;(X) in Theorem 6.3 equals 1/ k iff X; is among
the k nearest neighbors of X, and equals O otherwise.

Condition (iii) is obvious since k — <. For condition (ii) observe that

n
E {Z Wai(X)Ix,—x|>¢) ¢ — 0

i=1

holds whenever

P{i]X(k)(X) - X > e} — 0,

where X)(x) denotes the k-th nearest neighbor of x among X, ..., X,. But we
know from Lemma 5.1 that this is true for all € > 0 whenever k/n — 0.

Finally, we consider condition (i). We have to show that for any nonnegative
measurable function f with E{ f(X)} < oo,

i=1

1
E {Z EI(XI- is among the k nearest neighbors of X}f(Xi)} < E{cf(X)}

for some constant ¢. But we have shown in Lemma 5.3 that this inequality always
holds with ¢ = y;. Thus, condition (i) is verified. O

6.7 Classification Is Easier Than Regression
Function Estimation

Once again assume that our decision is based on some estimate 7, of the a posteriori
probability function 5, that is,

_) 0 ifn,(x) <1/2
gn(x) = { 1 otherwise.
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The bounds of Theorems 2.2, 2.3, and Corollary 6.2 point out that if 7, is a
consistent estimate of 7, then the resulting rule is also consistent. For example,
writing L, = P{g,(X) # Y |D,}, we have

EL, — L* < 2,/E {(1,(X) — n(0)2}.

that is, L,-consistent estimation of the regression function # leads to consistent
classification, and in fact, this is the main tool used in the proof of Theorem 6.3.
While the said bounds are useful for proving consistency, they are almost useless
when it comes to studying rates of convergence. As Theorem 6.5 below shows, for
consistent rules rates of convergence of P{g,(X) = Y} to L* are always orders of

magnitude better than rates of convergence of \/ E {(n(X) — nx(X))?} to zero.

FIGURE 6.2. The difference between the error probabilities grows roughly

in proportion to the shaded area. Elsewhere n,(x) does not need to be
close n(x).

Pattern recognition is thus easier than regression function estimation. This will
be a recurring theme—to achieve acceptable results in pattern recognition, we can
do more with smaller sample sizes than in regression function estimation. This is
really just a consequence of the fact that less is required in pattern recognition.
It also corroborates our belief that pattern recognition is dramatically different
from regression function estimation, and that it deserves separate treatment in the
statistical community.

Theorem 6.5. Let n,, be a weakly consistent regression estimate, that is,
Tim E {(7,(X) — n(X))’} = 0.

Define
0 ifn(x)=<1/2
1 otherwise.

gn(x) = {
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Then
. EL, - L*
lim =0,

"7 E {00 = 00

that is, EL, — L* converges to zero faster than the L,-error of the regression
estimate.

PROOF. We start with the equality of Theorem 2.2:
EL, — L* = 2E {{n(X) = 1/2{ig,xpse"cx) } -
Fix € > 0. We may bound the last factor by

E {In(X) = 1/2| L5, 006001}
< E{IymmanX) = 0. g, 005001}

= E{InX) — 0O g0 o0 Tinoo- 1212 Tncoa 21}
+E {|n(X) = 1O g, 00y Linexy-1/215¢1 |

VE{@u(%) = n(x)2)
x (VPO = 1721 < € n(X) 7 1/2)

A

+V/Plg, (0 7 87X, 00 — 1721 > €))
(by the Cauchy-Schwarz inequality).

Since g,(X) # g*(X) and |9n(X) — 1/2| > € imply that |n,(X) — n(X)| > e,
consistency of the regression estimate implies that for any fixed € > 0,

Jim P{g,(X) #¢(X), In(X)—1/2] > €} =0.
On the other hand,
P{n(X)—1/2| <e,n(X)#£1/2} - 0 as € — 0,

which completes the proof. O

The actual value of the ratio
EL, - L*
Pn =
VE{000 = (X))

cannot be universally bounded. In fact, p, may tend to zero arbitrarily slowly
(see Problem 6.5). On the other hand, p, may tend to zero extremely quickly. In
Problems 6.6 and 6.7 and in the theorem below, upper bounds on p,, are given that
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may be used in deducing rate-of-convergence results. Theorem 6.6, in particular,
states that EL, — L* tends to zero as fast as the square of the L, error of the
regression estimate, i.e., E {(77,,(X ) —n(X ))2}, whenever L* = 0. Just how slowly
pn tends to zero depends upon two things, basically: (1) the rate of convergence
of 17, to n, and (2) the behavior of P{|n(X) — 1/2| < €, n(X) # 1/2} as a function
of e when € | 0 (i.e., the behavior of n(x) at those x’s where n(x) ~ 1/2).

Theorem 6.6. Assume that L* =0, and counsider the decision

_J 0 ifmx)<1/2
8n(x) _{ 1  otherwise.

Then
P{g.(X) # Y} < 4E {(n.(X) — n(X))*}.

PRrROOF. By Theorem 2.2,

P(g,(X) # Y} 2E{In(X) — /215,00 01}
= 2E{In(X) = 1/2lg,x0m )

(since g*(X) =Y by the assumption L* = 0)

2/E {(1(X) — n(X)?}y/ P (X) 7 7)

(by the Cauchy-Schwarz inequality).

Dividing both sides by +/P{g,(X) # Y} yields the result. O

IA

The results above show that the bounds of Theorems 2.2, 2.3, and Corollary 6.2
may be arbitrarily loose, and the error probability converges to L* faster than the
L,-error of the regression estimate converges to zero. In some cases, consistency
may even occur without convergence of E|n,(X) — n(X)| to zero. Consider for
example a strictly separable distribution, that is, a distribution such that there exist
two sets A, B ¢ R? with

inf ||x — >§5§>0
XGAJGBII yil =

for some & > 0, and having the property that
P{XcAlY =1}=P{X € B]Y =0} =1.

In such cases, there is a version of 7 that has n7(x) = 1 on A and n(x) = O on B.
We say version because 7 is not defined on sets of measure zero. For such strictly
separable distributions, L* = 0. Let 7 be 1/2 — ¢ on B and 1/2 + € on A. Then,
with
() = { 0 ifax)<1/2 ={ 0 ifxeB
1 otherwise, 1 ifx € A,
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we have P{g(X) #Y}=L*=0. Yet,
2EIn(X) —n(X)| =1 - 2e¢

is arbitrarily close to one.
In a more realistic example, we consider the kernel rule (see Chapter 10),

_ )0 ifn(x)<1/2
8n(x) = [ 1 otherwise,
in which
@) :'___1 Y K(x — X;)
7 = 3
" D Kx — X))

where K is the standard normal density in R¢:

o/,

K@)

= (2 )2

Assume that A and B consist of one point each, at distance & from each other—that
is, the distribution of X is concentrated on two points. If P{Y =0} =P{Y = 1} =
1/2, we see that

K(0)+ K (8)

5 with probability one

1 n
lim — Kx—-X;)=
Jam 2 K =X

atx € AU B, by the law of large numbers. Also,

1 [ K©)/2 ifxeA . .
lim Z;Yil((x - X)) _{ K(3)2 ifxcp ithprobability one.

Thus,
KO __ ifxeA

lim n,(x)={ *Qk®
n—00 m lfx S B

with probability one.

Hence, as n(x) = 1on A and n(x) =0 on B,

lirgOZEln(X) — (X))

- il b etz
2 K(0)+ K(8) K(0) + K(5)
2K (8)
KO)+ K@)

Yet, L* = 0 and P{g,(X) # Y} — 0. In fact, if D,, denotes the training data,

lim P{g,(X) #Y|D,} =L* with probability one,
n—>00
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and
. _ 2K . babili
nlgrolo2E {}nn(X) — n(X)}!D,Z} = K_((Sm with probability one.
This shows very strongly that for any § > 0, for many practical classification rules,
we do not need convergence of 7, to 7 at all!

As all the consistency proofs in Chapters 6 through 11 rely on the convergence
of i, to n, we will create unnecessary conditions for some distributions, although it
will always be possible to find distributions of (X, ¥) for which the conditions are
needed—in the latter sense, the conditions of these universal consistency results
are not improvable.

6.8 Smart Rules

A rule is a sequence of mappings g, : RY x (R? x {0,1})" — {0, 1}. Most rules
are expected to perform better when r increases. So, we say that a rule is smart if
for all distributions of (X, Y), E{L(g,)} is nonincreasing, where

L(gn) = P{gn(X,v Dy) 7‘/ Y|D,}.

Some dumb rules are smart, such as the (useless) rule that, for each n, takes a
majority over all ¥;’s, ignoring the X;’s. This follows from the fact that

n n
P{Z(ZYi—l)>O,Y=Oor Z(2Y,~-1)§O,Y:1}
i=1 i=1

is monotone in n. This is a property of the binomial distribution (see Problem
6.12). A histogram rule with a fixed partition is smart (Problem 6.13). The 1-
nearest neighbor rule is not smart. To see this, let (X, Y) be (0, 1) and (Z, 0) with
probabilities p and 1 — p, respectively, where Z is uniform on [—1000, 1000].
Verify that forn = 1, EL, = 2p(1 — p), while forn = 2,

1 E|Z
EL, = 2p(1—p)? (-2- + ?4—(%) +p(1—p)+(1—pFp
_ _ (2 =p 1
= 2pd p)( P +2),

which is larger than 2p(1 — p) whenever p € (0, 1/5). This shows that in all
these cases it is better to have n = 1 than n = 2. Similarly, the standard kernel
rule—discussed in Chapter 10—with fixed % is not smart (see Problems 6.14,
6.15).

The error probabilities of the above examples of smart rules do not change
dramatically with n. However, change is necessary to guarantee Bayes risk consis-
tency. At the places of change—for example when £, jumps to a new value in the
histogram rule—the monotonicity may be lost. This leads to the conjecture that
no universally consistent rule can be smart.
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Problems and Exercises

PROBLEM 6.1. Let the i.i.d. random variables X1, ..., X, be distributed on R¢ according
to the density f. Estimate f by f,, a-function of x and X, ..., X,, and assume that
[ 1fu(x)— f(x)|dx — Oinprobability (or with probability one). Then show that there exists
a consistent (or strongly consistent) classification rule whenever the conditional densities
Jfoand f exist.

PROBLEM 6.2. HISTOGRAM DENSITY ESTIMATION. Let X, ..., X, be i.i.d. random variables
in R¢ with density f. Let P, be a partition of R? into cubes of size %, and define the
histogram density estimate by

fix)=—5 Z Iix;cancols
n i=1
where A,(x) is the set in P, that contains x. Prove that the estimate is universally consistent
in L; if A, — 0 and nhﬁ — o0 asn — 00, thatis, for any f the L; error of the estimate
[ 1£4(x) — f(x)ldx converges to zero in probability, or equivalently,

Jim B { f o) — f(x)ldx} -

HINT: The following suggestions may be helpful
W) E{[1fi—= N} <E{[Ifi —Efil}+ [IEf — [l
(2) E {f Ifn - Efnl} = Zj “’L(Aﬂj) - /’Lll(Allj)’~
(3) First show f |Ef. — fI — O for uniformly continuous f, and then extend it to
arbitrary densities.

PrROBLEM 6.3. Let X be uniformly distributed on [0, 1] with probability 1/2, and let X
be atomic on the rationals with probability 1/2 (e.g., if the rationals are enumerated
F1,72, 735 .. then P{X = r;} = 1/2%1). Let ¥ = 1 if X is rational and ¥ = 0 if X is
irrational. Give a direct proof of consistency of the 1-nearest neighbor rule. HINT: Given
Y = 1, the conditional distribution of X is discrete. Thus, for every € > 0, there is an
integer k such that given Y = 1, X equals one of k rationals with probability at least 1 — €.
Now, if n is large enough, every point in this set captures data points with label 1 with
large probability. Also, for large n, the space between these points is filled with data points
labeled with zeros.

PROBLEM 6.4. Prove the consistency of the cubic histogram rule by checking the conditions
of Stone’s theorem. HINT: To check (i), first bound W,;(x) by

n
Iix;eanen/ Z lix;jeancy +1/n.
=1

Since
Z" 1
: { i=1 ’;f(Xi)} - B0,

it suffices to show that there is a constant ¢’ > 0 such that for any nonnegative function f
with E f(X) < o0,

2t Tixyeanion

{Z f(X; o — Jicanx) } < CEf(X).
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In doing so, you may need to use Lemma A.2 (i). To prove that condition (iii) holds, write

E {max Wni(X)}

i<i<n
< lipxesy+ > E {I{XEAW.}-——1——[%<An.)>0}}
n A5 Al (Anj) !
and use Lemma A.2 (ii).

PROBLEM 6.5. Let {a,} be asequence of positive numbers converging to zero. Give an exam-
ple of an a posteriori probability function 7, and a sequence of functions {7, } approximating
n such that

limi P{g,(X)#Y} - L*
im inf

>0,
" g JE {000 = (02}

where
0 ifnx) <1/2

8n(x) = { 1 otherwise.
Thus, the rate of convergence in Theorem 6.5 may be arbitrarily slow. HINT: Define 7 =
1/2 + b(x), where b(x) is a very slowly increasing nonnegative function.

PROBLEM 6.6. Letd > 0, and assume that |(x) — 1/2| > § for all x. Consider the decision

) = 0 ifn,(x)<1/2
=1 1 otherwise.

Prove that
2E {(n.(X) = n(X))*}
3 .
This shows that the rate of convergence implied by the inequality of Theorem 6.6 may be
preserved for very general classes of distributions.

P{g,(X)#Y} - L" <

PrROBLEM 6.7. Assume that L* = 0, and consider the decision

_j 0 ifn.(x)<1/2
g,,(x)—{ 1 otherwise.

Show that forall 1 < p < oo,
P{g.(X) # Y} < 2°E{|n.(X) — n(X)|"}.
HINT: Proceed as in the proof of Theorem 6.6, but use Holder’s inequality.

PROBLEM 6.8. Theorem 6.5 cannot be generalized to the L; error. In particular, show by
example that it is not always true that

. EL, - L* 0
im —————————— =
n=o0 E {|n,(X) = n(X)[}

when E {|7,(X) — n(X)|} — 0 asn — oo for some regression function estimate 7,. Thus,
the inequality (Corollary 6.2)

EL, — L" < 2E {|,(X) — n(X)l}

cannot be universally improved.
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PROBLEM 6.9. Letn' : RY — [0, 1], and define g(x) = I;y()~1/2;- Assume that the random
variable X satisfies that P{n'(X) = 1/2} = 0. Letn, 2, . . . be a sequence of functions such
that E{|n'(X) — n,(X)|} — 0 as n — oo. Prove that L(g,) — L(g) for all distributions of
(X, Y) satisfying the condition on X above, where g,(x) = I{,x)-1/2y (Lugosi (1992)).

PROBLEM 6.10. A LYING TEACHER. Sometimes the training labels Y1, . .., Y, are not avail-
able, but can only be observed through a noisy binary channel. Still, we want to decide on
Y. Consider the following model. Assume that the ¥;’s in the training data are replaced by
the i.i.d. binary-valued random variables Z;, whose distribution is given by

il

P{Z; =1]Y; =0, X; = x}
P{Z;=0lY; =1, X; = x}

P{Z =1]Y;=0}=p < 1/2,
P{Z =0V, =1}=q < 1/2.

Consider the decision

0 ifgx)<1/2
8t = { 1 otherwise,
where '(x) = P{Z; = 1{X, = x}. Show that
* 21p - ‘ﬂ
P{ig(X)#Y} <L (1 + T S macty o) Zmax(p,q)) .

Use Problem 6.9 to conclude that if the binary channel is symmetric (i.e., p = ¢ < 1/2),
and P{/(X) = 1/2} = 0, then L;-consistent estimation leads to a consistent rule, in spite
of the fact that the labels Y¥; were not available in the training sequence (Lugosi (1992)).

PROBLEM 6.11. Develop a discrimination rule which has the property

Jim EL, = p = E {50001 = n(X)},

for all distributions such that X has a density. Note: clearly, since p > L*, this rule is not
universally consistent, but it will aid you in “visualizing” the Matushita error!

PROBLEM 6.12. If Z, is binomial (n, p) and Z is Bernoulli (p), independent of Z,, then
show that P{Z,, > n/2, Z =0} + P{Z, < n/2, Z = 1} is nonincreasing in n.

PROBLEM 6.13. Let g, be the histogram rule based on a fixed partition . Show that g, is
smart.

PROBLEM 6.14. Show that the kernel rule with gaussian kernel and 2 = 1, d = 1, is not
smart (kernel rules are discussed in Chapter 10). Hint: Consider n = 1 and n = 2 only.

PROBLEM 6.15. Show that the kernel rule on R, with K (x) = I;_; j(x), and & | 0, such
that nh — o0, is not smart.

PROBLEM 6.16. Conjecture: no universally consistent rule is smart.

PROBLEM 6.17. A rule g, : R¢ x (Rd x {0, l})n is called symmetric if g,(x, D,) =
8.(x, D)) forevery x, and every training sequence D,,, where D/, is an arbitrary permutation
of the pairs (X;, Y;) in D,,. Any nonsymmetric rule g, may be symmetrized by taking a ma-
jority vote atevery x € R¢ over all g,(x, D), obtained by the n! permutations of D,. It may
intuitively be expected that symmetrized rules perform better. Prove that this is false, that is,
exhibit a distribution and a nonsymmetric classifier g, such that its expected probability of
error is smaller than that of the symmetrized version of g,. HINT: Take g3(x, D;) =1 —Y7.






7

Slow Rates of Convergence

In this chapter we consider the general pattern recognition problem: Given the
observation X and the training data D, = ((Xy, Y1), ..., (X,, Ys)) of indepen-
dent identically distributed random variable pairs, we estimate the label Y by the
decision

gn(X) = gn(X, Dyp).

The error probability is
Ly =P{Y 7 g.(X)|Dy}.

Obviously, the average error probability EL, = P{Y # g,(X)} is completely
determined by the distribution of the pair (X, Y), and the classifier g,. We have
seen in Chapter 6 that there exist classification rules such as the cubic histogram
rule with properly chosen cube sizes such that lim, .. EL, = L* for all possible
distributions. The next question is whether there are classification rules with EL,
tending to the Bayes risk at a specified rate for all distributions. Disappointingly,
such rules do not exist.

7.1 Finite Training Sequence

The first negative result shows that for any classification rule and for any fixed n,
there exists a distribution such that the difference between the error probability of
the rule and L* is larger than 1/4. To explain this, note that for fixed n, we can
find a sufficiently complex distribution for which the sample size # is hopelessly
small.
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Theorem 7.1. (DEVROYE (1982B)). Let € > 0 be an arbitrarily small number.
For any integer n and classification rule g,, there exists a distribution of (X, Y)
with Bayes risk L* = 0 such that

EL, > 1/2 —e.

Proor. First we construct a family of distributions of (X, Y). Then we show that
the error probability of any classifier is large for at least one member of the family.
For every member of the family, X is uniformly distributedon the set {1, 2, .. ., K}
of positive integers

Coiw o | K ified{l,... K}
p,;—P{X—z}—{ 0 otherwise,

where K is alarge integer specified later. Now, the family of distributions of (X, Y)
is parameterized by a number b € [0, 1), that is, every b determines a distribution
as follows. Let b € [0, 1) have binary expansion b = 0.bgb(b; ..., and define
Y = by. As the label Y is a function of X, there exists a perfect decision, and thus
L* = 0. We show that for any decision rule g, there is a b such thatif Y = by, then
g has very poor performance. Denote the average error probability corresponding
to the distribution determined by b, by R, (b) = EL,.

The proof of the existence of a bad distribution is based on the so-called prob-
abilistic method. Here the key trick is the randomization of b. Define a random
variable B which is uniformly distributed in [0, 1) and independent of X and
Xi,...,X,. Then we may compute the expected value of the random variable
R, (B). Since for any decision rule g,,

sup Ru(b) = E{R.(B)},
bef0,1)

a lower bound for E{R,(B)} proves the existence of a » € [0, 1) whose corre-
sponding error probability exceeds the lower bound.

Since B is uniformly distributed in [0, 1), its binary extension 8 = 0.B1B; . ..
is a sequence of independent binary random variables with P{B; = 0} = P{B; =
1} =1/2. But

E{R.(B)}
= P{g.X,D)#Y}
= P{g.(X, D,) # Bx}
= P{gn(X9X1&BX13-~‘3Xn7BX,,)7'/BX}
= E{P{gu(X,X1,Bx,, ..., X Bx,)#Bx| X, X1,.... Xu}}

v

1
SPIXAX, XX, X A X

since if X # X; foralli = 1,2,...,n, then given X, Xy,..., X,, Y = By is
conditionally independent of g,,(X, D,) and Y takes values O and 1 with probability
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1/2. But clearly,
PIXF#X,X#Xo,. .. XFX, X} =P{XFX;|X})"=(1 - 1/K)".

In summary,

) 71 :
sup R,(b) > —(1 —1/K)".
bef0,1) 2

The lower bound tends to 1/2 as K — oo. O

Theorem 7.1 states that even though we have rules that are universally consistent,
that is, they asymptotically provide the optimal performance for any distribution,
their finite sample performance is always extremely bad for some distributions.
This means that no classifier guarantees that with a sample size of (say) n = 10%
we get within 1/4 of the Bayes error probability for all distributions. However, as
the bad distribution depends upon n, Theorem 7.1 does not allow us to conclude
that there is one distribution for which the error probability is more than L* + 1/4
for all n. Indeed, that would contradict the very existence of universally consistent
rules.

7.2 Slow Rates

The next question is whether a certain universal rate of convergence to L* is
achievable for some classifier. For example, Theorem 7.1 does not exclude the
existence of a classifier such that for every n, EL, — L* < ¢/n for all distributions,
for some constant ¢ depending upon the actual distribution. The next negative result
is that this cannot be the case. Theorem 7.2 below states that the error probability
EL, of any classifier is larger than (say) L* + c/(logloglogn) for every n for
some distribution, even if ¢ depends on the distribution. (This can be seen by
considering that by Theorem 7.2, there exists a distribution of (X, Y) such that
EL, > L* + 1//logloglogn for every n.) Moreover, there is no sequence of
numbers a, converging to zero such that there is a classification rule with error
probability below L* plus a,, for all distributions.

Thus, in practice, no classifier assures us that its error probability is close to
L*, unless the actual distribution is known to be a member of a restricted class of
distributions. Now, it is easily seen that in the proof of both theorems we could take
X to have uniform distribution on [0, 1], or any other density (see Problem 7.2).
Therefore, putting restrictions on the distribution of X alone does not suffice to
obtain rate-of-convergence results. For such results, one needs conditions on the a
posteriori probability 77(x) as well. However, if only training data give information
about the joint distribution, then theorems with extra conditions on the distribution
have little practical value, as it is impossible to detect whether, for example, the
a posteriori probability 7(x) is twice differentiable or not.

Now, the situation may look hopeless, but this is not so. Simply put, the Bayes
error is too difficult a target to shoot at.
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Weaker versions of Theorem 7.2 appeared earlier in the literature. First Cover
(1968b) showed that for any sequence of classification rules, for sequences {a,}
converging to zero at arbitrarily slow algebraic rates (i.e., as 1/n° for arbitrarily
small § > 0), there exists a distribution such that EL, > L* + g, infinitely often.
Devroye (1982b) strengthened Cover’s result allowing sequences tending to zero
arbitrarily slowly. The next result asserts that EL, > L* + qa,, for every n.

Theorem 7.2. Let {a,} be a sequence of positive numbers converging to zero with
1/16 > a1 > a; > .... For every sequence of classification rules, there exists a
distribution of (X, Y) with L* = 0, such that

EL, > a,

for all n.

This result shows that universally good classification rules do not exist. Rate
of convergence studies for particular rules must necessarily be accompanied by
conditions on (X, Y). That these conditions too are necessarily restrictive follows
from examples suggested in Problem 7.2. Under certain regularity conditions it is
possible to obtain upper bounds for the rates of convergence for the probability of
error of certain rules to L*. Then it is natural to ask what the fastest achievable rate
is for the given class of distributions. A theory for regression function estimation
was worked out by Stone (1982). Related results for classification were obtained
by Marron (1983). In the proof of Theorem 7.2 we will need the following simple
lemma:

Lemma 7.1. For any monotone decreasing sequence {a,} of positive numbers
converging to zero with a; < 1/16, a probability distribution (py, pa, . ..) may be
found such that py > p» > ..., and forall n

(o]
Z p; > max (8a,, 32apy41) -

i=n+l

Proor. It suffices to look for p;’s such that

o
Z p; = max (8ay,, 32np,) .

i=n+l

These conditions are easily satisfied. For positive integers # < v, define the func-
tion H(v, u) = Z:ul 1/i. First we find a sequence 1 =n; < n, < ... of integers
with the following properties:

(a) H(ngy1, ny) is monotonically increasing,

(b) H(ny,ny) = 32,

(©) 8a,, < 1/2% forallk > 1.
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Note that (c) may only be satisfied if a,, = a; < 1/16. To this end, define constants
c1, €2y ... DY
32

ck=—7--—7-—7——+, k>
25H (figs1, nic)

so that the ¢;’s are decreasing in &, and

o0

1
32 4=~

oo
e H (Mg, ne) = Z T

k=1

For n € [ng, nis1), we define p, = ¢;/(32n). We claim that these numbers have
the required properties. Indeed, {p, } is decreasing, and

o0

o0
an = Z 321‘1’(”1k+1,7’lk)—-1

n=1
Finally, if n € [ng, ng+1), then

1

e o 1
ZP:‘ b Z 32H(n1+1, nj)= Z ST
=

i=n+l j=k+1

Clearly, on the one hand, by the monotonicity of H (ng.1, ng), 1/2F > ¢, = 32np,.
On the other hand, 1/2* > 8a,, > 8a,. This concludes the proof. O

PrROOF OF THEOREM 7.2. We introduce some notation. Let b = 0.b1b2b5 ... be
a real number on [0, 1] with the shown binary expansion, and let B be a random
variable uniformly distributed on [0, 1] with expansion B = 0.B;B2Bj3 . ... Let us
restrict ourselves to a random variable X with

PX=il=p; 121,

where p; > p, > ... > 0,and fonﬂ pi = max (8a,, 32np,.1) for every n. That
such p;’s exist follows from Lemma 7.1. Set Y = by. As Y is a function of X,
we see that L* = 0. Each b € [0, 1) however describes a different distribution.
With b replaced by B we have a random distribution. Introduce the short notation
A, = (X1, Bx,), ..., (Xy, Bx,)),and define G,,; = g,(i, A,).If L,,(B) denotes the
probability of error P{g, (X, A,) # Y|B, X1, ..., X,,} for the random distribution,
then we note that we may write

o0
Lu(B) =Y pilig, 5.
i=1
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If L,(b) is the probability of error for a distribution parametrized by b, then

b L,(b
supinfE&l-(—-) > supE{inf ()}
b N Ay b n an
Ly
> E{inf (B)}
n 2a,
B
= E{E{lnan( ) Xl,Xz,...}}.
n 2a,

We consider only the conditional expectation for now. We have

Xl,Xz,...}

1- ZP{L,,(B) <2an X1, X2, ...}

n=1

n An

E{inf La(B)

X, Xo, .. }

> P { ﬁ {L11(B) > 2a,}

n=1

v

[ee]
1= P{Ly(B) < 2a,| X1, X2, ..., X,

n=]

1= > E{P{L4(B) < 24, A} X1, Xa, ..., X}

n=l

We bound the conditional probabilities inside the sum:
P{L.(B) < 2a,| Ay}
= P { Y piliGuy <2

An}
(X1 X0}

(and, noting that G;, X1, ..., X,

are all functions of A,,, we have:)

An}

(since the p;’s are decreasing, by stochastic dominance)

00
= P ZpiB,‘ <2an}.

i=n+l

= P Z pilip=1y < 2a
(X X

[ee]
P Z pilip=1) < 2an}

i=n+l

IA
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Now everything boils down to bounding these probabilities from above. We pro-
ceed by Chernoff’s bounding technique. The idea is the following: For any random
variable X, and s > 0, by Markov’s inequality,

B i sX
P(X > ¢} = P{e¥ > ¢} < Bt}

ese

By cleverly choosing s one can often obtain very sharp bounds. For more discussion
and examples of Chernoff’s method, refer to Chapter 8. In our case,

(o]
P{ Z piB; < 2a,1}

i=n+1

< E {62sa,,—s 2w PiBi }

- eZm,l ﬁ 1+ le-sp;
2 2

i=n+l
o0 1 sng
2sa, i
< e —|2—spi+
= HZ( T )
i=n+1
(since e™* < 1 —x +x2/2 for x > 0)
o0 2,2
spi  $7D;
< exp|2sa, + -+ L
- p( 3 (L ))
i=n+1
(sincel —x <e™)
=

r s? z
exp (25an - 52_ + S—p"TH—)

(where X= Z?:IHI pl)

( 1 (4a, — E)2>
= exp|l——-————
P\ pn

Z—4a,
s » and the fact that ¥ > 4a,)

(by taking s =

% .
) (since ¥ > 8a,)

A
&
el
|
—
>
=
=
i

< e (since & > 32pun).

Thus, we conclude that

. L,.(b) T e |
supinf E >1-— e " = -
bp n a, nZzl: ez —1 >2

so that there exists a b for which EL,(b) > a,, for alln. O
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Problems and Exercises

ProOBLEM 7.1. Extend Theorem 7.2 for distributions with 0 < L* < 1/2: show that if a,, is
a sequence of positive numbers as in Theorem 7.2, then for any classification rule there is
a distribution such that EL,, — L* > a, for every n for which L* +a, < 1/2.

PROBLEM 7.2. Prove Theorems 7.1 and 7.2, under one of the following additional assump-
tions, which make the case that one will need very restrictive conditions indeed to study
rates of convergence.
(1) X has a uniform density on [0, 1).
(2) X has a uniform density on [0, 1) and 5 is infinitely many times continuously
differentiable on [0, 1).
(3) 75 is unimodal in x € R?, that is, n(Ax) decreases as A > 0 increases for any
x e R2.
4) nis {0, 1}-valued, X is R?-valued, and the set {x : n(x) = 1} is a compact convex
set containing the origin.

PROBLEM 7.3. THERE IS NO SUPER-CLASSIFIER. Show that for every sequence of classifica-
tion rules {g,} there is a universally consistent sequence of rules {g; }, such that for some
distribution of (X, Y),

P{g.(X) #Y} > P{g,(X) # Y}

for all n.

PrOBLEM 7.4. The next two exercises are intended to demonstrate that the weaponry of
pattern recognition can often be successfully used for attacking other statistical problems.
For example, aconsequence of Theorem 7.2 is that estimating infinite discrete distributions is
hard. Consider the problem of estimating a distribution (p1, p,, . ..) on the positive integers
{1,2,3,...} from a sample X,, ..., X, of i.i.d. random variables with P{X, = i} = p;,
i > 1. Show that for any decreasing sequence {a,} of positive numbers converging to zero
with a; < 1/16, and any estimate {p; .}, there exists a distribution such that

E {i iPz - pi,nl} = ap.
i=1

Hint: Consider a classification problem with L* = 0, P{Y = 0} = 1/2, and X concentrated
on {1,2,...}. Assume that the class-conditional probabilities p” = P(X = i|Y = 0}
and p = P{X = i|Y = 1} are estimated from two iid. samples X", ..., X and
xV . XD, distributed according to { p\”} and {p"}, respectively. Use Theorem 2.3 to

show that for the classification rule obtained from these estimates in a natural way,

LIS 0 o, N 0 o
EL, < EE {; 1P = Pial+ ; b = pinlys
therefore the lower bound of Theorem 7.2 can be applied.

PROBLEM 7.5. A similar slow-rate result appears in density estimation. Consider the prob-
lem of estimating a density f on R, from an i.i.d. sample X1, ..., X, having density f.
Show that for any decreasing sequence {a,} of positive numbers converging to zero with
a; < 1/16, and any density estimate f,, there exists a distribution such that
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E {f [f(x) = fn(X)idx} > ay.

This result was proved by Birgé (1986) using a different—and in our view much more
complicated—argument. HINT: Put p; = f;” f(x)dx and p;, = fi‘“ Fu(x)dx and apply
Problem 7.4. o
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Error Estimation

8.1 Error Counting

Estimating the error probability L, = P{g,(X) # Y|D, } of a classification function
gn 1s of essential importance. The designer always wants to know what performance
can be expected from a classifier. As the designer does not know the distribution
of the data—otherwise there would not be any need to design a classifier—it is
important to find error estimation methods that work well without any condition
on the distribution of (X, Y). This motivates us to search for distribution-free
performance bounds for error estimation methods.

Suppose that we want to estimate the error probability of a classifier g, designed
from the training sequence D, = (X, Y1), ..., (X,, Y,)). Assume first that a
testing sequence

T = ((Xnet, Yaus1), oo, (Xotm> Ynim))

is available, which is a sequence of 1.i.d. pairs that are independent of (X, ¥) and
D, and that are distributed as (X, Y). An obvious way to estimate L, is to count
the number of errors that g, commits on 7,,. The error-counting estimator L, ,, is
defined by the relative frequency

- 1 &
Lom ==Y lig,(tputtey)-
m i

The estimator is clearly unbiased in the sense that

E {Zn,mIDn} = Ln’
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and the conditional distribution of m/L\n,m, given the training data D,,, is binomial
with parameters m and L,,. This makes analysis easy, for properties of the binomial
distribution are well known. One main tool in the analysis is Hoeffding’s inequality,
which we will use many many times throughout this book.

8.2 Hoeffding’s Inequality
The following inequality was proved for binomial random variables by Chernoff
(1952) and Okamoto (1958). The general format is due to Hoeffding (1963):

Theorem 8.1. (HOEFFDING (1963)). Let Xi, ..., X, be independent bounded
random variables such that X; falls in the interval [a;, b;] with probability one.
Denote their sum by S, = Y ;_, X;. Then for any € > 0 we have

P{S" - ESn = 6} =< 67262/ Y bi—ai)?

and
P{S, —ES, < —€} < 6_262/2:;1(1’:‘*01‘)2‘

The proof uses a simple auxiliary inequality:

Lemma 8.1. Let X be a random variable with EX = 0, a < X < b. Then for

5 >0,
E{esX} < SB-al /8

ProoF. Note that by convexity of the exponential function

x—a b—x
e < &+ & fora<x <b.
b—a b—a

Exploiting EX = 0, and introducing the notation p = —a/(b — a) we get

EesX < b e — a esb
- b—a b—a

= (1 —p+ pes(b—a)) g bsb—a)

def
f o),

where u = s(b — a), and ¢p(u) = — pu +log(l — p + pe*). But by straightforward
calculation it is easy to see that the derivative of ¢ is
p

¢(M)=—P+m,

therefore ¢(0) = ¢'(0) = 0. Moreover,

u

p(l1~ ple”

A T Ry

1
< -,
=4
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Thus, by Taylor series expansion with remainder, for some 6 € [0, u],

2 Sz(b . a)2

l u? " u-
¢(u) = ¢(0) + ug'(0) +t ¢ ©) < i 3 o

PrOOF OF THEOREM 8.1. The proof is based on Chernoff’s bounding method
(Chernoff (1952)): by Markov’s inequality, for any nonnegative random variable
X, and any € > 0,

E
P{X>e} < —X.
€

Therefore, if s is an arbitrary positive number, then for any random variable X,

s X

P(X > ) =P{e'Y > ) < &

ese

In Chernoff’s method, we find an s > 0 that minimizes the upper bound or makes
the upper bound small. In our case, we have

P{S, —ES, > €}
e *‘E {exp (S Z(Xi —EX; )) }
i=1

n
= e ]_I E {¢"®~EX0}  (by independence)
i=1

A

n
< e n oS bimai)*/8 (by Lemma 8.1)
i=1

= eS¢ es2 S (bi—ai)*/8

¢/ Eiahi=a) (by choosing s = 4¢/ S (b — ai)?).

The second inequality is proved analogously. O

The two inequalities in Theorem 8.1 may be combined to get
P{|S, — ES,| = €} < 272/ Tintbme’,

Now, we can apply this inequality to get a distribution-free performance bound for
the counting error estimate:

COROLLARY 8.1. Foreverye > 0,

P{‘Zn,m — Lyl > 6! Dn} < 26—-2m52.
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The variance of the estimate can easily be computed using the fact that, condi-

tioned on the data D,,, mL,, ,, is binomially distributed:
~ L,(1-L, 1
E { (Ln,m = Ln)zl Dn} = ——g_’-—l < —.

m 4m
These are just the types of inequalities we want, for these are valid for any distri-
bution and data size, and the bounds do not even depend on g,,.

Consider a special case in which all the X;’s take values on [—c, ¢] and have
zero mean. Then Hoeffding’s inequality states that

P{S,/n > €} < e/,

This bound, while useful for € larger than ¢/+/n, ignores variance information.
When Var{X,} < ¢?, it is indeed possible to outperform Hoeffding’s inequality.
In particular, we have:

Theorem 8.2. (BENNETT (1962) AND BERNSTEIN (1946)). Let Xi,..., X, be
independent real-valued randomvariables with zero mean, and assume that X; < ¢
with probability one. Let

I n
2= =% Var{X;}.
o= 2 ar{X;}
Then, for any € > 0,
1< ne a? 2ce
P{E; : } s (50 (i) e (4 5) 1)

(Bennett (1962)), and

P 1 ix - ne? )
— i >€er <exp| ——5———
n 4= P 202+ 2ce/3

(Berustein (1946)).

The proofs are left as exercises (Problem 8.2). We note that Bernstein’s inequality
kicks in when e is larger than about max (¢/+/n, ¢/+/n). Itis typically better than
Hoeffding’s inequality when o < c.

8.3  Error Estimation Without Testing Data

A serious problem concerning the practical applicability of the estimate introduced
above is that it requires a large, independent testing sequence. In practice, how-
ever, an additional sample is rarely available. One usually wants to incorporate
all available (X, ¥;) pairs in the decision function. In such cases, to estimate L,,
we have to rely on the training data only. There are well-known methods that we
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will discuss later that are based on cross-validation (or leave-one-out) (Lunts and
Brailovsky (1967); Stone (1974)); and holdout, resubstitution, rotation, smoothing,
and bootstrapping (Efron (1979), (1983)), which may be employed to construct
an empirical risk from the training sequence, thus obviating the need for a testing
sequence. (See Kanal (1974), Cover and Wagner (1975), Toussaint (1974a), Glick
(1978), Hand (1986), Jain, Dubes, and Chen (1987), and McLachlan (1992) for
surveys, discussion, and empirical comparison.)

Analysis of these methods, in general, is clearly a much harder problem, as g,
can depend on D), in a rather complicated way. If we construct some estimator L,
from D, then it would be desirable to obtain distribution-free bounds on

P{lfn —L,| > e},

or on R
E {!Ln - Lnlq}

for some ¢ > 1. Conditional probabilities and expectations given D, are mean-

ingless, since everything is a fung\tion of D,. Here, however, we have to be much

more careful as we do not want L,, to be optimistically biased because the same

data are used both for training and testing.

Distribution-free bounds for the above quantities would be extremely helpful,
as we usually do not know the distribution of (X, Y). While for some rules such
estimates exist—we will exhibit several avenues in Chapters 22, 23, 24, 25, 26,
and 31—it is disappointing that a single error estimation method cannot possibly
work for all discrimination rules. It is therefore important to point out that we
have to consider (g,, L,) pairs—for every rule one or more error estimates must
be found if possible, and vice versa, for every error estimate, its limitations have
to be stated. Secondly, rules for which no good error estimates are known should
be avoided. Luckily, most popular rules do not fall into this category. On the other
hand, proven distribution-free performance guarantees are rarely available—see
Chapters 23 and 24 for examples.

8.4 Selecting Classifiers

Probably the most important application of error estimation is in the selection of a
classification function from a class C of functions. If a class C of classifiers is given,
then it is tempting to pick the one that minimizes an estimate of the error probability
over the class. A good method should pick a classifier with an error probability
that is close to the minimal error probability in the class. Here we require much
more than distribution-free performance bounds of the error estimator for each of
the classifiers in the class. Problem 8.8 demonstrates that it is not sufficient to be
able to estimate the error probability of all classifiers in the class. Intuitively, if
we can estimate the error probability for the classifiers in C uniformly well, then
the classification function that minimizes the estimated error probability is likely
to have an error probability that is close to the best in the class. To certify this
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intuition, consider the following situation: Let C be a class of classifiers, that is, a
class of mappings of the form ¢ : R¢ — {0, 1}. Assume that the error count

~ 1
L) =~ > Tigwpy
Jj=1

is used to estimate the error probability L(¢) = P{¢(X) # Y} of each classifier
¢ € C. Denote by ¢ the classifier that minimizes the estimated error probability

over the class: R R
L.(¢,) < L,(¢) forallg €C.

Then for the error probability
Lg)) =P {¢;(X)#Y| Dy}
of the selected rule we have:

Lemma 8.2. (VAPNIK AND CHERVONENKIS (1974C); SEE ALSO DEVROYE (1988B)).

L(¢)) — inf L(#) < 2sup|L.(¢) — L($)],
¢eC peC
ILa(¢}) — L(p)| < sup ILa(¢) — L(®)-

PROOF.

L) —inf L@) = L@~ Lu@)+L.@) ~ inf L@)

< L) —La(¢)+ sup IL.(¢) — L(9)|
<

2sup (La(¢) — L(g)].
¢eC
The second inequality is trivially true. O

We see that upper bounds for sup,,. IZ,, (¢) — L(¢)| provide us with upper bounds
for two things simultaneously:

(1) An upper bound for the suboptimality of ¢, within C, that is, a bound for
L(¢,) — infgec L(9).

(2) An upper bound for the error [Zn (9r) — L(¢;)| committed when Zn (¢y) is
used to estimate the probability of error L(¢;) of the selected rule.

In other words, by bounding supy.c |Zn(¢) — L(¢)}, we kill two flies at once.
It is particularly useful to know that even though Zn (¢;) is usually optimistically
biased, it is within given bounds of the unknown probability of error with ¢, and
that no other test sample is needed to estimate this probability of error. Whenever
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our bounds indicate that we are close to the optimum in C, we must at the same
time have a good estimate of the probability of error, and vice versa.

As a simple, but interesting application of Lemma 8.2 we consider the case
when the class C contains finitely many classifiers.

Theorem 8.3. Assume that the cardinality of C is bounded by N. Then we have
foralle >0,

P {sup IL.(¢) — L(¢)| > e} <2Ne €.
peC

PROOF.

IA

> P{IL.(¢) — L@)| > €}

¢peC

. 2
< 2Ne €,

¢peC

P {supiinw) — L(¢)| > e}

where we used Hoeffding’s inequality, and the fact that the random variable nfn (@)
is binomially distributed with parameters n and L(¢). O

REMARK. DISTRIBUTION-FREE PROPERTIES. Theorem 8.3 shows that the problem
studied here is purely combinatorial. The actual distribution of the data does not
play a role at all in the upper bounds. O

REMARK. WITHOUT TESTING DATA. Very often, a class of rules C of the form ¢, (x) =
®n(x, Dy) is given, and the same data D, are used to select a rule by minimizing
some estimates L, (¢,) of the error probabilities L(¢,) = P{¢.(X) # Y|D,}. A
similar analysis can be carried out in this case. In particular, if ¢ denotes the
selected rule, then we have similar to Lemma 8.2:

Theorem 8.4.

L(¢*) — inf L(¢y) < 2 sup |Ln(¢n) — L),
gneC boeC

and

ILa(8}) = L@®)] < sup |L(n) — Ligw)l.

dneC

If C is finite, then again, similar to Theorem 8.3, we have for example

P {L(¢;;> ~ inf L(g,) > e} < Nsup P{IZ,(¢) — L@ > €/2} . O
n € dneC
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8.5 Estimating the Bayes Error

Itis also important to have a good estimate of the optimal error probability L*. First
of all, if L* is large, we would know beforehand that any rule is going to perform
poorly. Then perhaps the information might be used to return to the feature selection
stage. Also, a comparison of estimates of L, and L* gives us an idea how much
room is left for improvement. Typically, L* is estimated by an estimate of the error
probability of some consistent classification rule (see Fukunaga and Kessel (1971),
Chen and Fu (1973), Ful(\unaga and Hummels (1987), and Garnettand Yau (1977)).
Clearly, if the estimate L,, we use is consistent in the sense that L, — L, — 0 with
probability one as n — oo, and the rule is strongly consistent, then

Z,, — L*

with probability one. In other words, we have a consistent estimate of the Bayes
error probability. There are two problems with this approach. The first problem is
that if our purpose is comparing L* with L, then using the same estimate for both
of them does not give any information. The other problem is that even though for
many classifiers, L, — L,, can be guaranteed to converge to zero rapidly, regardless
what the distribution of (X, Y) is (see Ch%gters 23 and 24), in view of the results
of Chapter 7, the rate of convergence of L, to L* using such a method may be
arbitrarily slow. Thus, we cannot expect good performance for all distributions
from such a method. The question is whether it is possible to come up with a
method of estimating L* such that the difference L,, — L* converges to zero rapidly
for all distributions. Unfortunately, there is no method that guarantees a certain
finite sample performance for all distributions. This disappointing fact is reflected -
in the following negative result:

Theorem 8.5. For every n, for any estimate fn of the Bayes error probability L*,
and for every € > 0, there exists a distribution of (X, Y), such that

-~ 1
E{|L, - L*|} > i€

Proor. For a fixed n, we construct a iamily F of distributions, and show that for at
least one member of the family, E {|Z, — L*|} > { —e. The family contains 2" +1

distributions, where m is a large integer specified later. In all cases, X1, ..., X,
are drawn independently by a uniform distribution from the set {1, ..., m}. Let
By, B, By, ..., By, be 1.i.d. Bernoulli random variables, independent of the X;’s,

with P{B; = 0} = P{B; = 1} = 1/2. For the first member of the family F, let
Y, = B; fori =1, ..., n. Thus, for this distribution, L* = 1/2. The Bayes error for
the other 2™ members of the family is zero. These distributions are determined by
m binary parameters ai, dy, . . ., a, € {0, 1} as follows:

n@)=P{Y =1|X =i} =a,.

In other words, Y; = ay, foreveryi = 1, ..., n. Clearly, L* = 0 for these distribu-
tions. Note also that all distributions with X distributed uniformly on {1, ..., m}
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and L* = 0 are members of the family. Just as in the proofs of Theorems 7.1 and
7.2, we randomize over the family F of distributions. However, the way of random-
ization is different here. The trick is touse By, By, Bs, ..., B, inrandomly picking
a distribution. (Recall that these random variables are just the labels Yy, ..., Y, in
the training sequence for the first distribution in the family.) We choose a distribu-
tion randomly, as follows: If By = 0, then we choose the first member of F (the
one with L* = 1/2). If By = 1, then the labels of the training sequence are given
by
v - { B ifX;#X,X;#Xy,..., Xi X
"7 | B, ifj <iisthesmallestindex such that X; = X;.

Note that in case of By = 1, for any fixed realization by,...,b, € {0,1} of
Bi, ..., B,, the Bayes risk is zero. Therefore, the distribution is in the family F.

Now, let A be the event that all the X;’s are different. Observe that under A, fn
is a function of Xy, ..., X,;, By, ..., B, only, but not By. Therefore,

supE{Z, —L*|} = E[IL,-L"]}
F

(with By, By, ..., B, random)

> E{LIL,—L*)
-~ 1 ~
= Eil4 <I{Bo=0} Ln—i +I{Bo=1} ILn—O[)}
1 _ 1 o~
= E 1A-2- L,,—5 +|L, — 0]
1
> E lag
1
= —P{A}.
L PlAl

Now, if we pick m large enough, P{A} can be as close to 1 as desired. Hence,
-~ 1
supE{|L, — L*|} > T

where the supremum is taken over all distributions of (X, Y). O

Problems and Exercises

_ProBiLEM 8.1. Let B be a binomial random variable with parameters n and p. Show that
P(B > €} < s P08/ (¢ 5 pp)

and
P{B < ¢} < e P€8E/m) (¢ < ppy

(Chernoff (1952).) HINT: Proceed by Chernoff’s bounding method.
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PrOBLEM 8.2. Prove the inequalities of Bennett and Bernstein given in Theorem 8.2. To
help you, we will guide you through different stages:
(1) Show that for any s > 0, and any random variable X with EX = 0, EX? = ¢2,
X <ec,
E{e*) < oS @D,

where

fu) = 10g( ! ey Y e“) .

1+u 1+u

(2) Show that f“(u) < Oforu > 0.
(3) By Chernoff’s bounding method, show that

n
P l Z X, >eb < o sner iy f(Var{X;}/ch)
n i=1

(4) Show that f(u) < f(0)+uf'(0)=(e“ —1—cs)u.
(5) Using the bound of (4), find the optimal value of s and derive Bennett’s inequality.

ProBLEM 8.3. Use Bernstein’s inequality to show that if B is a binomial (n, p) random
variable, then for € > O,
P{E —-p> Gp} < e—3np62/8
n
and
P{E —-p< -—ep} < e—3np52/8'
n

ProBLEM 8.4. Let Xy, ..., X, beindependent binary-valued random variables with P{X; =
1}=1-P{X;=0}=p;. Setp=(1/n) Y., p;and S, = >_._; X;. Prove that

P(S, —np > ne} < e and P{S, — np < —ne} < P2
P P

(Angluin and Valiant (1979), see also Hagerup and Riib (1990)). Compare the results with
Bernstein’s inequality for this case. HINT: Put s = log(1 + €) and s = —log(1 — ¢) in the
Chernoff bounding argument. Prove and exploit the elementary inequalities

2 2

—-62— <e—(1+e)log(l+e) < —%, celo, 1],

and
2

—fz- >e—(+e)log(l+e), €e (=10

PROBLEM 8.5. Let B be a Binomial (r, p) random variable. Show that for p <a < 1,

rio-an < (2 (12) ) = (@) )

Show that for 0 < a < p the same upper bounds hold for P{B < an} (Karp (1988), see
also Hagerup and Riib (1990)). HNT: Use Chernoff’s method with parameter s and set

s =log(a(l — p)/(p(1 — a))).



Problems and Exercises 131,

PROBLEM 8.6. Let B be a Binomial (n, p) random variable. Show thatif p > 1/2,
n52
P{B —np > ne} < e 20-1,

andif p < 1/2,
n€2
P{B —np < —ne} < ¢ 207
(Okamoto (1958)). HinT: Use Chernoff’s method, and the inequality
Y
X - x—p)
p = 2pd-p)

X 1—
xlog—+ (1 —x)log
p 1

for1/2<p<x<l,andfor0 <x <p <1/2.
PrROBLEM 8.7. Let B be a Binomial (#, p) random variable. Prove that
P{\/E—- JAp = €a/n} < 672”62,

and
P{\/E — Jnp < —e/n} < e

(Okamoto (1958)). HiNT: Use Chernoff’s method, and the inequalities

1—
xlogi+(1—x)log1 XZZ(ﬁ—ﬁ)z x €[p. 11,
p - P
and 1
xlogf+(1—x)log1 = > (Vi-yp) x€0,p]
p - P

PrOBLEM 8.8. Give a class C of decision functions of the form ¢ : R¢ — {0, 1} (i.e., the
training data do not play any role in the decision) such that for every € > 0

supP {|L,(¢) — L(®)| > ¢} < 2¢72
¢peC

for every distribution, where Z,, (¢) is the error-counting estimate of the error probability
L(p)=P{¢p(X)#Y}of deciAsion ¢, and at the same time, if F, is the class of mappings ¢
minimizing the error count L,(¢) over the class C, then there exists one distribution such
that

P { sup L(¢) —inf L) =1} =1
deFn peC

for all .
PrOBLEM 8.9. Let C be a class of classifiers, that is, a class of mappings of the form

¢.(x, D,) = ¢,(x). Assume that an independent testing sequence T}, is given, and that
the error count

~ 1 m
Ln‘m(d)n) = ;; Z I{¢n(Xn+j)?!Yn+j}
Jj=1

is used to estimate the error probability L(¢,) = P{¢,(X) # Y|D,} of each classifier ¢, € C.
Denote by ¢, the classifier that minimizes the estimated error probability over the class.
Prove that for the error probability

L(4,,)=P{¢;,(X)#Y|D,}
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of the selected rule we have

L@} ) — inf L(#) < 25up [Lyn(¢) — L),
dneC ¢neC

(Lom(@,) = L($7 0] < sup (Lom(pn) — L)

Also, if C is of finite cardinality with [C| = N, then

P{ Sp | Lom(a) — L] > €

¢neC

D,,} < 2Ne2me,

ProBLEM 8.10. Show that if a rule g, is consistent, then we can always find an estimate of
the error such that E{|L, — L, |9} — 0 for all g > 0. HINT: Split the data sequence D, and
use the second half to estimate the error probability of g,/

PrOBLEM 8.11. OPEN-ENDED PROBLEM. Is there a rule for which no error estimate works for
all distributions? More specifically, is there a sequence of classification rules g, such that

for all n large enough,

inf supE{(L, — L’} > ¢
P xY

for some constant ¢ > 0, where the infimum is taken over all possible error estimates? Are
such rules necessarily inconsistent?

ProBLEM 8.12. Consider the problem of estimating the asymptotic probability of error of
the nearest neighbor rule Lyy = 2E{n(X)(1 —(X))}. Show that for every n, for any estimate
L, of Ly, and for every € > 0, there exists a distribution of (X, Y), such that

—~ 1
E{|L, - Lwl} = 1€



9
The Regular Histogram Rule

In this chapter we study the cubic histogram rule. Recall that this rule partitions
R4 into cubes of the same size, and gives the decision according to the number of
zeros and ones among the ¥;’s such that the corresponding X; falls in the same cube
as X. P, = {A,1, Az, ...} denotes a partition of R? into cubes of size h, > 0,
that is, into sets of the type ]—[fl:l [kih,, (ki + 1)h,), where the k;’s are integers, and
the histogram rule is defined by

2,(x) = { 0 if 35 TvmnyTixea,on < 2iny livi=o i ea o)
1 otherwise,

where for every x € R4, A,(x) = A,; if x € A,;. That is, the decision is zero if
the number of ones does not exceed the number of zeros in the cell in which x
falls. Weak universal consistency of this rule was shown in Chapter 6 under the
conditions %, — 0 and nh¢ — oo as n — oo. The purpose of this chapter is to
introduce some techniques by proving strong universal consistency of this rule.
These techniques will prove very useful in handling other problems as well. First
we introduce the method of bounded differences.

9.1 The Method of Bounded Differences

In this section we present a generalization of Hoeffding’s inequality, due to
McDiarmid (1989). The result will equip us with a powerful tool to handle com-
plicated functions of independent random variables. This inequality follows by
results of Hoeffding (1963) and Azuma (1967) who observed that Theorem 8.1



134 9. The Regular Histogram Rule

can be generalized to bounded martingale difference sequences. The inequality has
found many applications in combinatorics, as well as in nonparametric statistics
(see McDiarmid (1989) and Devroye (1991a) for surveys).

Let us firstrecall the notion of martingales. Consider a probability space (€2, F, P).

DERINITION 9.1. A sequence of random variables Zy, Z,, . .. is called a martingale

if
E{Z,u|Z:,...,Z}=Z; with probability one

foreachi > 0.

Let Xy, X5, ... be an arbitrary sequence of random variables. Zy, Z,, ... is
called a martingale with respect to the sequence Xy, X, ... if for everyi > 0, Z;
is a function of X1, ..., X;, and

E{Z..|X1,..., Xi} = Z; with probability one.

Obviously, if Zy, Z,, ... is a martingale with respect to Xy, X», ..., then Z;,
Z,, ... is a martingale, since

E{ZiulZ, ..., 2} E{E{Z|X,.... X} Zy,...,Z;}
E{Zi|Z,,...,Z;}
- z.

[

The most important examples of martingales are sums of independent zero-
mean random variables. Let U}, Us, ... be independent random variables with
zero mean. Then the random variables

S,"—‘iU', i>0,
j=1

form a martingale (see Problem 9.1). Martingales share many properties of sums
of independent variables. Our purpose here is to extend Hoeffding’s inequality
to martingales. The role of the independent random variables is played here by a
so-called martingale difference sequence.

DEFINITION 9.2. A sequence of random variables Vi, Vs, ... is a martingale dif-
ference sequence if

E{Vi1lV1, ..., Vi} =0 with probability one

foreveryi > 0.

A sequence of random variables Vi, Vs, ... is called a martingale difference
sequence with respect to a sequence of random variables X1, X», ... if for every
i >0V, isafunction of Xy, ..., X;, and

E{Vinl X1, ..., Xi} =0 with probability one.
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Again, itis easily seen thatif Vi, V5, ... is amartingale difference sequence with
respect to a sequence X;, X», ... of random variables, then it is a martingale dif-
ference sequence. Also, any martingale Z;, Z,, ... leads naturally to a martingale
difference sequence by defining :

Vi=Z, — 7,

fori > 0.

The key result in the method of bounded differences is the following inequality
that relaxes the independence assumption in Theorem 8.1, allowing martingale
difference sequences:

Theorem 9.1. (HOEFFDING (1963), AZUMA (1967)). Let X1, X3, ... be asequence
of random variables, and assume that V|, Va, ... is a martingale difference se-
quence with respect to X1, X, .. .. Assume furthermore that there exist random
variables 7, Z,, . . .and nonnegative constants c1, ca, . . . suchthatforeveryi > 0
Z; is a function of Xy, ..., X;_1, and

Z; < V; < Z; +c¢; with probability one.

Then for any € > O and n

=

P{ ‘/l > 6} < 87262/27:1 c?
i=1

and

n
P {ZVz < —e} < ¥/ Xd

i=1

The proof is a rather straightforward extension of that of Hoeffding’s inequality.
First we need an analog of Lemma 8.1:

Lemma 9.1. Assume that the random variables V and Z satisfy with probability
one that E{V|Z} = 0, and for some function f and constantc > 0

F@Z) <V < f(2)+c

Then for every s > 0
E {eSV[Z} < eS8,
The proof of the lemma is left as an exercise (Problem 9.2).

PROOF OF THEOREM 9.1. As in the proof of Hoeffding’s inequality, we proceed by
Chernoff’s bounding method. Set Sy = Y"*_, V;. Then for any s > 0

P{S, >¢} =< e *E {ess”}
e *E {ess""‘E {esv"]Xl, e Xn_l}}



136 9. The Regular Histogram Rule

e*“E {5} e”%/®  (by Lemma 9.1)

IA

—se 23 2 . .
e %€e” Li= /% (jterate previous argument)

e 2/ Ziacl (choose s = 4¢/ 31, ¢2).

i=1"i

IA

The second inequality is proved analogously. O

Now, we are ready to state the main inequality of this section. It is a large
deviation-type inequality for functions of independent random variables such that
the function is relatively robust to individual changes in the values of the random
variables. The condition of the function requires that by changing the value of its
i-th variable, the value of the function cannot change by more than a constant c;.

Theorem 9.2. (MCDIARMID (1989)). Let X1, .. ., X, be independent random va-
riables taking values in a set A, and assume that f : A" — R satisfies

Sup if(‘x13 "'7xn)_f(x15 -'"xi—15xl{3xi+1s~~~7xn)( Sci £ 1 S l Sn .
XiseensXn,y
le.’eAn

Then forall e > 0
Pf(Xt .. X)—Ef(X1, ..., Xp) = €} <2/ Tt

and
n 2

PEFX, ..., X)) — f(X1,....Xp) > €} < ¢ 2 Tiact

PrROOF. Define V = f(Xy,..., X,)—Ef(X;, ..., X»).Introduce V; = E{V|X,}—
EV,and fork > 1,

Vi=E{VIX:..., X3} —E{VIXy, ..., Xz},

sothat V =Y /| Vi. Clearly, Vi, ..., V, form a martingale difference sequence
with respect to X1, ..., X,,. Define the random variables

H (X1, ..., X0 =E{f(X1,..., X)IX1, ..., Xi}

and
Vi = Hl(Xq1, ..., Xp) — f Hi(X1, ..., Xp—1, X)Fr(dx),

where the integration is with respect to Fy, the probability measure of X;. Introduce
the random variables

Wy = sup (Hk(Xl,-.-,Xk—l,u)—fHk(Xl,---,Xk—x,x)Fk(dx)),
u
and

Z = inf (Hk(Xls---st~1,v)“ /Hk(xl,-~-,Xk-1,X)Fk(dX)>.
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Clearly, Z; < Vi < W) with probability one. Since for every k Z; is a function
of X1, ..., X¢—1, we can apply Theorem 9.1 directly to V = Y ;_| V, if we can
show that W, — Z, < ci. But this follows from

Wk - Zk = Sup Sup (Hk(Xla . ~:~ 5 Xk—lsru) - Hk(Xl’ ey Xk—h U))
u v

< ¢k

by the condition of the theorem. O

Clearly, if the X;’s are bounded, then the choice f(x1,...,x,) = Y ._, x; yields
Hoeffding’s inequality. Many times the inequality can be used to handle very
complicated functions of independent random variables with great elegance. For
examples in nonparametric statistics, see Problems 9.3, 9.6, 10.3.

Similar methods to those used in the proof of Theorem 9.2 may be used to bound
the variance Var{f(Xy, ..., X,)}. Other inequalities for the variance of general
functions of independent random variables were derived by Efron and Stein (1981)
and Steele (1986).

Theorem 9.3. (DEVROYE (1991A)). Assume that the conditions of Theorem 9.2
hold. Then

I3,
Var{f(X1,..., X,)} < Z;c,

PRrOOF. Using the notations of the proof of Theorem 9.2, we have to show that
1 &,
Var{V} < 1 ;Ci'

Observe that

Il

=

<
Y

Var{V}

= E ivﬁ}n > E{vivy)

i=1 I<i<j<n

= E Zn:vf},

where in the last step we used the martingale property in the following way: for
i < j we have

E{ViV;| X1, ..., X1}
= VIE{V;|X1,..., X1}
= 0 with probability one.
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Thus, the theorem follows if we can show that

C?
E{VAXy,....Xi-1} < j
Introducing W; and Z; as in the proof of Theorem 9.2, we see that with proba-
bility one Z; < V; < Z; + ¢;. Since Z; is a function of X, ..., X;_;, therefore,
conditioned on Xy, ..., X;_1, V; is a zero mean random variable taking values in

the interval [Z;, Z; + ¢;]. But an arbitrary random variable U taking values in an
interval [a, b] has variance not exceeding

_ 2
E(W - @)= O
so that
c2
Eﬂﬁ&pnxpﬁfj,

which concludes the proof. O

9.2  Strong Universal Consistency

The purpose of this section is to prove strong universal consistency of the histogram
rule. This is the first such result that we mention. Later we will prove the same
property for other rules, too. The theorem, stated here for cubic partitions, is
essentially due to Devroye and Gydrfi (1983). For more general sequences of
partitions, see Problem 9.7. An alternative proof of the theorem based on the
Vapnik-Chervonenkis inequality will be given later—see the remark following
Theorem 17.2.

Theorem 9.4. Assume that the sequence of partitions {P,} satisfies the following

two conditions as n — 00:
h, — 0

and
nhd — oo,

For any distribution of (X, Y), and for every € > 0 there is an integer ng such that
for v > ng, for the error probability L, of the histogram rule

P{L,—L*>¢e} < 2e7 /32,

Thus, the cubic histogram rule is strongly universally consistent.

Proor. Define "
izt Yilixiea, o

10 = Ay
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Clearly, the decision based on 7;,

o Y Yilixieaney Poia (=YD ix; cancey)
e =10 TG == waw
1 otherwise. .

is just the histogram rule. Therefore, by Theorem 2.3, it suffices to prove that for
n large enough, -

€

P { / In() = ny(0lu(dx) > 5} < e,

Decompose the difference as

() = 1)1 = ElGo) = 30l + (1000 = 0] = Eln@) =m0 ©.1)

The convergence of the first term on the right-hand side implies weak consistency
of the histogram rule. The technique we use to bound this term is similar to that
which we already saw in the proof of Theorem 6.3. For completeness, we give
the details here. However, new ideas have to appear in our handling of the second
term.

We begin with the first term. Since the set of continuous functions with bounded
support is dense in L;(u), it is possible to find a continuous function of bounded
support r(x) such that

f In(x) — r(x)lu(dx) < €/16.

Note that r(x) is uniformly continuous. Introduce the function
E {r(X)Iixea,uy}

w(A(x))
Then we can further decompose the first term on the right-hand side of (9.1) as

Eln(x) — n;(x)|
< InG) —ro)l+1r(x) —ry(x)l
+1r, () — En, (0] + E[Eny(x) — 0, (x)]. 9.2)

ra(x) =

We proceed term by term:

FirsT TERM: The integral of |n(x) — r(x)| (with respect to w) is smaller than € /16
by the definition of 7 (x).

SECOND TERM:  Using Fubini’s theorem we have

f [r(x) — ry ()l u(dx)

Ajipu(A))FO fAj

E{r(X)I(xea,}

d
WA puidx)

r(x)—
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1
B (A fA [r)u(A;) — E{r(X)Iixea,}| u(dx)
Aj:u(AjF0 J j
1
- ror) / u(dy) — / r()u(dy)| u(dx)
A (A0 (Aj) Ja, 4 Aj
1

IA

/ / [r(x) — r(MIpu(dx)pu(dy).
apncanso AT Ja; Ja;

As r(x) is uniformly continuous, if %, is small enough, then |r(x) —r(y)| < €/16
for every x,y € A for any cell A € P,. Then the double integral in the above
expression can be bounded from above as follows:

/A /A () — FO)(dx)p(dy) < ei(A )/ 16,

Note that we used the condition A, — 0 here. Summing over the cells we get

/ (o)

/ [ry (%) — En,(x) | udx)

|

ri(olu(dx) < €/16.

THIRD TERM: We have

Il

Z IE {r(X)I{XeAj} - YI{XGA]'}H
AjGPn

2

AjEPn

/ Ir(x) — nCOl(dx) < /16,

/A r(x)u(dx) — / n(x)u(dx)

J

IA

FourTH TERM: Our aim is to show that for » large enough,

E f En;(0) — 5(lu(dx) < €/16.
To this end, let § be an arbitrary large ball centered at the origin. Denote by m,,
the number of cells of the partition P, that intersect §. Clearly, m,, is proportional

to 1/h¢ as h, — 0. Using the notation v, (A) = L % | Iy x,c4), itis clear that
vp(A) = [, ni(x)p(dx). Now, we can write

E / (Ens(r) — n2(o)lu(dx)

EY. L B — m @l

It

EZ [EVn(An,j) - UH(A"J)!
J
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< E ) [Evi(An)) — va(Ay )] + 2159
JiAy ;NSHD
(where S¢ denotes the complement of S)
< Y VEEwA) -4 ) +2u(5°)
JiAn NS
(by the Cauchy-Schwarz inequality)
1 Ay
< m— ) PAD | sy
M ja, NS
1 > ]
-4, 0570 H(An,j)
< my dd) JAn NSHD J +2IL(SC)

n

(by Jensen’s inequality)

< P s
n

< €/16

if n and the radius of S are large enough, since m,/n converges to zero by the
condition nh¢ — oo, and u(S¢) can be made arbitrarily small by choice of S.

We have proved for the first term on the right-hand side of (9.1) that for n large
enough,

E / I100) = 2 COlu(dx) < e/4.

Finally, we handle the second term on the right-hand side of (9.1) by obtaining
an exponential bound for

/ [n(x) = m(x)|pu(dx) — E/ [n(x) = n,(x)|u(dx)

using Theorem 9.2. Fix the training data (xy, y;), . .., (x,, y») € R¢ x {0, 1}, and
replace (x;, y;) by (x;, 3i) changing the value of 77 (x) to n¥; (x). Then n(x)—n%,(x)
differs from zero only on A,(x;) and A, (X;), and thus

/ I7GE) — 720 sl — f 1700) — 72,00l (dx)
< [ 72 ) — 7 () ()

(A (x;)) +

S|

1(An (i ))) =<

1 |
<n/L(An(xi)) n(AnE)
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So by Theorem 9.2, for sufficiently large 7,

P { f () = 20Ol > —Z—}

IA

P{ f (o) — n5Colu(dx) — E / I9G0) = i )lldx) > 2}

< e—nez/SZ. O

REMARK. Strong universal consistency follows from the exponential bound on
the probability P{L,, — L* > ¢} via the Borel-Cantelli lemma. The inequality in
Theorem 9.4 may seem universal in nature. However, it is distribution-dependent
in a surreptitious way because its range of validity, n > ng, depends heavily on
€, h,, and the distribution. We know that distribution-free upper bounds could not
exist anyway, in view of Theorem 7.2. O

Problems and Exercises

ProBLEM 9.1. Let Uy, Us, .. . be independent random variables with zero mean. Show that
the random variables §; = Y_;_; U; i > 0 form a martingale.

PROBLEM 9.2. Prove Lemma 9.1.

PrOBLEM 9.3. Let X1, ..., X, bereal valued i.i.d. random variables with distribution func-
tion F(x), and corresponding empirical distribution function F, (x) = % >t Lix,<x}- Denote
the Kolmogorov-Smirnov statistic by

Vo =sup |[F(x) — F(x)|.
xeR

Use Theorem 9.2 to show that
PV, —EV,| > ¢} < 2¢7.

Compare this result with Theorem 12.9. (None of them implies the other.)
Also, consider a class A of subsets of R?. Let Zi, ..., Z, be i.i.d. random variables in
R? with common distribution P{Z; € A} = v(A), and consider the random variable

Wn = sup }Vn(A) - U(A)I’
AcA
where v,(A) = % > 1 Iiz,e4; denotes the standard empirical measure of A. Prove that

P(|W, —EW,| > ¢} <2¢72.

Compare this result with Theorem 12.5, and note that this result is true even if s(A4, n) = 2*
for all a.
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PROBLEM 9.4. THE LAZY HISTOGRAM RULE. Let P, = {A,;, An, ...} be a sequence of parti-
tions satisfying the conditions of the convergence Theorem 9.4. Define the lazy histogram
rule as follows:
gn(-x) = Yjv X € Api,
where X; is the minimum-index point among X1, ..., X, for which X; € A,;. In other
words, we ignore all but one point in each set of the partition. If L, is the conditional
probability of error for the lazy histogram rule, then show that for any distribution of
(X.Y),
limsupEL, < 2L*.
n—=>0oo
PROBLEM 9.5. Assume that P, =P = {A;, ..., Ay} isafixed partition into & sets. Consider
the lazy histogram rule defined in Problem 9.4 based on P. Show that for all distributions
of (X, Y), lim,_, o EL, exists and satisfies

k
lim EL, = Y 2p;(1 — p)u(Ay),
H—>00 l=1
where p is the probability measure for X, and p; = f 4 n(X)u(dx)/u(A;). Show that the
limit of the probability of error EL/, for the ordinary histogram rule is

k
lim EL; = ;mmm, 1— po)u(Ar),

and show that

lim EL, <2 lim EL/.

n—00 n—>o0
PROBLEM 9.6. HISTOGRAM DENSITY ESTIMATION. Let X, ..., X, beii.d. random variables
in R4 with density f. Let P be a partition of R¢, and define the histogram density estimate
by

1 n
Jalx) = YOS ; Iy eam

where A(x) is the set in P that contains x and A is the Lebesgue measure. Prove for the
L -error of the estimate that

|

(Devroye (1991a).) Conclude that weak L;-consistency of the estimate implies strong con-
sistency (Abou-Jaoude (1976a; 1976c¢), see also Problem 6.2).

/ £u06) = fGOldx —E f 500 — F@)ldx

> e} <272,

PROBLEM 9.7. GENERAL PARTITIONS. Extend the consistency result of Theorem 9.4 for se-
quences of general, not necessarily cubic partitions. Actually, cells of the partitions need not
even be hyperrectangles. Assume that the sequence of partitions {P,} satisfies the following
two conditions. For every ball § centered at the origin

lim max < sup |jx — y([) =0

n=>00 i:AniNSHD \ x yed,;
and 1
lim ~|{i : An,-nS#@}’=0-
n—oo n

Prove that the corresponding histogram classification rule is strongly universally consistent.



144 9. The Regular Histogram Rule

PrOBLEM 9.8. Show that for cubic histograms the conditions of Problem 9.7 on the partition
are equivalent to the conditions /, — 0 and nh? — oo, respectively.

PROBLEM 9.9. LINEAR SCALING. Partition R? into congruent rectangles of the form
[kihy, (ky + Dhe) x - x [kgha, (ka + Dha),

where k;, ..., k, are integers, and hj,...,hy; > O denote the size of the edges of the
rectangles. Prove that the corresponding histogram rule is strongly universally consistent
if h; = Oforeveryi =1,...,d, and nhihy...hy — o0 asn — oo. HINT: This is a
Corollary of Problem 9.7.

PROBLEM 9.10. NONLINEAR SCALING. Let Fy, ..., Fy : R — R beinvertible, strictly mono-
tone increasing functions. Consider the partition of R¢, whose cells are rectangles of the
form

UF ki), BN+ D) x o< LF (kgha), By (kg + 1Dha)).
(See Problem 9.9.) Prove that the histogram rule corresponding to this partition is strongly
universally consistent under the conditions of Problem 9.9. HiNt: Use Problem 9.7.

PROBLEM 9.11. NECESSARY AND SUFFICIENT CONDITIONS FOR THE BIAS. A sequence of par-
titions {P,} is called p-approximating if for every measurable set A, for every € > 0,
and for all sufficiently large n there is a set A, € o(P,), (¢(P) denotes the o -algebra
generated by cells of the partition ) such that u(A,AA) < €. Prove that the bias term
[ In(x) — Eq(x)liu(dx) converges to zero for all distributions of (X, ¥) if and only if the
sequence of partitions {P,} is p-approximating for every probability measure (& on R?
(Abou-Jaoude (1976a)). Conclude that the first condition of Problem 9.7 implies that {P,}
is j1-approximating for every probability measure p (Csiszar (1973)).

PROBLEM 9.12. NECESSARY AND SUFFICIENT CONDITIONS FOR THE VARIATION. Assume that
for every probability measure x4 on RY, every measurable set A, every ¢ > 0, and every
€ > 0, there is an N(¢, ¢, A, i), such that for all n > N(e, ¢, A, u),

M(A,; NA) <e.
JulAn, jNAY=c/n

Prove that the variation term f |Enji(x) — n;(x)|u(dx) converges to zero for all distributions
of (X, Y)if and only if the sequence of partitions {P,} satisfies the condition above (Abou-
Jaoude (1976a)).

PROBLEM 9.13. The e-effective cardinality m(P, i, A, €) of a partition with respect to the
probability measure (, restricted to a set A is the minimum number of sets in P such that
the union of the remaining sets intersected with A has (t-measure less than €. Prove that the
sequence of partitions {P,} satisfies the condition of Problem 9.12 if and only if for every
€ >0,

Pras i, A,
fim PP A €)
n—>00 n

(Barron, Gyorfi, and van der Meulen (1992)).

PROBLEM 9.14. In R?, partition the plane by taking three fixed points not on a line, x, y
and z. At each of these points, partition R?* by considering k equal sectors of angle 27/ k
each. Sets in the histogram partition are obtained as intersections of cones. Is the induced
histogram rule strongly universally consistent? If yes, state the conditions on k, and if no,
provide a counterexample.
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PROBLEM 9.15. Partition R? into shells of size & each. The i-th shell contains all points at
distance d € [(i — 1)h, ih) from the origin. Let # — 0 and nhA — oc as n — oo. Consider
the histogram rule. As n — oo, to what does EL, converge?
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Kernel Rules

Histogram rules have the somewhat undesirable property that the rule is less ac-
curate at borders of cells of the partition than in the middle of cells. Looked at
intuitively, this is because points near the border of a cell should have less weight
in a decision regarding the cell’s center. To remedy this problem, one might in-
troduce the moving window rule, which is smoother than the histogram rule. This
classifier simply takes the data points within a certain distance of the point to be
classified, and decides according to majority vote. Working formally, let 4 be a
positive number. Then the moving window rule is defined as

2u(r) = { 0 if 37 Ty, xies,0) 2 Doiet Iivimt,xpes.0)
1 otherwise,

where S, ;, denotes the closed ball of radius % centered at x.

It is possible to make the decision even smoother by giving more weight to
closer points than to more distant ones. Let K : R — R be a kernel function,
which is usually nonnegative and monotone decreasing along rays starting from
the origin. The kernel classification rule is given by

gy =1 0 i X -0 K (55) = XL Im=n K (555)
" 1 otherwise.
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FiGURE 10.1. The moving win-
dow rule in R?. The decision is
1 in the shaded area.

The number # is called the smoothing factor, or bandwidth. It provides some form

of distance weighting.

FIGURE 10.2. Kernel rule on
the real line. The figure shows
> Y; —DK((x— X;)/ h) for
n = 20, K(u) = (1 - Mz)l{lu‘fl}
(the Epanechnikov kernel), and
three smoothing factors h. One
definitely undersmooths and one
oversmooths. We took p = 1/2,
and the class-conditional densi-
ties are fo(x) = 2(1 — x) and
fi(x) =2x on [0, 1].

Clearly, the kernel rule is a generalization of the moving window rule, since taking
the special kernel K(x) = Ijxes,,) yields the moving window rule. This kernel
is sometimes called the naive kernel. Other popular kernels include the Gaus-
sian kernel, K (x) = e~*I”; the Cauchy kernel, K (x) = 1/(1 + [|x]|*1); and the
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Epanechnikov kernel K (x) = (1 — [x[|*)/{jxy<1}, where || - || denotes Euclidean
distance.
gaussian kemnel Cauchy kernel Epanechnikov kernel uniform kernel
L] X 1 X i 1 x
1 - 1 g T i i 1 el
0 0 1 0 1 1 0

FiGURe 10.3. Various kernels on R.

Kernel-based rules are derived from the kernel estimate in density estimation
originally studied by Parzen (1962), Rosenblatt (1956), Akaike (1954), and Ca-
coullos (1965) (see Problems 10.2 and 10.3); and in regression estimation, in-
troduced by Nadaraya (1964; 1970), and Watson (1964). For particular choices
of K, rules of this sort have been proposed by Fix and Hodges (1951; 1952),
Sebestyen (1962), Van Ryzin (1966), and Meisel (1969). Statistical analysis of
these rules and/or the corresponding regression function estimate can be found in
Nadaraya (1964; 1970), Rejté and Révész (1973), Devroye and Wagner (1976b;
1980a; 1980b), Greblicki (1974; 1978b; 1978a), Krzyzak and Pawlak (1984b),
and Devroye and Krzyzak (1989). Usage of Cauchy kernels in discrimination is
investigated by Arkadjew and Braverman (1966), Hand (1981), and Coomans and
Broeckaert (1986).

10.1 Consistency

In this section we demonstrate strong universal consistency of kernel-based rules
under general conditions on % and K. Let & > 0 be a smoothing factor depending
only on 7, and let K be a kernel function. If the conditional densities fy, fi exist,
then weak and strong consistency follow from Problems 10.2 and 10.3, respec-
tively, via Problem 2.11. We state the universal consistency theorem for a large
class of kernel functions, namely, for all regular kernels.

DERINITION 10.1. The kernel K is called regular if it is nonnegative, and there is
a ball Sy, of radius r > 0 centered at the origin, and constant b > 0 such that
K(x) > bls,, and | SUP,errs,, K(W)dx < oo

We provide three informative exercises on regular kernels (Problems 10.18,
10.19, 10.20). In all cases, regular kernels are bounded and integrable. The last
condition holds whenever K is integrable and uniformly continuous. Introduce
the short notation Kj(x) = %K (%). The next theorem states strong universal con-
sistency of kernel rules. The theorem is essentially due to Devroye and Krzyzak
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(1989). Under the assumption that X has a density, it was proven by Devroye and
Gyorfi (1985) and Zhao (1989).

Theorem 10.1. (DEVROYE AND KRZYZAK (1989)). Assume that K is a regular

kernel. If
h—0 and nh? > 0o asn — 0o,

then for any distribution of (X, Y), and for every € > Q there is an integer ngy such
that for n > ny for the error probability L, of the kernel rule

P{L, — L* > €} < 2¢7<"/06%")

where the constant p depends on the kernel K and the dimension only. Thus, the
kernel rule is strongly universally consistent.

Clearly, naive kernels are regular, and moving window rules are thus strongly
universally consistent. For the sake of readability, we give the proof for this special
case only, and leave the extension to regular kernels to the reader—see Problems
10.14, 10.15, and 10.16. Before we embark on the proof in the next section, we
should warn the reader that Theorem 10.1 is of no help whatsoever regarding the
choice of K or 4. One possible solution is to derive explicit upper bounds for the
probability of error as a function of descriptors of the distribution of (X, Y), and
of K, n and h. Minimizing such bounds with respect to K and & will lead to some
expedient choices. Typically, such bounds would be based upon the inequality

EL,-L*
< E {/ I(X = p) fo(x) — pnofao(x)ldx + / [pfilx) — Pnlfnl(X)IdX}

(see Chapter 6), where fy, f; are the class densities, fuo, f,1 are their kernel esti-
mates (see Problem 10.2) (1 — p) and p are the class probabilities, and pyg, Py
are their relative-frequency estimates. Bounds for the expected L;-error in den-
sity estimation may be found in Devroye (1987) for d = 1 and Holmstrém and
Klemeld (1992) for d > 1. Under regularity conditions on the distribution, the
choice & = cn~%/@* for some constant is asymptotically optimal in density es-
timation. However, ¢ depends upon unknown distributional parameters. Rather
than following this roundabout process, we ask the reader to be patient and to
wait until Chapter 25, where we study automatic kernel rules, i.e., rules in which
h, and sometimes K as well, is picked by the data without intervention from the
statistician.

1t is still too early to say meaningful things about the choice of a kernel. The
kernel density estimate

1 - x—X,-
fn<x>=;;l—d;1<( - )

based upon an i.i.d. sample X;, ..., X, drawn from an unknown density f is
clearly a density in its own right if K > 0 and f K = 1. Also, there are certain
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popular choices of K that are based upon various optimality criteria. In pattern
recognition, the story is much more confused, as there is no compelling a priori
reason to pick a function K that is nonnegative or integrable. Let us make a few
points with the trivial case n = 1. Taking & = 1, the kernel rule is given by

(x) = 0 ifYi=0,Kx—X)>0orif¥1=1,Kx—-X;)<0
1= 1 otherwise.

If K >0,then g,(x)=0if ¥Y; =0, orif Y1 =1 and K(x — X1) = 0. As we would
obviously like g,(x) = O if and only if ¥; = 0, it seems necessary to insist on
K > 0 everywhere. However, this restriction makes the kernel estimate nonlocal
in nature.

Forn = 1and d = 1, consider next a negative-valued kernel such as the Hermite
kernel

K(x) = (1 —x2)e™™.

FIGURE 10.4. Hermite kernel.

K(x) = (1-x?) ¢ /2

Ttis easy to verify that K(x) > Oifandonly if |x| < 1. Also, f K = 0. Nevertheless,
we note that it yields a simple rule:

) = 0 ifh=0,x—-Xi|<lorifY1=1,1x —Xq|>1
81 =1 1 otherwise.

If we have a biatomic distribution for X, with equally likely atoms at 0 and 2, and
n0)=0and n(2) =1 (e, Y =0if X =0and ¥ =1if X =2),then L* =0
and the probability of error for this kernel rule (L;) is O as well. Note also that
for all n, g, = g; if we keep the same K. Consider now any positive kernel in the
same example. If X1, ..., X, are all zero, then the decision is g,(x) = 0 for all x.
Hence L, > %P{X {=---=X,}=1/2"1 > 0. Our negative zero-integral kernel
is strictly better for all n than any positive kernel! Such kernels should not be
discarded without further thought. In density estimation, negative-valued kernels
are used to reduce the bias under some smoothness conditions. Here, as shown
above, there is an additional reason—negative weights given to points far away
from the X;’s may actually be beneficial.
Staying with the same example, if K > 0 everywhere, then

EL; =P{¥;=0,Y =1} +P{¥; = 1, Y = 0} = 2En(X)E{1 — n(X)},

whichmay be 1/2 Gf En(X) = 1/2) evenif L* = 0 (which happens whenn € {0, 1}
everywhere). For this particular example, we would have obtained the same result
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even if K = 1 everywhere. With K = 1, we simply ignore the X;’s and take a

majority vote among the ¥;’s (with K = —1, it would be a minority vote!):
[0 i Ty = X Liveyy
gn(x) = { 1 otherwise.

Let N, be the number of Y¥;’s equal to zero. As N, is binomial (n, I — p) with
p =En(X)=P{Y =1}, we see that
n

EL, =pP{Nn > §}+(1 —p)P{N,, < g} - min(p, 1 — p),

simply by invoking the law of large numbers. Thus, EL, — min(p, 1 — p). As
in the case with n = 1, the limit is 1/2 when p = 1/2, even though L* = 0 when
n € {0, 1} everywhere. It is interesting to note the following though:

EL, = 2p(1-p)
= 2min(p,1 — p)(1 —min(p, 1 — p))
< Z2min(p, 1 - p)
= 2 lim EL,.

n—o0

The expected error with one observation is at most twice as bad as the expected
error with an infinite sequence. We have seen various versions of this inequality
at work in many instances such as the nearest neighbor rule.

Let us apply the inequality for EL; to each part in a fixed partition P of R%. On
eachofthek sets Ay, ..., Ay of P, we apply a simple majority vote among the ¥;’s,
as in the histogram rule. If we define the lazy histogram rule as the one in which
in each set A;, we assign the class according to the ¥; for which X ; € A; and j is
the lowest such index (“the first point to fall in A;”). It is clear (see Problems 9.4
and 9.5) that

IA

2 lim EL,

n—>0o0

k

1
3 (A ], 1eomd) /A A=),

i=1

lim EL, .y
n—>0o0

It

where L, is the probability of error for the ordinary histogram rule. Again, the
vast majority of observations is barely needed to reach a good decision.

Just for fun, let us return to a majority vote rule, now applied to the first three
observations only. With p = P{Y = 1}, we see that

ELy=p (1~ p)’+3(1 = py’p)+ (1 = p) (31 = p)p*+ p°)
by just writing down binomial probabilities. Observe that

EL3 p( = p)(A+4p(d - p))
< min(p, 1 - p)(1 +4min(p, 1 — p))

]

lim EL, (1 +4 lim 4ELn) .

n—0o0 n—>00
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If lim,_, o EL, is small to start with, e.g., lim,_,o EL, = 0.01, then EL; <
0.01 x 1.04 = 0.0104. In such cases, it just does not pay to take more than three
observations.

Kernels with fixed smoothing factors-have no local sensitivity and, except in
some circumstances, have probabilities of error that do not converge to L*. The uni-
versal consistency theorem makes a strong case for decreasing smoothing factors—
there is no hope in general of approaching L* unless decisions are asymptotically
local.

The consistency theorem describes kernel rules with 7 — 0: these rules become
more and more local in nature as n — ©0. The necessity of local rules is not appar-
ent from the previous biatomic example. However, it is clear that if we consider a
distribution in which given ¥ = 0, X isuniformon {6, 36, . .., (2k+1)8}, and given
Y =1, X is uniform on {24, 43, ..., 2ké}, that is, with the two classes intimately
interwoven, a kernel rule with K > 0 of compact support [—1, 1],and & < § < 1
will have

Lo = 1 o)

where N; is the number of X;’s at the i-th atom. Hence EL, goes to zero expo-
nentially fast. If in the above example we assign X by a geometric distribution on
5,8%,8%, ... whenY =0, and by a geometric distribution on 82, 8%, 8, ... when
Y =1, then to obtain EL, — 0, it is necessary that # — 0 (see Problem 10.1).

REMARK. It is worthwhile to investigate what happens for negative-valued kernels
K when h — 0, nh? — oo and K has compact support. Every decision becomes
an average over many local decisions. If 1 has a density f, then at almost all points
x, f may be approximated very nicely by |, s,; J/M(Sx5) for small § > 0, where
S5 1s the closed ball of radius § about x. This implies, roughly speaking, that the
number of weighted votes from class 0 observations in a neighborhood of x is about
(1 —n(x))f(x)nh [ K, while for class 1 the weight is about n(x) f(x)nh? [ K.
The correct decision is nearly always made for nh? large enough provided that
J K > 0. See Problem 10.4 on why kernels with [ K < 0 should be avoided. O

10.2  Proof of the Consistency Theorem

In the proof we can proceed as for the histogram. The crucial difference is captured
in the following covering lemmas. Let 8, denote the minimum number of balls of
radius 1/2 that cover the ball Sy ;. If K is the naive kernel, then p = 8; in Theorem
10.1.

Lemma 10.1. (COVERING LEMMA). If K (x) = Iixes, ) thenforanyy € RE b >0,
and probability measure Ji,
Ky(x —y)
J Ki(x — 2)p(dz)

w(dx) < By.
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ProOF. Cover the ball S, , by B, balls of radius #/2. Denote their centers by
X1, ..., Xg,- Then x € Sy, /o implies S, /2 C Sy » and thus

w(Sx,n) = (S ny2)-

We may write

Kiy(x =) / Iixes,
d = ———uld
TEntx — a0 (S, 40

< / {xésx, h/2} dx)
(Sx h)
< / {Xésx, w2} dx)
u(Syx;, h/z)

Lemma 10.2. Let0 < h < R < oo, and let S C R¢ be a ball of radius R. Then
for every probability measure |,

1 R\%?
 _u@x)<|1+= ,
/S \/M(Sx,h)ﬂ( 0= ( h) o

where cq depends upon the dimension d only.

Proor. Cover S with balls of radius /2, centered at center points of a regular
grid of dimension £/ QVd)x...xh/ (24/d). Denote these centers by X1, ...y Xm,
where m is the number of balls that cover S. Clearly,

volume(Sp, g+4)
volume(grid cell)

_ VaR+hy
- d

(n1ava)

R d
<1+-];) Cld,

where the constant ¢/, depends upon the dimension only. Every x gets covered at
most k; times where k; depends upon d only. Then we have

m

(V, is the volume of the unit ball in R¢)

IA

m

1
—=——pu(dx)
; Sxin2 v M(Sx ")
(XGSX, h/z}

\/ (Sx h

1
—u(d
/s\/msx,h)“ @)
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L I{XGSX» w2}
= ———(dx)
; / U(Sx; 1y2)
(by the same argument as in Lemma 10.1)
m
= Z I’L(Sxi,h/Z)
i=1
< m Z 2 (Sx; n/2)
i=1
(by the Cauchy-Schwarz inequality)
< Vkm
<

R d
(1 + —-) Cd,
h

where ¢; depends upon the dimension only. O

PrROOF OF THEOREM 10.1. Define

> -1 YiKn(x — X;)
nEKy(x — X)

M(x) =

Since the decision rule can be written as

o i 2= ViKne = Xp) 300 - YKux — X))
gn(x) = nEKp(x — X) a nEK,(x — X)
1 otherwise,

by Theorem 2.3, what we have to prove is that for n large enough

P {/ n(x) — na(x)iu(dx) > %} < /B2,

We use a decomposition as in the proof of strong consistency of the histogram
rule:

[nC0) = 10 )]
= Eln() = @)+ (1n) = 1) = Eln@) = m@)). (10

To handle the first term on the right-hand side, fix €’ > 0, and let r : R — R be
a continuous function of bounded support satisfying

f In(x) — r(x)luldx) < €.
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Obviously, we can choose the function r such that 0 < r(x) < 1 for all x € R4,
Then we have the following simple upper bound:

Ein(x) — 7,(x)]

E{irX)K,(x — X
= @ =l e - {VéKZ,(;(jx) )}‘
E {r(X)K;(x — X)}
] EK,(x — X) — En,(x)| + E[En, (x) — n,(x)[.  (10.2)

Next we bound the integral of each term on the right-hand side of the inequality
above.

FIRST TERM: By the definition of r,
[ 1m0 =l < ¢

SECOND TERM: Since r(x) is continuous and zero outside of a bounded set, it is
also uniformly continuous, that is, there exists a 6 > 0 such that {|x — y|| < §
implies |r(x) — r(y)| < €. Also, r(x) is bounded. Thus,

/ ’r(x) _E{r(X0OKyx — X)) ‘ )

EK,(x — X)
- lru)— r(yéfg:é—_ y)u(dy)! .
: / fSJEI;;;((); V(x)~r(y)lu(d>f)u(dx)
// EIZ(( V(x)-r()’)lu(dy)u(dx)
<

K/z(x -
/ ( / o S s Ir(X)—r(z:)!) i)

Ki(x —y)
+ —————u(dy) | n(dx).
/ (/s EK;(x — X) )
In the last step we used the fact that sup, , [r(x) — r(y)| < 1. Clearly, we have

fs s E%(&iy)bu(dy) < 1, and by the uniform continuity of r(x), sup,cs , [r(x) —

r(z)] < €. Thus, the first term at the end of the chain of inequalities above is
bounded by €’. The second term converges to zero since & < § for all n large
enough, which in turn implies [, E’jgffng)u(dy) = 0. (This is obvious for the
naive kernel. For regular kernels, cdnvergence to zero follows from Problem 10.15.)

The convergence of the integral (with respectto u(dx)) follows from the dominated
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convergence theorem. In summary, we have shown that

oy~ EQOK G = X))
' T EKG - X)

uldx) < €.

lim sup
n—>00

THIRD TERM:

/ iE{r(X)Kh(x - X)}
EK,(x — X)

’f(r(y) — () Kn(x — y)u(dy) l (d)

—En,(x)| u(dx)

EXKn(x —X)

A

ffvm mmfm( Jl”mwmwm

K
([ rrtss e ) o) = noiuta

(by Fubini’s theorem)

/plr(y) — n(Mludy) < pe’,

1l

IA

where in the last two steps we used the covering lemma (see Lemma 10.1 for the
naive kernel, and Problem 10.14 for general kernels), and the definition of r(x). p
is the constant appearing in the covering lemma:

FOURTH TERM: We show that
E{/mmu»ﬂmmmwm}ao
For the naive kernel, we have
E {[En,(x) — n,(x)[}
< VE{En@ - n(P)

2
EKZ&mmﬂ—&%ﬁwma—mm}
2 (EK(x = X))

E{(YKy(x — X) — E{YK)(x — X)})*}
n(EK,(x — X))

I

JE&H@@—XW}<JEkma—Xw}

n(EK;(x — X))? n(EK;(x — X))

EK (- X)/h)  _ 1
n(EK((x — X)/h)? ~ \ npu(Sen)’
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where we used the Cauchy-Schwarz inequality, and properties of the naive kernel.
Extension to regular kernels is straightforward.

Next we use the inequality above to show that the integral converges to zero.
Divide the integral over R into two terms, namely an integral over a large ball §
centered at the origin, of radius R > 0, and an integral over S¢. For the integral
outside of the ball we have

/ E ([Ena(x) — na(0)]} pe(dx) < 2 /S () — 2 fs o)

with probability one as n — oo, which can be shown in the same way we proved

f Ena(x)u(dx) — f n(r)R(dx)
R4 R

(see the first, second, and third terms of (10.2)). Clearly, the radius R of the ball §
can be chosen such that 2 |, se N(x)p(dx) < €/4. To bound the integral over S we
employ Lemma 10.2:

1 1
E{|En, — Ny d < — —u(d
fs (Ena(x) — n(@l) uldx) < ﬁfs —H)

(by the inequality obtained above)

1 R\ 42
< — {1+
= ﬁ( h) “

— 0 (since by assumption nh¢ — 00).

Therefore, if n is sufficiently large, then for the first term on the right-hand side of
(10.1) we have

E { f InGx) — nn<x>m(dx>} <p+=e/d

if we take € = €/(4p + 12).

Tt remains to show that the second term on the right-hand side of (10.1) is small
with large probability. To do this, we use McDiarmid’s inequality (Theorem 9.2)
for

/ [n(x) = na(x)|u(dx) — E {f [n(x) — nn(X)IM(dX)} :

Fix the training data at ((x1, y1), - - ., (xXx, Y»)) and replace the i-th pair (x;, y;) by
(%;, ), changing the value of 7,(x) to n*;(x). Clearly, by the covering lemma
(Lemma 10.1),

/ln(X)—nn(x)l,u(dX)—/Iﬂ(x)-nii(X)lM(dx)

/ 2Kp(x — y)

nEK, (= x40

IA

/Inn(x)— M ()| p(dx) < sup
yeR4

2p
—.
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So by Theorem 9.2,

P { / I7G0) = na()le(dx) >§}

IA

P{ / In(x) —nn(x)lu(dX)——E{ f In(x) — nnoc)m(dx)} > %}

< neB2%)

The proof is now completed. O

10.3 Potential Function Rules

Kernel classification rules may be formulated in terms of the so-called potential
Junction rules. These rules were originally introduced and studied by Bashkirov,
Braverman and Muchnik (1964), Aizerman, Braverman and Rozonoer (1964c;
1964b; 1964a; 1970), Braverman (1965), and Braverman and Pyatniskii (1966).
The original idea was the following: put a unit of positive electrical charge at
every data point X;, where ¥; = 1, and a unit of negative charge, at data points X;
where Y; = 0. The resulting potential field defines an intuitively appealing rule:
the decision at a point x is one if the potential at that point is positive, and zero if
it is negative. This idea leads to a rule that can be generalized to obtain rules of

the form

gn(x)={ 1 otherwise,

where
n

fn(x)z rn,i(Dn)Kn,i(x,Xi):

i=1

where the K, ;’s describe the potential field around X;, and the r, ;’s are their
weights. Rules that can be put into this form are often called potential function
rules. Here we give a brief survey of these rules.

KErNEL RULES. Clearly, kernel rules studied in the previous section are potential
function rules with

Y

Kyi(x,y)=K (xh_ ) »and 7i(Dy) =2Y; — 1
n
Here K is a fixed kernel function, and A1, h», . . . is a sequence of positive numbers.

HisTOGRAM RULES. Similarly, histogram rules (see Chapters 6 and 9) can be put
in this form, by choosing
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K.i(x,y) = Ijyea, iy, and r,,;(D,)=2Y; — 1.
Recall that A,(x) denotes the cell of the partition in which x falls.

POLYNOMIAL DISCRIMINANT FUNCTIONS. Specht (1967) suggested applying a poly-
nomial expansion to the kernel K ("—;—y—) This led to the choice

k
KniCe,y) = ) (0%, and 1, i(D,) =2Y; — 1,
j=1

where ¥/1, . . ., ¥y are fixed real-valued functions on R¢. When these functions are
polynomials, the corresponding classifier g, is called a polynomial discriminant
function. The potential function rule obtained this way is a generalized linear rule
(see Chapter 17) with

k
fn(x) = Z an,jl[fj(x)s
=1

where the coefficients a, ; depend on the data D, only, through

n

anj =Y (2Y; = DY;(X)).

i=1

This choice of the coefficients does not necessarily lead to a consistent rule, unless
the functions ¥y, . . ., ¥y are allowed to change with n, or & is allowed to vary with
n. Nevertheless, the rule has some computational advantages over kernel rules.
In many practical situations there is enough time to preprocess the data D,, but
once the observation X becomes known, the decision has to be made very quickly.
Clearly, the coefficients a, 1, ..., a,,» can be computed by knowing the training
data D, only, and if the values ¥;(X), ..., ¥x(X) are easily computable, then
f(X) can be computed much more quickly than in a kernel-based decision, where
all n terms of the sum have to be computed in real time, if no preprocessing is done.
However, using preprocessing of the data may also help with kernel rules, espe-
cially when d = 1. For a survey of computational speed-up with kernel methods,
see Devroye and Machell (1985).

RECURSIVE KERNEL RULES. Consider the choice

x =Y

i

Kni(x,y) =K ( ) , and (D) =2Y; — 1. (10.3)

Observe that the only difference between this and the ordinary kernel rule is that
in the expression of K}, ;, the smoothing parameter %, is replaced with k;. With
this change, we can compute the rule recursively by observing that

Jar1 () = fu(x) + QY1 — DK (x_;__Xn_H) '

n+l
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The computational advantage of this rule is that if one collects additional data,
then the rule does not have to be entirely recomputed. It can be adjusted using the
formula above. Consistency properties of this rule were studied by Devroye and
Wagner (1980b), Krzyzak and Pawlak (1984a), Krzyzak (1986), and Greblicki
and Pawlak (1987). Several similar recursive kernel rules have been studied in
the literature. Wolverton and Wagner (1969b), Greblicki (1974), and Krzyzak and
Pawlak (1983), studied the situation when

=y

1
Kni(x,y) = ——K< T

W

14

) and r,;(D,)=2Y; — 1. (10.4)
The corresponding rule can be computed recursively by

1 - Xn+
Fort) = £+ Qpar = DK (x_g__l) ,

n+l1 n+l

Motivated by stochastic approximation methods (see Chapter 17), Révész (1973)
suggested and studied the rule obtained from

— 1 I __l_» X _')(n+l
Frot () = o)+ Wy = 1 = £y K(————h )

n+l n+l

A similar rule was studied by Gyorfi (1981):

= ! X = Xn+1
Sont () = o) + —m2 @V — 1 = fu(x)K (T_) .

n+l

Problems and Exercises

ProBLEM 10.1. Let K be a nonnegative kernel with compact support on [—1, 1]. Show
that for some distribution, 2 — 0 is necessary for consistency of the kernel rule. To this
end, consider the following example. Given ¥ = 0, X has a geometric distribution on
8,83%,8%,...,and given Y = 1, X has a geometric distribution on 82, 8%, §°, . ... Then show
that to obtain EL,, — L* = 0, it is necessary that # — 0.

PrOBLEM 10.2. KERNEL DENSITY ESTIMATION. Let X, ..., X, be i.i.d. random variables in
R¢ with density f. Let K be a kernel function integrating to one, and let h, > 0 be a
smoothing factor. The kernel density estimate is defined by

1 = x —X;
fn(x)=;l71;ZK< " )

nooj=1

(Rosenblatt (1956), Parzen (1962)). Prove that the estimate is weakly universally consistent
in L, if h, — 0 and nh? — oo as n — co. HINT: Proceed as in Problem 6.2.
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PROBLEM 10.3. STRONG CONSISTENCY OF KERNEL DENSITY ESTIMATION. Let X4, ..., X, be
ii.d. random variables in R with density f.Let K be a nonnegative function integrating to
one (akernel) and 2 > 0 a smoothing factor. As in the previous exercise, the kernel density
estimate is defined by
1 & x—X;
X)=—— K .
fa0) = =5 Z} (——)

Prove for the L{-error of the estimate that

P{] f o) — F)ldx — E f o) — FOOldx

> e} < 2e7</2

(Devroye (1991a)). Conclude that weak L-consistency of the estimate implies strong con-
sistency (see Problem 10.2). This is a way to show that weak and strong L-consistencies
of the kernel density estimate are equivalent (Devroye (1983).) Also, for d = 1, since if K
is nonnegative, then E f | fu(x) — f(x)|dx cannot converge to zero faster than n~%/> for any
density (see Devroye and Gyorfi (1985)), therefore, the inequality above implies that for
any density
o L1500 = fldx

n>o0 B [ fu(x) — f(x)ldx
with probability one (Devroye (1988d)). This property is called the relative stability of the
L error. It means that the asymptotic behavior of the Li-error is the same as that of its
expected value. HINT: Use McDiarmid’s inequality.

PrOBLEM 10.4. If [ K < 0, show that under the assumption that u has a density f, and
that i — 0, nh? — oo, the kernel rule has

}LngoEL,, =E {max(n(X),1 —n(X)}=1-L".

Thus, the rule makes the wrong decisions, and such kernels should be avoided. HINT: You
may use the fact that for the kernel density estimate with kernel L satisfying f L=1,

[Ifn(X) — f(x)ldx - 0

with probability one, if & — 0 and nk¢ — oo (see Problems 10.2 and 10.3).

ProBLEM 10.5. Consider a devilish kernel that attaches counterproductive weight to the
origin:

=1 if x|l <1/3
Kx)=13 1 if1/3 <|xll <1
0 if |lx]| > 1.

Assume that & — 0, yet nh? — oco. Assume that L* = 0. Show that L, —> 0 with
probability one. CONCESSION: if you find that you can’t handle the universality, try first
proving the statement for strictly separable distributions.

PrOBLEM 10.6. Show that for the distribution depicted in Figure 10.2, the kernel rule with
kernel K(u)=(1— uz)l{wfl) is consistent whenever /4, the smoothing factor, remains fixed
and0 < h < 1/2.
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PROBLEM 10.7. THE LIMIT FOR FIXED k. Consider a kernel rule with fixed # = 1, and fixed
kernel XK. Find a simple argument that proves

lim ELn = Leos

n—>00

where L, is the probability of error for the decision g, defined by

[ 0 EKx-X)2n(X)-1} <0
8= 1 PR (x - X)2n(X) — 1)} > 0.

Find a distribution such that for the window kernel, L., = 1/2, yet L* = 0. Is there such a
distribution for any kernel? HINT: Try proving a convergence result at each x by invoking
the law of large numbers, and then replace x by X.

PrOBLEM 10.8. Show that the conditions 4, — 0 and nh? — 0o of Theorem 10.1 are not
necessary for consistency, that is, exhibit a distribution such that the kernel rule is consistent
with 4, = 1, and exhibit another distribution for which the kernel rule is consistent with
b ~ 1/n1/4.

PROBLEM 10.9. Prove that the conditions 4, — 0 and nh? — oo of Theorem 10.1 are
necessary for universal consistency, that is, show that if one of these conditions are violated
then there is a distribution for which the kernel rule is not consistent (Krzyzak (1991)).

PROBLEM 10.10. This exercise provides an argument in favor of monotonicity of the kernel
K. In R?, find a nonatomic distribution for (X, Y), and a positive kernel with JK >0,
K vanishing off Sy ; for some § > 0, such that for all # > 0, and all n, the kernel rule
has EL, = 1/2, while L* = 0. This result says that the condition K (x) > blIg, ,; for some
b > 0 in the universal consistency theorem cannot be abolished altogether.

ProBLEM 10.11. With K as in the previous problem, and taking 4 = 1, show that

lim EL, = L*

n—>o0

under the following conditions:
(1) K has compact support vanishing off Sp5, K > 0, and K > bls,,; for some
€ > 0.
(2) We say that we have agreement on S, s when for all z € S, s, either n(z) < 1/2,
or n(z) > 1/2. We ask that P{Agreement on Sx 5} = 1.

ProBLEM 10.12. The previous exercise shows that at points where there is agreement, we
make asymptotically the correct decision with kernels with fixed smoothing factor. Let D
be the set {x : n(x) = 1/2}, and let the §-neighborhood of D be defined by Ds = {y :
lly —x[| <6 for some x € D}. Let jx be the probability measure for X. Take K, % as in the
previous exercise. Noting that x ¢ D, means that we have agreement on S, ;, show that for
all distributions of (X, Y),

limsupEL, < L* + u(D;).

n—00
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FIGURE 10.5. §-neighborhood of a
set D.

PrROBLEM 10.13. CoNTINUATION. Clearly, u(D;) — 0 as § — 0 when u(D) = 0. Convince
yourself that u(D) = 0 for most problems. If you knew how fast u(D;) tended to zero,
then the previous exercise would enable you to pick 4 as a function of n such that h — 0
and such that the upper bound for EL, obtained by analogy from the previous exercise
is approximately minimal. If in R¢, D is the surface of the unit ball, X has a bounded
density f, and 7 is Lipschitz, determine a bound for ;1(Ds). By considering the proof of the
universal consistency theorem, show how to choose £ such that

. 1

ProBLEM 10.14. EXTENSION OF THE COVERING LEMMA (LEMMA 10.1) TO REGULAR KERNELS.
Let K be a regular kernel, and let 1 be an arbitrary probability measure. Prove that there
exists a finite constant p = p(K) only depending upon K such that for any y and i

Ku(x —y)

T Ex — dutdy ) =#

(Devroye and Krzyzak (1989)). HINT: Prove this by checking the following:

(1) First take a bounded overlap cover of R¢ with translates of So,2, where r > 0
is the constant appearing in the definition of a regular kernel. This cover has an
infinite number of member balls, but every x gets covered at most k; times where
k; depends upon d only.

(2) The centers of the balls are called x;, i = 1,2, .... The integral condition on K
implies that

ad k
Z sup  K(x) < 7‘—17_/ sup K(y)dx <k,
So.r/2 *

i=1 XE€Xi+50,/2 YEX+S80,/2

for another finite constant k.
(3) Show that

Kp(x —y) < Z sup Ky (x = Y ixeysh+ 1>
i=] XEY+hxi+80,rn/2

and

/ Ky(x — 2)uldz) = by +hx; + Sons2) (x € ¥y +hx; + Sonp2)-
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From (c) conclude

Ki(x —y)

ATV x
[Ke—on@ "™
o SUP, e Ki(z
< / b P S0
i1 Y xey+hxi+So n/0 n(y +hx; + SO,rh/Z)

&\ (Y + hxi + So,rn/2) SUD e 45, 10 Kin(2)
buly +hx; + So.ruj2)

i=1
1 & k
= ;2 _sw K@<,

b i=1 2€hx;i+S0,rn/2
where k, depends on K and d only.

PrOBLEM 10.15. Let K be a regular kernel, and let i be an arbitrary probability measure.
Prove that for any § > 0

Kn(x — v {jix—yli=s
v b [ Kn(x = 2u(dz)

HINT: Substitute Kj(z) in the proof of Problem 10.15 by K;,(z)I(]|z]] > 8) and notice that

) u(dx) = 0.

Kin(x = Y -zl -
su; = u(dx) < su Kw@I(llzl] = 8) — 0
yp f Kh(x - Z)M(‘iz) ;zehxﬁég,h/z "
ash — Q.

PrOBLEM 10.16. Use Problems 10.14 and 10.15 to extend the proof of Theorem 10.1 for
arbitrary regular kernels.

ProBLEM 10.17. Show that the constant 8; in Lemma 10.1 is never more than 4¢.

PrOBLEM 10.18. Show thatif L > 01is a bounded function that is monotonically decreasing
on [0, co) with the property that [ 4™ L(u)du < oo, andif K : RY — [0, co)is a function
with K(x) < L(|ix|]), then K is regular.

PrOBLEM 10.19. Find a kernel K > 0 that is monotonically decreasing along rays (i.e.,
K(rx) < K(x)forall x € R¢ and all » > 1) such that K is not regular. (This exercise is
intended to convince you that it is very difficult to find well-behaved kernels that are not
regular.)

ProBLEM 10.20. Let K(x) = L(}jx|]) for some bounded function L > 0. Show that K is
regular if L is decreasing on [0, 00) and [ K (x)dx < oo. Conclude that the Gaussian and
Cauchy kernels are regular.

PrOBLEM 10.21. Regularity of the kernel is not necessary for universal consistency. Investi-
gate universal consistency with a nonintegrable kernel—that is, for which [ K (x)dx = co—
such as K(x) = 1/(1 + |x|). Greblicki, Krzyzak, and Pawlak (1984) proved consistency of
the kernel rule with smoothing factor 4, satisfying #, — 0 and nh‘,f — oo if the ker-
nel K satisfies the following conditions: K (x) > clj.<1y for some ¢ > 0 and for some
c1, ¢ > 0, H(||x|) < K(x) < ¢ H(||x||), where H is a nonincreasing function on [0, co)
with u? H(u) — 0 as u — oo.
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ProBLEM 10.22. Consider the kernel rule with kernel K(x) = 1/|ix||", r > 0. Such kernels
are useless for atomic distributions unless we take limits and define g, as usual whenx ¢ §,
the collection of points z with X; = X; = z for some pair (i # j). For x € §, we take
a majority vote over the ¥;’s for which X; = x. Discuss the weak universal consistency
of this rule, which has the curious property that g, is invariant to the smoothing factor
h—so, we might as well set 2 = 1 without loss of generality. Note also that for » > 4,
fSo,» K(x)dx = oo, and for r < d, f581 K(x)dx = oo, where Sy is the unit ball of RY
centered at the origin. In particular, if r 5 d, by considering X uniformon Sp; if ¥ = 1 and
X uniform on the surface of S ; if Y = 0, show that even though L* = 0, the probability of
error of the rule may tend to a nonzero limit for certain values of P{Y = 1}. Hence, the rule
is not universally consistent. For r > d, prove or disprove the weak universal consistency,
noting that the rules’ decisions are by-and-large based on the few nearest neighbors. Prove
the rule is weakly consistent for all » < d whenever X has a density.

ProBLEM 10.23. Assume that the class densities coincide, that is, fo(x) = f1(x) for every
x € R,and assume p = P{Y = 1} > 1/2. Show that the expected probability of error of the
kernel rule with K = 1 is smaller than that with any unimodal regular kernel for every n
and A small enough. Exhibit a distribution such that the kernel rule with a symmetric kernel
such that K (|x[) is monotone increasing has smaller expected error probability than that
with any unimodal regular kernel.

PROBLEM 10.24. SCALING. Assume that the kermnel K can be written into the following
product form of one-dimensional kernels:

d
K(x) =KD, . x@) =[] K:(x®).
i=1
Assume also that K is regular. One can use different smoothing factors along the different
coordinate axes to define a kernel rule by

X X(!)
£(x) = le(QY—l)HK ( )50

i=1 j=1 /"
1 otherwise,

where X, Ej ) denotes the j-th component of X;. Prove that g, is strongly universally consistent
ifh;, > Oforalli =1,...,d,and nh,hy, ...y, — o0.

PROBLEM 10.25. Let K : [0,00) — [0, c0) be a function, and ¥ a symmetric positive
definite d x d matrix. For x € R¢ define K'(x) = K (x” x). Find conditions on K such
that the kernel rule with kernel K” is universally consistent.

PrOBLEM 10.26. Prove that the recursive kernel rule defined by (10.4) is strongly universally
consistent if K is aregular kemel, &, — 0,and nhY — oo as n — oo (Krzyzak and Pawlak
(1983)).

PrOBLEM 10.27. Show that the recursive kernel rule of (10.3) is strongly universally con-
sistent whenever K is a regular kernel, lim,_, oo f, = 0, and 3o, h? = oo (Greblicki and
Pawlak (1987)). Note: Greblicki and Pawlak (1987) showed convergence under significantly
weaker assumptions on the kernel. They assume that K (x) > c¢/ij.y<1; for some ¢ > 0 and
that for some ¢y, ¢; > 0, c; H([|x|]) < K(x) < c; H(||x}]), where H is a nonincreasing func-
tion on [0, co) with u? H(u) — 0 as u — oo. They also showed that under the additional
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assumption f K(x)dx < oo the following conditions on 4, are necessary and sufficient for
universal consistency:

Yoo h e 4
==5—— > 0 foralla >0 "and Zhi = 00.
Zi:l hi i=1

PrROBLEM 10.28. OPEN-ENDED PROBLEM. Let P{Y = 1} = 1/2. Given Y = 1, let X be uni-
formly distributed on [0, 1]. Given Y = 0, let X be atomic on the rationals with the following
distribution: let X = V/W, where V and W are independent identically distributed, and
P{V =i} = 1/2},i > 1. Consider the kernel rule with the window kernel. What is the
behavior of the smoothing factor 4} that minimizes the expected probability of error EL,?
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Consistency of the k-Nearest
Neighbor Rule

In Chapter 5 we discuss results about the asymptotic behavior of k-nearest neighbor
classification rules, where the value of k—the number of neighbors taken into
account at the decision—is kept at a fixed number as the size of the training data »
increases. This choice leads to asymptotic error probabilities smaller than 2L*, but
no universal consistency. In Chapter 6 we showed that if we let k& grow to infinity
as n — oo such that k/n — 0, then the resulting rule is weakly consistent. The
main purpose of this chapter is to demonstrate strong consistency, and to discuss
various versions of the rule.

We are not concerned here with the data-based choice of k—that subject deserves
a chapter of its own (Chapter 26). We are also not tackling the problem of the
selection of a suitable—even data-based—metric. At the end of this chapter and
in the exercises, we draw the attention to 1-nearest neighbor relabeling rules,
which combine the computational comfort of the 1-nearest neighbor rule with the
asymptotic performance of variable-k nearest neighbor rules.

Consistency of k-nearest neighbor classification, and corresponding regression
and density estimation has been studied by many researchers. See Fix and Hodges
(1951; 1952), Cover (1968a), Stone (1977), Beck (1979), Gyorfi and Gyorfi (1975),
Devroye (1981a; 1982b), Collomb (1979; 1980; 1981), Bickel and Breiman (1983),
Mack (1981), Stute (1984), Devroye and Gyorfi (1985), Bhattacharya and Mack
(1987), Zhao (1987), and Devroye, Gyorfi, Krzyzak, and Lugosi (1994).

Recall the definition of the k-nearest neighbor rule: first reorder the data

(Xy(x), Yay(x)), .« ., (X (%), Yy (%))

according to increasing Euclidean distances of the X ;’s tox. In other words, X ;;(x)
is the i-th nearest neighbor of x among the points X1, . .., X,,. If distance ties occur,
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a tie-breaking strategy must be defined. If x is absolutely continuous with respect
to the Lebesgue measure, that is, it has a density, then no ties occur with probability
one, so formally we break ties by comparing indices. However, for general p, the
problem of distance ties turns out to be important, and its solution is messy. The
issue of tie breaking becomes important when one is concerned with convergence
of L, with probability one. For weak universal consistency, it suffices to break ties
by comparing indices.
The k-NN classification rule is defined as

. k k
2,(x) = { 0 if Y iy fvpeo=ty < 2ict Iivg=o)
1 otherwise.

In other words, g,(x) is a majority vote among the labels of the k nearest neighbors
of x.

11.1 Strong Consistency

In this section we prove Theorem 11.1. We assume the existence of a density for
W, so that we can avoid messy technicalities necessary to handle distance ties. We
discuss this issue briefly in the next section.

The following result implies strong consistency whenever X has an absolutely
continuous distribution. The result was proved by Devroye and Gyorfi (1985),
and Zhao (1987). The proof presented here basically appears in Devroye, Gyotfi,
Krzyzak, and Lugosi (1994), where strong universal consistency is proved under
an appropriate tie-breaking strategy (see discussion later). Some of the main ideas
appeared in the proof of the strong universal consistency of the regular histogram
rule (Theorem 9.4).

Theorem 11.1. (DEVROYE AND GYORFI (1985), ZHAO (1987)). Assume that u has
a density. If k — oo and k/n — O then for every € > O there is an ng such that
forn > ng

P{L, — L* > €} < 2¢7"/T2D),
where v, is the minimal number of cones centered at the origin of angle /6 that
cover R2. (For the definition of a cone, see Chapter 5.) Thus, the k-NN rule is
strongly consistent.

REMARK. At first glance the upper bound in the theorem does not seem to depend
on k. It is ng that depends on the sequence of k’s. What we really prove is the
following: for every € > 0 there exists a fp € (0, 1) such that for any § < B there
is an ng such thatif n > ng, k > 1/8, and k/n < B, the exponential inequality
holds. O

For the proof we need a generalization of Lemma 5.3. The role of this covering
lemma is analogous to that of Lemma 10.1 in the proof of consistency of kernel
rules.
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Lemma 11.1. (DEVROYE AND GYORH (1985)). Let
Ba(xl) = {)C : N(Sx,llx—x'u) =< a} .
Then for all x' € R? o '
(B (x)) < vaa.

ProoF. For x € R? let C(x, s) C R< be a cone of angle 7 /6 centered at x. The
cone consists of all y with the property that either y = x or angle(y —x, s) < 7/6,
where s is a fixed direction. If y, ¥y’ € C(x,s), and [[x — y|| < [|[x — y’|[, then
Iy —y'll < llx —¥'||. This follows from a simple geometric argument in the vector
space spanned by x, y and y’ (see the proof of Lemma 5.3).

Now, letCy, ..., C,, be a collection of cones centered at x with different central
direction covering R¢. Then

Yd
H(Ba(x)) < D i(C; N By(x')).
i=1

Let x* € C; N B,(x"). Then by the property of the cones mentioned above we have
PUCi N Sy e ey N Ba(x)) < i Sye jx—xy) < @,
where we use the fact that x* € B,(x’). Since x* is arbitrary,
u(C; N By(x")) < a,
which completes the proof of the lemma. O
An immediate consequence of the lemma is that the number of points among

Xi,..., X, such that X is one of their & nearest neighbors is not more than a
constant times k.

COROLLARY 11.1.

n
i=1
PROOF. Apply Lemma 11.1 witha = k/n and let u be the empirical measure u,, of

X1, ..., X,, that is, for each Borel set A C R4, wa(A)=(1/n) Z?:l Iix,esy. O

PrROOR OF THEOREM 11.1. Since the decision rule g, may be rewritten as

_) 0 ifn(x)=<1/2
gn(x)-{ 1 otherwise,

where 5, is the corresponding regression function estimate

i k
) =+ }‘_{ Yiiy(x),
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the statement follows from Theorem 2.2 if we show that for sufficiently large n

P { ] In(x) = 0a(x)] a(dx) > %} < 270D,
Define p,(x) as the solution of the equation

k
; = W Sx, pu(x))-

Note that the absolute continuity of 1 implies that the solution always exists. (This
is the only point in the proof where we use this assumption.) Also define

* 1 4
M) =~ D Yilix,—rh<onn-
j=1
The basis of the proof is the following decomposition:
[n(x) = 1(x)] < |12(x) — 7, (O] + 17, (x) — n(x)].

For the first term on the right-hand side, observe that denoting R, (x) = || X¢)(x) —
xll,

I

[17,(x) = N ()]

1 n n
Z Z Yilix,eSy pu) — Z Yilix ;€5 guco)
j=1 j=1

IA

18
% Z il{xiesxrﬂn@)} - I(Xjesx.Rn(X)}
j=1

= [1,(0) — 0l

1 n
~k— Z I{Xjesx,pnm} -1
=1

where 777 is defined as n* with Y replaced by the constant random variable Y= i,
and 77 = 1 is the corresponding regression function. Thus,

[n(x) = 02 (Ol < [7,(0) — T + [, (x) — n(x)l. (1LD)

First we show that the expected values of the integrals of both terms on the right-
hand side converge to zero. Then we use McDiarmid’s inequality to prove that
both terms are very close to their expected values with large probability.

For the expected value of the first term on the right-hand side of (11.1), using
the Cauchy-Schwarz inequality, we have

A

E/ITI,T(X)~nn(X)iM(dX) = E/lﬁ*n(x)—ﬁ(X)]M(dX)

A

[ Vel =008 )
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1
/ \/ﬁn Var{I{XGSx,pn(x)}}M(dX)

1
k
1

A

T

which converges to zero.
For the expected value of the second term on the right-hand side of (11.1), note
that in the proof of Theorems 6.3 and 6.4 we already showed that

Jim E f () = 1)) = 0.
Therefore,
B [ 1900 = nolu)
= B [ 1w - ) + B [ i) = meolut - o.
Assume now that  is so large that

E / 7) — A0 u(dx) + E / M)~ n () <

Then, by (11.1), we have

P{ f ING) — muCo)l(dx) > g} (11.2)
< P{/ (5 (x) — n(x)|p(dx) —E/ [ (x) — n(x)|u(dx) > %}
+P{ / 77) — H00l(dx) — E f 72 ) — T luddx) > %}

Next we get an exponential bound for the first probability on the right-hand side
of (11.2) by McDiarmid’s inequality (Theorem 9.2). Fix an arbitrary realization of
the data D, = (x, y1), . .., (xu, ¥u), and replace (x;, y;) by (x;, ¥;), changing the
value of n;(x) to n;;(x). Then

l/lni,‘(x)—n(x)lu(dx)—/ani(X)~n(X)IM(dX)

S/inﬁ(x)—nii(x)lu(dx}
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But [n¥(x) — n;;(x)| is bounded by 2/k and can differ from zero only if ||x —
xi| < pa(x) or |x —X;|| < pu(x). Observe that |x — x;|| < p,(x) if and only
if (Sx jx—x)) < k/n. But the measure of such x’s is bounded by ydk/ n by
Lemma 11.1. Therefore

2 vak _ 2va
n

f I (x) — 1 (0 aldx) < =

P
X1V Xn, Yo Xis Vi

and by Theorem 9.2

P{l / In(x) — n}(x)|lu@dx) —E f In(x) — n:(0l(dx)| > —66-} < 27"€/0%D,

Finally, we need a bound for the second term on the right-hand side of (11.2). This
probability may be bounded by McDiarmid’s inequality exactly the same way as
for the first term, obtaining

|

and the proof is completed. O

2 € } < D27
6 — *

/lﬁ:(X)~ﬁ(X)|M(dX)—Eflﬁ;f(X)—ﬁ()C)IM(dX)

REMARK. The conditions k — oo and k/n — 0 are optimal in the sense that they
are also necessary for consistency for some distributions with a density. However,
for some distributions they are not necessary for consistency, and in fact, keeping
k =1 for all n may be a better choice. This latter property, dealt with in Problem
11.1, shows that the 1-nearest neighbor rule is admissible. O

11.2 Breaking Distance Ties

Theorem 11.1 provides strong consistency under the assumption that X has a
density. This assumption was needed to avoid problems caused by equal distances.
Turning to the general case, we see thatif i does nothave a density then distance ties
can occur with nonzero probability, so we have to deal with the problem of breaking
them. To see that the density assumption cannot be relaxed to the condition that p
is merely nonatomic without facing frequent distance ties, consider the following
distribution on R? x R¢ withd,d’ > 2:

1 1
M=§(Td><0d/)+§(<7d><fd/),

where 7, denotes the uniform distribution on the surface of the unit sphere of
R4 and o, denotes the unit point mass at the origin of R¢. Observe that if X
has distribution 7; X o4 and X’ has distribution o5 X 74, then | X — X'|| = V2.
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Hence, if X1, X7, X3, X4 are independent with distribution j, then P{|| X — X, || =
X5 — X5} = 1/4.
Next we list some methods of breaking distance ties.

e TIE-BREAKING BY INDICES: If X; and X ; are equidistant from x, then X; is
declared closer if i < j. This method has some undesirable properties. For
example, if X is monoatomic, with n < 1/2, then X is the nearest neighbor
of all X;’s, j > 1, but X; is only the j — 1-st nearest neighbor of X;.
The influence of X; in such a situation 1s too large, making the estimate
very unstable and thus undesirable. In fact, in this monoatomic case, if
L*+e < 1/2,

P{L,—L*>¢}>e

for some ¢ > 0 (see Problem 11.2). Thus, we cannot expect a distribution-
free version of Theorem 11.1 with this tie-breaking method.

e STONE’S TIE-BREAKING: Stone (1977) introduced a version of the nearest
neighbor rule, where the labels of the points having the same distance from
x as the k-th nearest neighbor are averaged. If we denote the distance of the
k-th nearest neighbor to x by R, (x), then Stone’s rule is the following:

: k—1{i : lx —xifl < Ra(0)}
0 if E Iy~
1 ) U= TGl — = RaCol

= k
gn(x) % Z I{Y;:O} > _2_

itflx—x; lj=Rn(x)
1 otherwise.

This is not a k-nearest neighbor rule in a strict sense, since this estimate, in
general, uses more than k neighbors. Stone (1977) proved weak universal
consistency of this rule.

e ADDING A RANDOM COMPONENT: To circumvent the aforementioned difficul-
ties, we may artificially increase the dimension of the feature vector by one.
Define the the d + 1-dimensional random vectors

X'=(X,U),X; =X, U1, ..., X, = (X, Up),

where the randomizing variables U, Uy, ..., U, are real-valued i.i.d. ran-
dom variables independent of X, Y, and D,,, and their common distribution
has a density. Clearly, because of the independence of U, the Bayes error
corresponding to the pair (X’, Y) is the same as that of (X, Y). The algorithm
performs the k-nearest neighbor rule on the modified data set

D, =X, Y1), ..., (X), Yn).

It finds the k nearest neighbors of X', and uses a majority vote among these
labels to guess Y. Since U has a density and is independent of X, distance
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ties occur with zero probability. Strong universal consistency of this rule can
be seen by observing that the proof of Theorem 11.1 used the existence of
the density in the definition of p,(x) only. With our randomization, p,(x) is
well-defined, and the same proof yields strong universal consistency. Inter-
estingly, this rule is consistent whenever U has a density and is independent
of (X, Y). If, for example, the magnitude of U is much larger than that
of || X||, then the rule defined this way will significantly differ from the k-
nearest neighbor rule, though it still preserves universal consistency. One
should expect however a dramatic decrease in the performance. Of course,
if U is very small, then the rule remains intuitively appealing.

¢ TIE-BREAKING BY RANDOMIZATION: There is another, perhaps more natural
way of breaking ties via randomization. We assume that (X, U) is a random
vector independent of the data, where U is independent of X and uniformly
distributed on [0, 1]. We also artificially enlarge the data by introducing
Ui, Us, ..., U,, where the U;’s are i.i.d. uniform [0, 1] as well. Thus, each
(X;, U;) is distributed as (X, U). Let

(Xyx, u), Yay(x, w)), ..., (Xy(x, u), Yiu(x, u))

be areordering of the data according to increasing values of ||x — X; ||. In case
of distance ties, we declare (X;, U;) closer to (x, ) than (X ;, U;) provided
that

Ui —ul < |U; —ul.

Define the k-NN classification rule as

" k
gn(x) = { (1) i)ftl%ri;isléym(W):l} = Zi:l Tty x.u9=0) (11.3)

and denote the error probability of g, by
Ln = P{gll(X9 U) # YIXl, U}> Yl> e Xn: Un> Yl’l}

Devroye, Gyorfi, Krzyzak, and Lugosi (1994) proved that L, — L* with
probability one for all distributions if & — oo and k/n — 0. The basic
argument in (1994) is the same as that of Theorem 11.1, except that the
covering lemma (Lemma 11.1) has to be appropriately modified.

It should be stressed again that if i has a density, or just has an absolutely con-
tinuous component, then tie-breaking is needed with zero probability, and becomes
therefore irrelevant.

11.3 Recursive Methods

To find the nearest neighbor of a point x among X, ..., X,,, we may preprocess
the data in O(nlogn) time, such that each query may be answered in O(logn)
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worst-case time—see, for example, Preparata and Shamos (1985). Other recent
developments in computational geometry have made the nearest neighbor rules
computationally feasible even when 7 is formidable. Without preprocessing how-
ever, one must resort to slow methods. If we need to find a decision at x and want
to process the data file once when doing so, a simple rule was proposed by De-
vroye and Wise (1980). It is a fully recursive rule that may be updated as more
observations become available.

Split the data sequence D, into disjoint blocks of length /1, ..., [y, where
I1, ..., ly arepositive integers satisfying Zf\il I; = n.Ineach block find the nearest
neighbor of x, and denote the nearest neighbor of x from the i-th block by X7 (x).
Let Y7 (x) be the corresponding label. Ties are broken by comparing indices. The
classification rule is defined as a majority vote among the nearest neighbors from
each block:

2n(X) = { 0 if Zﬁ;f{mxﬁn < 3L Lvpeo=o;
1 otherwise.

Note that we have only defined the rule g, for n satisfying }:l]\;] l; = n for some

N. A possible extension for all n’s is given by g,(x) = g, (x), where m is the

largest integer not exceeding # that can be written as Zfil [; for some N. The rule

is weakly universally consistent if

lim Iy = c0
N—oo

(Devroye and Wise (1980), see Problem 11.3).

11.4 Scale-Invariant Rules

A scale-invariant rule is a rule that is invariant under rescalings of the components.
It is motivated by the lack of a universal yardstick when components of a vec-
tor represent physically different quantities, such as temperature, blood pressure,
alcohol, and the number of lost teeth. More formally, let x, ..., x be the d
components of a vector x. If 1, ..., ¥, are strictly monotone mappings: R — R,
and if we define

Yx) = (YD) (D))

then g, is scale-invariant if

gn(xe Dn) = gll(llf(x)a Dy’;)a

where D), = (Y(X1), Y1), ..., (W (Xy), Yu)). In other words, if all the X;’s and x
are transformed in the same manner, the decision does not change.

Some rules based on statistically equivalent blocks (discussed in Chapters 21
and 22) are scale-invariant, while the k-nearest neighbor rule clearly is not. Here we
describe a scale-invariant modification of the k-nearest neighbor rule, suggested
by Olshen (1977) and Devroye (1978).
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The scale-invariant k-nearest neighbor rule is based upon empirical distances
that are defined in terms of the order statistics along the d coordinate axes. First
order the points x, X1, ..., X, according to increasing values of their first com-
ponents x1), X %1), ..., XD, breaking ties via randomization. Denote the rank of
X" by rV, and the rank of x by r. Repeating the same procedure for the other
coordinates, we obtain the ranks

PO j=1,.,d, i=1,..,n.

Define the empirical distance between x and X; by

(D _ 0.

plx, X;) = ax, |r;
A k-NN rule can be defined based on these distances, by a majority vote among the
Y;’s with the corresponding X;’s whose empirical distance from x are among the
k smallest. Since these distances are integer-valued, ties frequently occur. These
ties should be broken by randomization. Devroye (1978) proved that this rule
(with randomized tie-breaking) is weakly universally consistent when k — oo
and k/n — 0 (see Problem 11.5). For another consistent scale-invariant nearest
neighbor rule we refer to Problem 11.6.

12 13

1=
=
s
S

12

10

FIGURE 11.1. Scale-invariant distances of 15 points from a fixed
point are shown here.

11.5 Weighted Nearest Neighbor Rules

In the k-NNrule, each of the k nearest neighbors of a point x plays an equally impor-
tant role in the decision. However, intuitively speaking, nearer neighbors should
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* provide more information than more distant ones. Royall (1966) first suggested
using rules in which the labels Y; are given unequal voting powers in the decision
according to the distances of the X;’s from x: the i-th nearest neighbor receives
weight w,;, where usually wy; > Wy > ... > Wy, = 0and >, wy,; = 1. The
rule is defined as

gn(x) = { (1) ith’r;l, Wai Ly =1y < Z?:l Wi (¥, x)=0)
otherwise.

We get the ordinary k-nearest neighbor rule back by the choice

[ 1/k i<k
Wni =1 ¢ otherwise.

The following conditions for consistency were established by Stone (1977):

lim max wy, =0,
n—o0 1<i<n

and

Jim, O wni =0
for some k with k/n — 0 (see Problem 11.7). Weighted versions of the recursive
and scale-invariant methods described above can also be defined similarly.

11.6 Rotation-Invariant Rules

Assume that an affine transformation 7 is applied to x and X1, ..., X,, (i.e., any
number of combinations of rotations, translations, and linear rescalings), and that
for any such linear transformation 7',

gn(x, Dn) = gn(T(x), D;/fl)a

where D,’1 =({(T(X), 1), ...,(T(X,), Y,)). Then we call g, rotation-invariant.
Rotation-invariance is indeed a very strong property. In R, in the context of k-NN
estimates, it suffices to be able to define a rotation-invariant distance measure.
These are necessarily data-dependent. An example of this goes as follows. Any
collection of d points in general position defines a polyhedron in a hyperplane of
R4. For points (X;,, ..., X;,), we denote this polyhedron by P(ij, ..., iz). Then
we define the distance

p(Xi,x)= Z Tisegment (X,.x) intersects P(iy,...rig)}-
iglh )
Near points have few intersections. Using p(-, -) in a k-NN rule with & — oo and
k/n — 0, we expect weak universal consistency under an appropriate scheme of
tie-breaking. The answer to this is left as an open problem for the scholars.
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FIGURE 11.2. Rotation-invariant dis-
4 lances from x.

11.7 Relabeling Rules

The 1-NN rule appeals to the masses who crave simplicity and attracts the pro-
grammers who want to write short understandable code. Nearest neighbors may
be found efficiently if the data are preprocessed (see Chapter 5 for references). Can
we make the 1-NN rule universally consistent as well? In this section we introduce
atool called relabeling, which works as follows. Assume that we have a classifica-
tion rule {g,(x, D,), x € R, n > 1}, where D, is the data (X1, Y1), ..., (X,, Yo).
This rule will be called the ancestral rule. Define the labels

Z; =gn(Xi,Dy), 1=<i=<n.

These are the decisions for the X;’s themselves obtained by mere resubstitution.
In the relabeling method, we apply the 1-NN rule to the new data (X, Z1), ...,
(X, Zy). If all goes well, when the ancestral rule g, is universally consistent, so
should the relabeling rule. We will show this by example, starting from a consistent
k-NN rule as ancestral rule (with & — oo, k/n — 0).

Unfortunately, relabeling rules do not always inherit consistency from their
ancestral rules, so that a more general theorem is more difficult to obtain, unless
one adds in a lot of regularity conditions—this does not seem to be the right time
for that sort of effort. To see that universal consistency of the ancestral rule does
not imply consistency of the relabeling rule, consider the following rule A,,:

1-%, ifx=2X;andx # Xj,all j #i
gn(x, D,) otherwise,

hi(x) = {

where g, is a weakly universally consistent rule. It is easy to show (see Problem
11.15) that h,, is universally consistent as well. Changing arule on a set of measure
zero indeed does not affect L,,. Also, if x = X; is at an atom of the distribution of
X, we only change g, to 1 —Y; if X; is the sole occurrence of that atom in the data.
This has asymptotically no impact on L,. However, if A, is used as an ancestral
rule, and X is nonatomic, then h,(X;, D,) = 1 — Y; for all i, and therefore, the
relabeling rule is a 1-NN rule based on the data (X;,1 —Y;), ..., (X,, 1 = Y,). If
L* = 0 for the distribution of (X, Y), then the relabeling rule has probability of
error converging to one!
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For most nonpathological ancestral rules, relabeling does indeed preserve uni-
versal consistency. We offer a prototype proof for the k-NN rule.

Theorem 11.2. Let g, be the k-NN rule in. which tie-breaking is done by random-
ization as in (11.3). Assume that k — oo and k/n — 0 (so that g, is weakly
universally consistent). Then the relabeling rule based upon g, is weakly univer-
sally consistent as well.

PrOOF. We verify the conditions of Stone’s weak convergence theorem (see Theo-
rem 6.3). To keep things simple, we assume that the distribution of X has a density
so that distance ties happen with probability zero.

In our case, the weight W,,;(X) of Theorem 6.3 equals 1/k iff X; is among the
k nearest neighbors of X(1y(X), where X(;)(X) is the nearest neighbor of X. It is
zero otherwise.

Condition 6.3 (iii) is trivially satisfied since k — oc¢. For condition 6.3 (ii), we
note that if X;)(x) denotes the i-th nearest neighbor of X among X1, ..., X, then

1 Xnx) = XXyl < 2llx — X .

Just note that Sx @) 21x—Xg ) = Sr.jx—Xg 1 and that the latter sphere contains &
data points. But we already know from the proof of weak consistency of the k-NN
rule thatif k/n — 0, then for all € > 0,

Pl XwX)—X| > €} > 0.

Finally, we consider condition 6.3 (i). Here we have, arguing partially as in
Stone (1977),

.1
E {Z %I{X,v is among the k NN’s of X(l)(X)}f(Xi)}

i=1

1 n
= E {% Z 11X is among the k NN's of Xn(X;) in (Xi...., Xn,X}—{X,-})f(X)}

i=1

(reverse the roles of X; and X)

1 n n
= E[zzzl{x,-ismeNNofX,m X1y X X)={Xi 1)

i=1 j=1
X I(x is among the k NN’ of X, in {Xl,..,,X,,,X}—{X,«}}f(X)}-

However, by Lemma 11.1,

i=1
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Also,

n
Z I1x is among the k NN's of X; in (X1, Xn, X]— (X1} < KVa-
Jj=1

Therefore, by a double application of Lemma 11.1,
n I
E {Z % I{X,‘ is among the £ NN’s of X(;)(X)} fX); < ydz Ef(X),
i=1

and condition 6.3 (i) is verified. O

Problems and Exercises

PrROBLEM 11.1. Show that the conditions k — oo and k/n — 0 are necessary for universal
consistency of the k-nearest neighbor rule. That s, exhibit a distribution such that if k remains
bounded, lim inf,_, o, EL, > L*. Exhibit a second distribution such that if ki/n > ¢ > 0
for all n, and some ¢, then liminf,_, EL, > L*.

PrROBLEM 11.2. Let X be monoatomic, with n < 1/2. Show that fore < 1/2 — 7,
P{L,—L*>¢}>e

for some ¢ > 0, where L, is the error probability of the k-NN rule with tie-breaking by
indices.

PrROBLEM 11.3. Prove that the recursive nearest neighbor rule is universally consistent pro-
vided that limy_,, Iy = oo (Devroye and Wise (1980)). HINT: Check the conditions of
Theorem 6.3.

PrROBLEM 11.4. Prove that the nearest neighbor rule defined by any L ,-distance measure
0 < p < oo is universally consistent under the usual conditions on k. The L ,-distance

. P NP ,
between x, y € R isdefined by (Zi=1 [x® — y(’)[P) for0 < p < oo,and by sup; |x@ —
y®| for p = oo, where x = (x, ..., x¥). HINT: Check the conditions of Theorem 6.3.

PrOBLEM 11.5. Leto(x, z, X;, Z;) = p(x, X;)+|Z; — z| be a generalized distance between
(x,z)and (X;, Z;), where x, X1, ..., X, are as in the description of the scale-invariant k-NN
rule, p(x, X;) is the empirical distance defined there, and z, Z; € [0, 1] are real numbers
added to break ties at random. The sequence Zi, ..., Z, is ii.d. uniform [0, 1] and is
independent of the data D,. With the k-NN rule based on the artificial distances o, show
that the rule is universally consistent by verifying the conditions of Theorem 6.3, when
k — oo and k/n — 0. In particular, show first that if Z is uniform [0, 1] and independent
of X,Y, D, and Zy, ..., Z,, and if W,;(X, Z) is the weight of (X;, Z;) in this k-NN rule
(i.e.,itis 1/kiff (X;, Z;) is among the k nearest neighbors of (X, Z) according to o), then

6 E{Y0, Wu(X. 2)f (X))} < 2Ef(X)
for all nonnegative measurable f with E f(X) < oo.
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2) Ifk/n — 0, then

E {Z WX, Z)Imx,-—xn>a>}

i=1

foralla > 0.

HiNT: Check the conditions of Theorem 6.3 (Devroye (1978)).

PROBLEM 11.6. The layered nearest neighbor rule partitions the space at x into 2¢ quad-
rants. In each quadrant, the outer-layer points are marked, that is, those X; for which the
hyperrectangle defined by x and X; contains no other data point. Then it takes a majority
vote over the Y;’s for the marked points. Observe that this rule is scale-invariant. Show that
whenever X has nonatomic marginals (to avoid ties), E{L,} — L* in probability.

° @ . FIGURE 11.3. The layered nearest neighbor rule
e © H
® ® ® takes a majority vote over the marked points.
@® . .. @®
® Tempty o
° Fraseees @X;
HERO)

HinT: It suffices to show that the number of marked points increases unboundedly in prob-
ability, and that its proportion to unmarked points tends to zero in probability.

ProBLEM 11.7. Prove weak universal consistency of the weighted nearest neighbor rule if
the weights satisfy

lim max w, =0,
n->00 1<i<n

Jim, O wni =0

k<i<n

and

for some k with k/n — 0 (Stone (1977)). HINT: Check the conditions of Theorem 6.3.

PROBLEM 11.8. If (wp1, ..., Wny) is a probability vector, then lim, . Y_,_,s Wa: = O for
all 6 > O if and only if there exists a sequence of integers k = k, such that k = o(n),
k — oo,and Y, , w, = o(1). Show this. Conclude that the conditions of Problem 11.7
are equivalent to

(i) lim max w,; =0,

n—00 I<i<n
(ii) nlingog w,; =0 forallé > 0.

PrOBLEM 11.9. Verify the conditions of Problems 11.7 and 11.8 for weight vectors of the
form w,; = ¢,/i% where a > 0 is a constant and ¢, is a normalizing constant. In particular,
check that they do not hold for & > 1 but that they do hold for 0 < o < 1.

ProBLEM 11.10. Consider
Pn 1
= - X s
(1 + py) 1= +p,)™
as weight vector. Show that the conditions of Problem 11.8 hold if p, — 0 and np, — o0.

Wy 1<i<n,
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ProBLEM 11.11. Let w,; = P{Z = i}/P{Z < n}, 1 < i < n, where Z is a Poisson (1,)
random variable. Show that there is no choice of X, such that {w,;, 1 < i < n}isa
consistent weight sequence following the conditions of Problem 11.8.

PrROBLEM 11.12. Let w,; = P{Binomial(n, p,) =i} = (':) pi(1 — p,)"'. Derive conditions
on p, for this choice of weight sequence to be consistent in the sense of Problem 11.8.

PROBLEM 11.13. k-NN DENSITY ESTIMATION. We recall from Problem 2.11 that if the con-
ditional densities fp, f exist, then L;-consistent density estimation leads to a consistent
classification rule. Consider now the k-nearest neighbor density estimate introduced by
Loftsgaarden and Quesenberry (1965). Let X;, ..., X, be independent, identically dis-
tributed random variables in R?, with common density f. The k-NN estimate of f is defined
by

Julx) =

s

A (Sapr-xgoeon)
where X)(x) is the k-th nearest neighbor of x among X, ..., X,,. Show that for every
n, f [f(x) = f(x)|dx = o0, so that the density estimate is never consistent in L;. On the
other hand, according to Problem 11.14, the corresponding classification rule is consistent,
so read on.

PrOBLEM 11.14. Assume that the conditional densities f; and f; exist. Then we can use a
rule suggested by Patrick and Fischer (1970): let No = > 7, Iiy,~0; and Ny = n — Ny be the
number of zeros and ones in the training data. Denote by X ék) (x) the k-th nearest neighbor
of x among the X;’s with ¥; = 0. Define X gk)(x) similarly. If .(A) denotes the volume of a
set A C RY, then the rule is defined as

0 if No/A (Sx,\ix—xgk>(x>n) z Ni/2 (Sx,ux~X§k)(x>u)
1 otherwise.

gu(x) = {

This estimate is based on the k-nearest neighbor density estimate introduced by Loftsgaarden
and Quesenberry (1965). Their estimate of f; is

Fontx) = :
> (Sx,nx—xg"%x)u)

Then the rule g, can be re-written as

_ 0 1f pO,n}‘(;,n > Pi,nﬁ,n
gn(x)-—{ 1 otherwise,

where pg, = No/n and p;, = Ni/n are the obvious estimates of the class probabilities.
Show that g, is weakly consistent if & — oo and k/n — 0, whenever the conditional
densities exist.

ProBLEM 11.15. Consider a weakly universally consistent rule g,, and define the rule

1-Y ifx=X;andx #X;,all j #i
gn(x, D)  otherwise.

ha(x) = {

Show that £, too is weakly universally consistent. Note: it is the atomic (or partially atomic)
distributions of X that make this exercise interesting. HINT: The next exercise may help.
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ProBLEM 11.16. Let X have an atomic distribution which puts probability p; atatom i. Let
Xi, ..., X, be ani.i.d. sample drawn from this distribution. Then show the following.
(1) P{N —EN| > €} < 2¢72°/" where ¢ > 0, and N is the number of “occupied”
atoms (the number of different values.in the data sequence).
) EN/n— 0.
(3) N/n — 0 almost surely.
(C))] Zi:xj i for ail j<n Pi = O almost surely.

ProBLEM 11.17. ROYALL’S RULE. Royall (1966) proposes the regression function estimate

1 Lnhn | i
n(X) = J{— ) Ypx),
7a(X) nhnz (nhn)Yo(X)

i=1

where J(u) is a smooth kernel-like function on [0, 1] with /01 Ju)du=1andh, > 0isa
smoothing factor. Suggestions included

(i) Jw)y=1;

- @27 (1 d+4 ,,
(ii) Ju) = 2 (1 d+2u )

(note that this function becomes negative).

Define
)1 ifp(x) > 172
8n(x) = { 0 otherwise.
Assume that h, — 0, nh, — oc. Derive sufficient conditions on J that guarantee the
weak universal consistency of Royall’s rule. In particular, insure that choice (ii) is weakly
universally consistent. HINT: Try adding an appropriate smoothness condition to J.

ProBLEM 11.18. Let K be a kernel and let R, (x) denote the distance between x and its k-th
nearest neighbor, X)(x), among X1, ..., X,. The discrimination rule that corresponds to
a kernel-type nearest neighbor regression function estimate of Mack (1981) is

. n o x—X;
=] O T DK (5%) =0
1 otherwise.

(The idea of replacing the smoothing factor in the kernel estimate by a local rank-based
value such as R, (x) is due to Breiman, Meisel, and Purcell (1977).) For the kernel K = Iy, ,,
this rule coincides with the £-NN rule. For regular kernels (see Chapter 10), show that the
rule remains weakly universally consistent whenever k — oo and k/n — 0 by verifying
Stone’s conditions of Theorem 6.3.

ProBLEM 11.19. Let {g,} be a weakly universally consistent sequence of classifiers. Split
the data sequence D, into two parts: D,, = (X1, Y1), ..., (X, Yn)) and T, = (Xins1s
Yiit)s - - o> (X, Yu)). Use g, and the second part T,,_,, to relabel the first part, i.e., define
Y/ = gpm(Xi, Tyw) fori =1, ..., m. Prove that the 1-NN rule based on the data (X, ¥7),
..., (X, Y}))is weakly universally consistent whenever m — oo and n — m — oo. HINT:
Use Problem 5.40.

ProBLEM 11.20. Consider the k-NN rule with a fixed £ as the ancestral rule, and apply the
1-NN rule using the relabeled data. Investigate the convergence of EL,,. Is the limit Ly or
something else?
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Vapnik-Chervonenkis Theory

12.1 Empirical Error Minimization

In this chapter we select a decision rule from a class of rules with the help of training
data. Working formally, let C be a class of functions ¢ : R¢ — {0, 1}. One wishes
to select a function from C with small error probability. Assume that the training
data D, = (X1, Y1), ..., (X, ¥,)) are given to pick one of the functions from C
to be used as a classifier. Perhaps the most natural way of selecting a function is
to minimize the empirical errvor probability

- 1
Lu@®) = > Tiptxomm
i=1

over the class C. Denote the empirically optimal rule by ¢:

¢:: = arg min L, (@).
¢eC
Thus, ¢ is the classifier that, according to the data D,, “looks best” among the
classifiers in C. This idea of minimizing the empirical risk in the construction of
a rule was developed to great extent by Vapnik and Chervonenkis (1971; 1974c;
1974a; 1974b).

Intuitively, the selected classifier ¢ should be good in the sense that its frue
error probability L(¢;) = P{¢;(X) # Y|D,} is expected to be close to the optimal
error probability within the class. Their difference is the quantity that primarily
interests us in this chapter:

L(#;) ~ inf L(@).
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The latter difference may be bounded in a distribution-free manner, and a rate of
convergence results that only depends on the structure of C. While this is very
exciting, we must add that L(¢;) may be far away from the Bayes error L*. Note
that

L@ —L" = (L<¢:> - ;ﬁrégucp)) ¥ (g;guas) - L*) .

The size of C is a compromise: when C is large, infyec L(¢) may be close to
L*, but the former error, the estimation error, is probably large as well. If C is
too small, there is no hope to make the approximation error infyee L(¢p) — L*
small. For example, if C is the class of all (measurable) decision functions, then
we can always find a classifier in C with zero empirical error, but it may have
arbitrary values outside of the points X1, ..., X,. For example, an empirically
optimal classifier is

o | Y ifx=X;,i=1,...,n
¢”(x)_{ 0  otherwise.

This is clearly not what we are looking for. This phenomenon is called overfitting,
as the overly large class C overfits the data. We will give precise conditions on C
that allow us to avoid this anomaly. The choice of C such that infge¢ L(¢) is close
to L* has been the subject of various chapters on consistency—just assume that
C is allowed to grow with # in some manner. Here we take the point of view that
C is fixed, and that we have to live with the functions in C. The best we may then
hope for is to minimize L(¢}) —infgsec L(¢). A typical situation is shown in Figure
12.1.

class of rules

picked rule

stimation error
(can be controlled)
(small)

best rule
in class

inf  L(¢)
9eC

I

Approximation error
(not controllable)
(usually larger than estimation error)

FIGURE 12.1. Various errors in empirical classifier selection.
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Consider first a finite collection C, and assume that one of theA classifiers in C
has zero error probability, that is, mingec L{¢) = 0. Then clearly, L,(¢;) = O with
probability one. We then have the following performance bound:

Theorem 12.1. (VAPNIK AND CHERVGNENKIS (1974c¢)). Assume |C| < o and
mingec L(¢) = 0. Then for every n and € > 0,

P{L(¢,) > €} < [Cle™,

and

. 1+1og|C|
E(L@#))} = — 2.

Proor. Clearly,

P(L(g}) > €} < P{ max L(¢>)>e}
$eC:L,(¢)=0
= E { I{mavaecfn(@d) L(¢)>e} }
= b {%135‘ Bl {L(¢)>e}}
s > P{L@=0}
peC:L{p)>¢
< €l —e)",

since the probability that no (X;, ¥;) pair falls in the set {(x, y) : ¢(x) # y} is less
than (1 — €)” if the probability of the set is larger than €. The probability inequality
of the theorem follows from the simple inequality 1 — x < e™*.

To bound the expected error probability, note that for any # > 0,

E(L$D) = [ P(L($)) > 1)t
4]
< u +/ P{L(¢)) > t}dt
< u+lC{/ooef’”dt
_ ICl .
= U+ —e .
n

Since u was arbitrary, we may choose it to minimize the obtained upper bound.
The optimal choice is u = log |C|/n, which yields the desired inequality. O

Theorem 12.1 shows that empirical selection works very well if the sample size
n is much larger than the logarithm of the size of the family C. Unfortunately, the
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assumption on the distribution of (X, Y), that is, that mingec L(¢) = 0, is very
restrictive. In the sequel we drop this assumption, and deal with the distribution-
free problem.

One of our main tools is taken from Lemma 8.2:

L(¢7) — inf L(¢) < 2sup | L(¢p) — L(9)] -
¢eC peC

This leads to the study of uniform deviations of relative frequencies from their
probabilities by the following simple observation: let v be a probability measure
of (X, Y)on R4 x {0, 1}, and let v, be the empirical measure based upon D,,. That
is, for any fixed measurable set A C R? x {0, 1}, v(A) = P{(X,Y) € A}, and
v(A) = 3 YL Lix, vyeay- Then

L(¢) = v({(x,y) : #(x) # ¥})

is just the v-measure of the set of pairs (x,y) € RY x {0, 1}, where ¢(x) # y.
Formally, L(¢) is the v-measure of the set

{{x 1 () = 1} x {0 | J{{x : ¢x) = 0} x {1}}.
Similarly, L,(¢) = va({(x, ) : ¢(x) # y}). Thus,

sup |L(¢) — L($)| = sup [v,(4) — v(A)],
¢eC AeA

where A is the collection of all sets
o) =13 x (O} lx : px) =0} x {11}, ¢ eC.

For a fixed set A, for any probability measure v, by the law of large numbers
v (A) —v(A) — 0 almost surely as n — 0o0. Moreover, by Hoeffding’s inequality
(Theorem 8.1),
P{[v,(4) — v(A)| > €} < 2e7"

However, it is a much harder problem to obtain such results for sup, 4 [V.(A) —
v(A)|. If the class of sets A (or, analogously, in the pattern recognition context, C)
is of finite cardinality, then the union bound trivially gives

P{Sup [va(A) — v(A)| > e} < 2|A|e—2n62'
AeA

However, if A contains infinitely many sets (as in many of the interesting cases)
then the problem becomes nontrivial, spawning a vast literature. The most pow-
erful weapons to attack these problems are distribution-free large deviation-type
inequalities first proved by Vapnik and Chervonenkis (1971) in their pioneering
work. However, in some situations, we can handle the problem in a much simpler
way. We have already seen such an example in Section 4.5.
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12.2 Fingering

Recall that in Section 4.5 we studied a specific rule that selects a linear classifier by
minimizing the empirical error. The performance bounds provided by Theorems
4.5 and 4.6 show that the selected rule performs very closely to the best possible
linear rule. These bounds apply only to the specific algorithm used to find the em-
pirical minima—we have not showed that any classifier minimizing the empirical
error performs well. This matter will be dealt with in later sections. In this section
we extend Theorems 4.5 and 4.6 to classes other than linear classifiers.

Let C be the class of classifiers assigning 1 to those x contained in a closed hy-
perrectangle, and O to all other points. Then a classifier minimizing the empirical
error L,(¢) over all ¢ € C may be obtained by the following algorithm: to each
2d-tuple (X,,, ..., X;,,) of points from X1, ..., X,,, assign the smallest hyperrect-
angle containing these points. If we assume that X has a density, then the points
X1, ..., X, are in general position with probability one. This way we obtain at
most () sets. Let ¢; be the classifier corresponding to the i-th such hyperrectan-
gle, that is, the one assigning 1 to those x contained in the hyperrectangle, and 0

to other points. Clearly, for each ¢ € C, there existsa¢;,i = 1, ..., (,,), such that

d(X;) = ¢:i(X)

for all X ;, except possibly for those on the boundary of the hyperrectangle. Since
the points are in general position, there are at most 2d such exceptional points.
Therefore, if we select a classifier ¢ among ¢, .. ., ¢(2,L) to minimize the empirical
error, then it approximately minimizes the empirical error over the whole class C
as well. A quick scan through the proof of Theorem 4.5 reveals that by similar
arguments we may obtain the performance bound

P {L@) - ;rg: L(¢) > e} < e ((Z"d) + 1) e "< /2,

forn > 2d and € > 4d/n.

The idea may be generalized. It always works, if for some k, k-tuples of points
determine classifiers from C such that no matter where the other data points fall,
the minimal empirical error over these sets coincides with the overall minimum.
Then we may fix these sets—‘put our finger on them”-—and look for the empirical
minima over this finite collection. The next theorems, whose proofs are left as an
exercise (Problem 12.2), show that if C has this property, then “fingering” works
extremely well whenever n > k.

Theorem 12.2. Assume that the class C of classifiers has the following property:

for some integer k there exists a function U ('Rd )k — C such that for all
X1,....%, € R and all ¢ € C, there exists a k-tuple iy, ... i, € {1,...,n} of
different indices such that

Wx;, .., X )x) =¢(x;) forallj=1,...,nwithj#i,l=1,...,k
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with probability one. Let $ be found by fingering, that is, by empirical error mini-
mization over the collection of n!/(n — k)! classifiers of the form

\I’(Xil,...,Xik), i1,...,€{l,...,n}, diﬁ‘erent.
Then forn > kand 2k/n <e <1,

P {L((/ﬁ) b éﬂg L((p) > E} < ezkf (nk + 1) e—-ngz/z'

Moreover, if n > k, then

E {L@ . L(¢)} - \/Z(k +)logn + 2k + 2)'
¢peC n

The smallest k for which C has the property described in the theorem may be
called the fingering dimension of C. In most interesting cases, it is independent of
n. Problem 12.3 offers a few such classes. We will see later in this chapter that the
fingering dimension is closely related the so-called vc dimension of C (see also
Problem 12.4).

Again, we get much smaller errors if infgec L(¢) = 0. The next inequality
generalizes Theorem 4.6.

Theorem 12.3. Assume that C has the property described in Theorem 12.2 with
fingering dimension k. Assume, in addition, that inf yec L(¢) = 0. Then for all n

and €, R
P{L(®) > €} < nke=1=he
and £l )
-~ ogn +
Ei{L < —
L)) ==
REMARK. Even though the results in the next few sections based on the Vapnik-
Chervonenkis theory supersede those of this section (by requiring less from the
class C and being able to bound the error of any classifier minimizing the empirical
risk), we must remark that the exponents in the above probability inequalities are
the best possible, and bounds of the same type for the general case can only be
obtained with significantly more effort. O

12.3 The Glivenko-Cantelli Theorem

In the next two sections, we prove the Vapnik-Chervonenkis inequality, a powerful
generalization of the classical Glivenko-Cantelli theorem. It provides upper bounds
on random variables of the type

sup [v,(A) — v(A)l.
AcA

-
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As we noted in Section 12.1, such bounds yield performance bounds for any
classifier selected by minimizing the empirical error. To make the material more
digestible, we first present the main ideas in a simple one-dimensional setting, and
then prove the general theorem in the next section.

We drop the pattern recognition setting momentarily, and return to probability
theory. The following theorem is sometimes referred to as the fundamental theorem
of mathematical statistics, stating uniform almost sure convergence of the empirical
distribution function to the true one:

Theorem 12.4. (GLIVENKO-CANTELLI THEOREM). Let Zi, ..., Z, be i.i.d. real-
valued random variables with distribution function F(z) = P{Z; < z}. Denote
the standard empirical distribution function by

1 n
Fu@= =3 liz<y.
i=1

Then

P {SuplF(Z) - Fn(Z)! > 6} < 8(7’! + l)e-nez/gz,
z€R

and, in particular, by the Borel-Cantelli lemma,

lim sup|F(z) — F,(z)| =0 with probability one.
n—>00 zeR

ProoE. The proof presented here is not the simplest possible, but it contains the
main ideas leading to a powerful generalization. Introduce the notation v(A) =
P(Z, € A}and v,(A) = (1/n) 3, I;z;ca) for all measurable sets A C R. Let A
denote the class of sets of form (—oo, z] for z € R. With these notations,

sup | F(2) — Fu(2)| = sup |v,(A) — v(A)].
zeR AeA

‘We prove the theorem in several steps, following symmetrization ideas of Dudley
(1978), and Pollard (1984). We assume that ne? > 2, since otherwise the bound
is trivial. In the first step we introduce a symmetrization.

STEP 1. FIRST SYMMETRIZATION BY A GHOST SAMPLE. Define the random variables
Z\,...,Z, € Rsuchthat Zy, ..., Z,, Z}, ..., Z, are all independent and iden-
tically distributed. Denote by v/, the empirical measure corresponding to the new
sample:

’ 1 -
l)n(A) = ; Z I{Z;EA}-
i=1

Then for ne? > 2 we have

p {sup [Va(A) — V(A)] > e} <P {Sup Va(A) — V(A)] > 5} .
AcA AcA 2
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To see this, let A* € A be a set for which |v,(A*) —v(A*)| > € if such a set exists,
and let A* be a fixed set in A otherwise. Then

{sup [vp(A) — v (A)[ > 6/2}

AcA

v

P {|v,(A*) — vj(A)| > €/2}

v

P {Iun(A") = v(A")] > €, (4" = v(an)] < 5}

E{IHV"A*) A ] {Iv(A)-—v(A)[< 'Zl,...,Z}}.

The conditional probability inside may be bounded by Chebyshev’s inequality as
follows:

Py —vani <5z, z,) 2 1o HANZXED

ne?/4
1 1
> 1_._..3 > —
ne 2

whenever ne? > 2. In summary,

P{Sup [Va(A) — v, (A)] > 6/2} > lP{lvn(A*) = V(A")| > €}
AcA 2

= -l—P {sup v, (A) —v(A)] > e} .
2 AcA

STEP 2. SECOND SYMMETRIZATION BY RANDOM SIGNS. Letoy, ..., 0, beiid. sign
variables, independent of Zy, ..., Z, and Z}, ..., Z,, with P{o; = -1} = P{o; =
1} = 1/2. Clearly, because Z, Z1, ..., Z,, Z, are all independent and identically
distributed, the distribution of

sup
AcA

Z(mz ) = 14(Z))

is the same as the distribution of

Zm(IA(Z ) = 14(Z)) -

sup
AcA

Thus, by Step 1,

{sup [V, (A) — v(A)| > e}

AcA

1< , €
< 21»{323 - ;<1A<zi>—1A<Zi>> > 5}
= 2P{sup (1a(Z;) — I4(Z))) >—}.
AcA R
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Simply applying the union bound, we can remove the auxiliary random variables
Zy, ..., Z,;

P {sup (Ta(Zi) — 14(Z))| > }
AeA N
i 14(Z; 1A (Z!
< {325 ZG a(Zi)| > ] {21;3 a(Zy)| > }
= Ia(Z;
{i‘iﬁ Dola(z) ~ }

StEP 3. CONDITIONING. To bound the probability

{ Z“”A@ > } { }

we condition on Zy, ..., Z,. Fix z1,...,z, € RY and note that as z ranges
over R, the number of different vectors (Iz,<, ..., Ijz,<z)) is at most n + 1.
Thus, conditional on Zy, ..., Z,, the supremum in the probability above is just a
maximum taken over at most n + 1 random variables. Thus, applying the union

bound gives
Z0...2, }

ZGJA(Z) Zl,...,Zn}.

With the supremum now outside the probability, it suffices to find an exponential
bound on the conditional probability

Z o; I{Z <z}

=1

A(Z;)

>_

| sup
AeA

< (m+1supP {
AcA

1| <& €
P! - Aa(Z) > = 2Z1,...,Z, ¢ .
{ - ;U a(Zy) 714 n}
STEP 4. HOEFFDING’S INEQUALITY.  With zy, ..., z, fixed, > 1| 0;14(z;) is the

sum of » independent zero mean random variables bounded between —1 and 1.
Therefore, Theorem 8.1 applies in a straightforward manner:

48>

P4 sup —
AeA

Ta(Z)| >

Zl, . Z,,] < D¢ /32

Thus,

>_

Za, I4(Z)

Zi . Zn} <2n+1)e "</,
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Taking the expected value on both sides we have

Zm(z )| >

i=1

sup — -t <2+ l)e_"ez/”.
AecA

In summary,

P {SUP v (A) — v(A)] > e} <8+ e O
AcA

12.4 Uniform Deviations of Relative Frequencies
from Probabilities

In this section we prove the Vapnik-Chervonenkis inequality, a mighty general-
ization of Theorem 12.4. In the proof we need only a slight adjustment of the
proof above. In the general setting, let the independent identically distributed
random variables Zi, ..., Z, take their values from R¢. Again, we use the no-
tation v(A) = P{Z; € A} and v,(A) = (1/n) Z'}:l Iz, ey for all measurable sets
A C R. The Vapnik-Chervonenkis theory begins with the concepts of shatter
coefficient and Vapnik-Chervonenkis (or VC) dimension:

DEFINITION 12.1. Let A be a collection of measurable sets. For (zq,...,2,) €
{RAV, let Na(z1, . .., za) be the number of different sets in

{z1,...,z, N A A € A}
The n-th shatter coefficient of A is

s(Ain)=  max  Ny(zi, ... za).
(Z1,....22){R d

That is, the shatter coefficient is the maximal number of different subsets of n points
that can be picked out by the class of sets A.

The shatter coefficients measure the richness of the class A. Clearly, s(A4, n) <
2", as there are 2" subsets of a set with n elements. If N 4(z1, ..., z,) = 2" for some
(z1, - . -, 2), then we say that A shatters {zy, ..., z,}. If s(A, n) < 2", then any set
of n points has a subset such that there is no set in A that contains exactly that subset
of the 7 points. Clearly, if s(A, k) < 2 for some integer k, then s(A, n) < 2" for
all n > k. The first time when this happens is important:

DEFINITION 12.2. Let A be a collection of sets with | A| > 2. The largest integer
k > 1 for which s(A, k) = 2~ is denoted by V4, and it is called the Vapnik-
Chervonenkis dimension (or VC dimension) of the class A. If s(A, n) = 2" for all
n, then by definition, V4 = 0.
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For example, if A contains all halflines of form (—o0, x], x € R,thens(A4,2) =
3 < 2%, and V4 = 1. This is easily seen by observing that for any two different
points z; < z; there is no set of the form (—oo, x| that contains z,, but not z;. A
class of sets A for which V4 < oo iscalled a Vapnik-Chervonenkis (or vc) class. In
a sense, V4 may be considered as the complexity, or size, of .4. Several properties
of the shatter coefficients and the vc dimension will be shown in Chapter 13. The
main purpose of this section is to prove the following important result by Vapnik
and Chervonenkis (1971):

Theorem 12.5. (VAPNIK AND CHERVONENKIS (1971)). For any probability measure
v and class of sets A, and for any n and € > 0,

p {SUP [va(A) — v(A)| > e] < 85(A, n)e /32,
AcA

ProofF. The proof parallels that of Theorem 12.4. We may again assume that
ne? > 2. In the first two steps we prove that

This may be done exactly the same way as in Theorem 12.4; we do not repeat the
argument. The only difference appears in Step 3:

again we condition on Zi, ..., Z,. Fix z;, ..., z, € RY, and observe that as A
ranges over A, the number of different vectors (14(z1), ..., [a(z,)) is just the
number of different subsets of {z;, ..., z,} produced by intersecting it with sets in
A, which, by definition, cannot exceed s(.A, n). Therefore, with Z;, . .., Z, fixed,
the supremum in the above probability is a maximum of at most N4(Z1, ..., Z,)
random variables. This nu1:nber, by definition, is bounded from above by s(A, n).
By the union bound we get
- Zq, ... Zn}

sup 0 14(Z;)| >
{AeAn Z
<(A)PIZH:I(Z)€Z z
,n)su - o; N>—-1Zy,....,Z,¢.
= S AEB n | AL 4 1 ¥
Therefore, as before, it suffices to bound the conditional probability

{ ZGJA<Z>

ZGJA<Z>

i=1

P {sup v, (A) — v(A)] > e} < 4P {sup
AeA AcA

StEP 3. CONDITIONING. To bound the probability

Za,1A<Z>

i=1

Aed R

P {sup

Z1,...,Zn}.
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This may be done by Hoeffding’s inequality exactly as in Step 4 of the proof of
Theorem 12.4. Finally, we obtain

P {Sup [y (A) — v(A)| > e} < 8s(A, me /2. O
AcA

The bound of Theorem 12.5 is useful when the shatter coefficients do not increase
too quickly with n. For example, if A contains all Borel sets of R?, then we can
shatter any collection of »n different points at will, and obtain s(A4, n) = 2". This
would be useless, of course. The smaller A, the smaller the shatter coefficient
is. To apply the vC bound, it suffices to compute shatter coefficients for certain
families of sets. Examples may be found in Cover (1965), Vapnik and Chervonenkis
(1971), Devroye and Wagner (1979a), Feinholz (1979), Devroye (1982a), Massart
(1983), Dudley (1984), Simon (1991), and Stengle and Yukich (1989). This list of
references is far from exhaustive. More information about shatter coefficients is
given in Chapter 13.

REMARK. MEASURABILITY. The supremum in Theorem 12.5 is not always mea-
surable. Measurability must be verified for every family 4. For all our examples,
the quantities are indeed measurable. For more on the measurability question, see
Dudley (1978; 1984), Massart (1983), and Gaenssler (1983). Giné and Zinn (1984)
and Yukich (1985) provide further work on suprema of the type shown in Theorem
12.5.0

REMARK. OPTIMAL EXPONENT. For the sake of readability we followed the line
of Pollard’s proof (1984) instead of the original by Vapnik and Chervonenkis.
In particular, the exponent —ne?/32 in Theorem 12.5 is worse than the —ne?/8
established in the original paper. The best known exponents together with some
other related results are mentioned in Section 12.8. The basic ideas of the original
proof by Vapnik and Chervonenkis appear in the proof of Theorem 12.7 below. O

REMARK. NECESSARY AND SUFFICIENT CONDITIONS. It is clear from the proof of
the theorem that it can be strengthened to

P {sup [Va(A) — v(A)| > e} <8E(NAZy,..., Z)}e "2,
AcA
where Z1, ..., Z, areii.d. random variables with probability measure v. Although
this upper bound is tighter than that in the stated inequality, it is usually more
difficult to handle, since the coefficient in front of the exponential term depends on
the distribution of Z;, while s(A, n) is purely combinatorial in nature. However,
this form is important in a different setting: we say that the uniform law of large
numbers holds if

sup |vu(A) — v(A)| — O in probability.
AcA
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1t follows from this form of Theorem 12.5 that the uniform law of large numbers

holds if
E{log(Na(Zy, ..., Z)))}
—9

Vapnik and Chervonenkis showed (1971; 1981) that this condition is also necessary
for the uniform law of large numbers. Another characterization of the uniform law
of large numbers is given by Talagrand (1987), who showed that the uniform law
of large numbers holds if and only if there does not exist a set A C R¢ with
v(A) > 0 such that, with probability one, the set {Z;, ..., Z,} N A is shattered by
A.O

0.

12.5 Classifier Selection ’

The following theorem relates the results of the previous sections to empirical
classifier selection, that is, when the empirical error probability Z,, (¢) is minimized
over a class of classifiers C. We emphasize that unlike in Section 12.2, here we
allow any classifier with the property that has minimal empirical error L, (p)inC.
First introduce the shatter coefficients and vc dimension of C:

DEFINITION 12.3. Let C be a class of decision functions of the form ¢ : R? —
{0, 1}. Define A as the collection of all sets

(o =1} x ()t : o) =0) x (1)), g eC.
Define the n-th shatter coefficient S(C, n) of the class of classifiers C as
S(C,n) =s(A,n).
Furthermore, define the vc dimension V¢ of C as
Ve =Vyu.

For the performance of the empirically selected decision ¢, we have the fol-
lowing:

Theorem 12.6. LetC be a class of decision functions of the form ¢ : R4 — {0, 11.
Then using the notation L,(¢) = ;ll— }:;’:1 Lipx vy and L(@) = P{o(X) # Y}, we
have

P {Sup Izn(¢) - L(¢)| > 5} S 88(6’, n)e—n€2/32,
¢eC
and therefore
P {L(fb,f) - é)nté L(¢) > e} < 88(C, n)e"</128,
€

where ¢ denotes the classifier minimizing L, (¢) over the class C.
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Proor. The statements are immediate consequences of Theorem 12.5 and Lemma
8.2.0

The next corollary, an easy application of Theorem 12.6 (see Problem 12.1),
makes things a little more transparent.

COROLLARY 12.1. In the notation of Theorem 12.6,

. . log(8eS(C, n))
E{L@))] - inf L(p) < 16,/ =202,

If S(C, n) increases polynomially with »n, then the average error probability of the
selected classifier is within O (\/ logn/ n) of the error of the best rule in the class.
We point out that this result is completely distribution-free. Furthermore, note the
nonasymptotic nature of these inequalities: they hold for every n. From here on
the problem is purely combinatorial—one has to estimate the shatter coefficients.
Many properties are given in Chapter 13. In particular, if V¢ > 2, then S(C, n) <
n"e, that is, if the class C has finite vC dimension, then S(C, ) increases at a
polynomial rate, and

ol Velogn +4
E{L(¢p} g;gL(db)slm/———zn :

REMARK. Theorem 12.6 provides a bound for the behavior of the empirically opti-
mal classifier. In practice, finding an empirically optimal classifier is often compu-
tationally very expensive. In such cases, the designer is often forced to put up with
algorithms yielding suboptimal classifiers. Assume for example, that we have an
algorithm which selects a classifier g, such that its empirical error is not too far
from the optimum with large probability:

P {E(gn) < inf Z,l(¢>+en} >1—38,,
¢eC

where {€,} and {§,} are sequences of positive numbers converging to zero. Then
it is easy to see (see Problem 12.6) that

| {L(gn) —inf L(¢) > e} <6, +P {2 sup !fn(gb) — L(qb)] > € — 6,1} ,
¢€C ¢€C
and Theorem 12.6 may be used to obtain bounds for the error probability of g,. O

Interestingly, the empirical error probability of the empirically optimal classifier
is always close to its expected value, as may be seen from the following example:

COROLLARY 12.2. Let C be an arbitrary class of classification rules (that is, func-
tions of the form ¢ : R? — {0, 1}). Let ¢ € C be the rule that minimizes the
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number of errors committed on the training sequence D,, among the classifiers in
C. In other words,

Lu(@}) < Lu(¢) for every ¢ €C,
where L,(¢) = LS Lig(xoav,)- Then for every n and € > 0,

P{|L.(¢)) —E{L.¢D}] > €} <2e72¢.

The corollary follows immediately from Theorem 9.1 by observing that chang-
ing the value of one (X;, ¥;) pair in the training sequence results in a change of at
most 1/# in the value of L, (¢;). The corollary is true even if the vc dimension of
C is infinite (). The result shows that L ((15*) is always very close to its expected
value with large probability, even if E {L (¢ )} is far from infyec L(@) (see also
Problem 12.12).

12.6 Sample Complexity

In his theory of learning, Valiant (1984) rephrases the empirical classifier selection
problem as follows. For €, § > 0, define an (¢, §) learning algorithm as a method
that selects a classifier g,, from C using the data D, such that for the selected rule

sup P {L(gn) - mf L(¢) > 6} <4,
X.Y)
whenever n > N(e, §). Here N(e, 8) is the sample complexity of the algorithm,
defined as the smallest integer with the above property. Since the supremum is
taken over all possible distributions of (X, Y), the integer N(e, &) is the number of
data pairs that guarantees € accuracy with & confidence for any distribution. Note
that we use the notation g, and not ¢, in the definition above, as the definition
does not force us to take the empirical risk minimizer ¢

We may use Theorem 12.6 to get an upper bound on the sample complexity of
the selection algorithm based on empirical error minimization (i.e., the classifier

br)-

COROLLARY 12.3. The sample complexity of the method based on empirical error
minimization is bounded from above by

512Ve 256Ve 256 8
5— log 1 .
€

N{(e, 8) < max , — log -
€0 = ( 2 e B

The corollary is a direct consequence of Theorem 12.6. The details are left as an
exercise (Problem 12.5). The constants may be improved by using refined versions
of Theorem 12.5 (see, e.g., Theorem 12.8). The sample size that guarantees the
prescribed accuracy and confidence is proportional to the maximum of

Vi 1 1
— log — d —log-.
og; and —logz
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Here we have our first practical interpretation of the vC dimension. Doubling the
vc dimension requires that we basically double the sample size to obtain the same
accuracy and confidence. Doubling the accuracy however, forces us to quadruple
the sample size. On the other hand, the confidence level has little influence on the
sample size, as it is hidden behind a logarithmic term, thanks to the exponential
nature of the Vapnik-Chervonenkis inequality.

The Vapnik-Chervonenkis bound and the sample complexity N (e, §) also allow
us to compare different classes in a unified manner. For example, if we pick ¢
by minimizing the empirical error over all hyperrectangles of R'®, will we need a
sample size that exceeds that of the rule that minimizes the empirical error over all
linear halfspaces of R?*’? With the sample complexity in hand, it is just a matter
of comparing vC dimensions.

As a function of ¢, the above bound grows as O ((1/€?) log(1/€?)). Itis possible,
interestingly, to get rid of the “log” term, at the expense of increasing the linearity
in the vc dimension (see Problem 12.11).

12.7 The Zero-Error Case

Theorem 12.5 is completely general, as it applies to any class of classifiers and all
distributions. In some cases, however, when we have some additional information
about the distribution, it is possible to obtain even better bounds. For example, in
the theory of concept learning one commonly assumes that L* = 0, and that the
Bayes decision is contained in C (see, e.g., Valiant (1984), Blumer, Ehrenfeucht,
Haussler, and Warmuth (1989), Natarajan (1991)). The following theorem provides
significant improvement. Its various forms have been proved by Devroye and
Wagner (1976b), Vapnik (1982), and Blumer, Ehrenfeucht, Haussler, and Warmuth
(1989). For a sharper result, see Problem 12.9.

Theorem 12.7. Let C be a class of decision functions mapping R? to {0, 1}, and
let ¢ be a function in C that minimizes the empirical error based on the training
sample D,. Suppose that infyec L(¢p) = 0, Le., the Bayes decision is contained in
C,and L* =0. Then

P{L(¢}) > €} <2S8(C,2n)27"".

To contrast this with Theorem 12.6, observe that the exponent in the upper bound
for the empirically optimal rule is proportional to —ne instead of —ne?. To see the
significance of this difference, note that Theorem 12.7 implies that the error proba-
bility of the selected classifier is within O(log n/n) of the optimal rule in the class

(which equals zero in this case, see Problem 12.8), as opposed to 0(,/10g n/ n)

from Theorem 12.6. We show in Chapter 14 that this is not a technical coincidence,
but since both bounds are essentially tight, it is a mathematical witness to the fact
that it is remarkably easier to select a good classifier when L* = 0. The proof is
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based on the random permutation argument developed in the original proof of the
Vapnik-Chervonenkis inequality (1971).

PROOF. For ne < 2, the inequality is clearly true. So, we assume that ne > 2. First
observe that since infgec L(¢) =0, Ln(¢”) = ( with probability one. It is easily
seen that R
L(¢y) = sup |L(¢) — Lu(®)I.

¢:Ln(¢)=0
Now, we return to the notation of the previous sections, that is, Z; denotes the
pair (X;, Y;), v denotes its measure, and v, is the empirical measure based on
Zy, ..., Z,. Also, A consists of all sets of the form A = {(x, y) : ¢(x) # y} for
¢ € C. With these notations,

sup  [L(@) = La(@)| = sup |v(A) — v(A)].
#:L,($)=0 A, (4)=0

STEP 1. SYMMETRIZATION BY A GHOST SAMPLE. The first step of the proof is similar
to that of Theorem 12.5. Introduce the auxiliary sample Z1, ..., Z,, such that the
random variables Z, ..., Z,, Z{, ..., Z, are i.i.d., and let v/ be the empirical
measure for Z|, ..., Z;. Then for ne > 2

Pl sup [va(A)— v(A)] > e} < ZP{ sup  [va(A) — v/ (A)] > 5} .
A, (A)=0 A (A)=0 2
The proof of this inequality parallels that of the corresponding one in the proof
of Theorem 12.5. However, an important difference is that the condition ne? > 2
there is more restrictive than the condition ne > 2 here. The details of the proof
are left to the reader (see Problem 12.7).

STEP 2. SYMMETRIZATION BY PERMUTING. Note that the distribution of

sup  |va(A) — v, (A)] = sup
A, (A)=0 A 14(Zi)=0

IZL«Z)——ZIA(Z)

i=1

is the same as the distribution of

def
Bl = sup
AT LA(THZ)=0
where [1(Z,), ..., I1(Z,), H(Zi), e H(Zn) is an arbitrary permutation of the
random variables Zi, ..., Z,, Z1, ..., Z,. The (2n)! possible permutations are
denoted by

Ly iz - L mez )|

i=1

n

Iy, I, ..., Heay.
Therefore,

Arvp(A)=0 2

1 @2n)!
= E { 2n)! Z {1; >>z}}
Jj=

P{ sup |vn(A)—v,;(A)[>f}
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1 Q2n)!
E @2n)! ;

It

sup Iy @y zo)-L S0, 1z =5} [
A La(T(Z0)=0 {|n i=] ALY 5 2oim 1a(I(Z; i z}

SteP 3. CONDITIONING. Next we fiX zi, ..., Zn, 2, . . ., Z,, and bound the value
of the random variable above. Let A C A be a collection of sets such that any
two sets in A pick different subsets of {z1, .. ., zx, Zy, ..., z,}, and its cardinality
iS Na(z1, ...y 2Zns 2} - - - » Z,), that is, all possible subsets are represented exactly
once. Then it suffices to take the supremum over A instead of A:

;e

sup Ly @=L S0, 1> 5
2n)! ]ZIAZT;IA(H (@)=0 {13 2 1, DY ARAGHENIESS

1 (2n)!

T 2! 2. ,Sup Ies a5
toj=1 AeAY L Ta([;(zi))=0

1 @)

(2n)! Z Z Iy, a5}

CJEl Ae Ay Ta(T;(zi))=0

IA

@n)!

= (2n)' Z Z Zi- 1IA(Hj(Zi))=0}I{%Z?:1 14z 0> £}

=1l Ae
1 @n)!
= Z_ 2n)! Zl I{Z?ﬂ ’A<ﬂj(2i))=°}1{% Y L@y £}
AeA Jj=

STEP 4. CoUNTING. Clearly, the expression behind the first summation sign is just
the number of permutations of the 2 points zi, z}, . . ., Zx, Z,, With the property

Iy nayen=o} (s, nanep=5) = 1

divided by (2r)!, the total number of permutations. Observe thatif/ = > ;_ (Ia(z;)+
14(z})) is the total number of points in A among zi, 2}, . . ., Za, Z,, for a fixed set
A, then the number of permutations such that

Iy raen=0} (2 v, a5} = 1

is zero if I < ne/2. If I > ne/2, then the fraction of the number of permutations
with the above property and the number of all permutations can not exceed
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To see this, note that for the above product of indicators to be 1, all the points
falling in A have to be in the second half of the permuted sample. Now clearly,
@) nn—1)---(n—I1+1)

Y2 ) <~ 2—! < 2~ne/2.
(21”) 2n@2n~1)---Q2u—1+1) ~ -

Summarizing, we have

P{ sup 1vn(A>—v;(A)}>§}

A (4)=0

L o

a2

j=1

sup Ly -1 S, 1,z >
AT Ia(TL(Z)=0 {]n Doy LA 5 ier La(Il; x))l>2}

< E {Z 2~ne/2}

Aed
= E{NA(Zl,...,Zn,ZII,..<,Z;l)2—ne/2}
< s(A,2n)27"2,

and the theorem is proved. O

Again, we can bound the sample complexity N(e, §) restricted to the class of
distributions with inf ¢ L(¢) = 0. Just as Theorem 12.6 implies Corollary 12.3,
Theorem 12.7 yields

COROLLARY 12.4. The sample complexity N (e, §) that guarantees
sup P {L(gn) — inf L(¢) > e} <$
(X, Y)infgec L($)=0 $eC

forn > N(e, ), is bounded by
8Ve 13 4 2
N(e,8) < max | —log, —, —log, - | .
€ € € é

A quick comparison with Corollary 12.3 shows that the €2 factors in the denom-
inators there are now replaced by €. For the same accuracy, much smaller samples
suffice if we know that infgec L(¢) = 0. Interestingly, the sample complexity is
still roughly linear in the vC dimension.

REMARK. We also note that under the condition of Theorem 12.7,

P{L(‘P;zk) > E} < 2E{NA(Zl,.,,’ Z,, Z’l,“" Z;)}z—ne/z
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= ZE{NA(ZI9 R ZZIZ)} 2—'16/2’

where the class A of sets is defined in the proof of Theorem 12.7. O

REMARK. As Theorem 12.7 shows, the difference between the error probability
of an empirically optimal classifier and that of the optimal in the class is much
smaller if the latter quantity is known to be zero than if no restriction is imposed
on the distribution. To bridge the gap between the two bounds, one may put the
restriction infgec L(¢) < L on the distribution, where L € (0, 1/2) is a fixed
number. Devroye and Wagner (1976b) and Vapnik (1982) obtained such bounds.
For example, it follows from a result by Vapnik (1982) that

P {L(¢:) - ;ntC‘L(¢) > E} f SS(C’ n)e—ngz/g([l.(_s).
€

As expected, the bound becomes smaller as L decreases. We face the same phe-
nomenon in Chapter 14, where lower bounds are obtained for the probability above.
W]

12.8 Extensions

We mentioned earlier that the constant in the exponent in Theorem 12.5 can be
improved at the expense of a more complicated argument. The best possible ex-
ponent appears in the following result, whose proof is left as an exercise (Problem
12.15):

Theorem 12.8. (DEVROYE (19824)).

P {sup va(A) — v(A)| > e} < cs(A, nz)e‘z"‘z,
AcA

2
where the constant ¢ does not exceed 4e***" < 4, ¢ < 1.

Even though the coefficient in front is larger than in Theorem 12.5, it becomes
very quickly absorbed by the exponential term. We will see in Chapter 13 that
for V4 > 2, s(A,n) < n'4, so s(A,n?) < n?Y4, This difference is negligible
compared to the difference between the exponential terms, even for moderately
large values of ne?.

Both Theorem 12.5 and Theorem 12.8 imply that

E {sup [V, (A) — v(A)[} - 0(,/logn/n)

AcA
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(see Problem 12.1). However, it is possible to get rid of the logarithmic term to
obtain O(1/4/n). For example, for the Kolmogorov-Smirnov statistic we have the
following result by Dvoretzky, Kiefer and Wolfowitz (1956), sharpened by Massart
(1990):

Theorem 12.9. (DVORETZKY, KIEFER, AND WOLFOWITZ (1956); MASSART (1990)).
Using the notation of Theorem 12.4, we have for every n and € > 0,
P {sup |F(z) — Fu(2)| > e} < 2¢7 €
zeR

For the general case, we also have Alexander’s bound:

Theorem 12.10. (ALEXANDER (1984)). For ne’ > 64,

P {SUP [va(A) — v(A)| > e} <16 (ﬁ€)4096VA o€
AeA

The theorem implies the following (Problem 12.10):

COROLLARY 12.5.

8 + /2048V 1 10g(4096V 1)
NG .

The bound in Theorem 12.10 is theoretically interesting, since it implies (see
Problem 12.10) that for fixed V 4 the expected value of the supremum decreases as
a/«/n instead of \/logn/n. However, a quick comparison reveals that Alexander’s
bound is larger than that of Theorem 12.8, unless n > 2%% an astronomically
large value. Recently, Talagrand (1994) obtained a very strong result. He proved
that there exists a universal constant ¢ such that

¢ (cne?\ ™ )
P{sup |v,(A) — v(4)| > e} < <_) o—2ne
{AGE \/ﬁé \7

For more information about these inequalities, see also Vapnik (1982), Gaenssler
(1983), Gaenssler and Stute (1979), and Massart (1983).
It is only natural to ask whether the uniform law of large numbers

E { sup [v,(A) — l)(A)l} <
AeA

sup [v,(A) —v(A)| — 0
AcA

holds if we allow A to be the class of all measurable subsets of R¢. In this case
the supremum above is called the fotal variation between the measures v, and v.
The convergence clearly can not hold if v, is the standard empirical measure

1 14
vy (A) = - > Iz
i=1
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But is there another empirical measure such that the convergence holds? The
somewhat amusing answer is no. As Devroye and Gyorfi (1992) proved, for any
empirical measure ¥,—that is, a function depending on Zy, ..., Z, assigning a
nonnegative number to any measurable set—there exists a distribution of Z such
that for all n

sup [V, (A) — v(A)| > 1/4

AcA
almost surely. Thus, in this generality, the problem is hopeless. For meaningful
results, either A or v must be restricted. For example, if we assume that v is
absolutely continuous with density f, and that 7, is absolutely continuous too
(with density f;), then by Scheffé’s theorem (1947),

sup 5(4) = o) = 5 [ 1) = FCodx
AcA

(see Problem 12.13). But as we see from Problems 6.2, 10.2, 9.6, and 10.3, there
exist density estimators (such as histogram and kernel estimates) such that the L;-
error converges to zero almost surely for all possible densities. Therefore, the total
variation between the empirical measures derived from these density estimates
and the true measure converges to zero almost surely for all distributions with a
density. For other large classes of distributions that can be estimated consistently
in total variation, we refer to Barron, Gyorfi, and van der Meulen (1992).

Problems and Exercises

PrOBLEM 12.1. Prove that if a nonnegative random variable Z satisfies P{Z > ¢} < ce= 2

for all + > 0 and some ¢ > 0, then,
log(ce)
2n

EZ < VE{Z?} < '/}gg_(ge_)‘

HINT: Use the identity E{Z%} = [°P{Z? > t}dt, and set [;° = [+ (. Bound the
first integral by u, and the second by the exponential inequality. Find the value of u that
minimizes the obtained upper bound.

E{Z%} <

Furthermore,

PROBLEM 12.2. Generalize the arguments of Theorems 4.5 and 4.6 to prove Theorems 12.2
and 12.3.

PROBLEM 12.3. Determine the fingering dimension of classes of classifiers C = {¢ : ¢(x) =
Iireny; A € A} if the class A is

(1) the class of all closed intervals in R,

(2) the class of all sets obtained as the union of m closed intervals in R,

(3) the class of balls in R¢ centered at the origin,

(4) the class of all balls in R9,
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(3) the class of sets of the form (—o0, x;] X - - - X (—00, x4]in R4, and
(6) the class of all convex polygons in R?.

PROBLEM 12.4. LetC beaclass of classifiers with ﬁngermg dimensionk > 4 (independently
of n). Show that Ve < k log2 k. '

PROBLEM 12.5. Prove that Theorem 12.6 implies Corollary 12.3. HINT: Find N (e, §) such
that 8n"ce™"<*/128 < § whenever n > N(e, 8). To see this, first show that n%¢ < e"€*/256 is
satisfied forn > 227 Jog 9% which follows from the fact that 2log x < x if x > €. But

. . 2 2 .
in this case 8n"¢e™""/128 < 8¢~"<"/%6 The upper bound does not exceed 8 if n > 2 log %.

PROBLEM 12.6. Let C be a class of classifiers ¢ : RY — {0, 1}, and let ¢ be a classi-
fier minimizing the empirical error probability measured on D,. Assume that we have an
algorithm which selects a classifier g, such that

P {Zn(gn) = inf zn(¢) +6n} = - 8ns
¢peC

where {€,} and {8,} are sequences of positive numbers converging to zero. Show that
P {L(gn) — inf L(¢) > 6} <&+ P {ZSUP Izr1(¢) - L(¢>I > € — en} .
¢eC peC

Find conditions on {¢,} and {6, } so that

EL(g,) — inf L(¢) = O (,/ Ifﬁ—”) :

that is, EL(g,) converges to the optimum at the same order as the error probability of ¢7.

PrOBLEM 12.7. Prove that

P{ sup  |v,(A) — v(A)| > e} < 2P{ sup v, (A) — v (A)] > ;—}

Aty (A)=0 Atvp (A)=0

holds if ne > 2. This inequality is needed to complete the proof of Theorem 12.7. HINT:
Proceed as in the proof of Theorem 12.5. Introduce A* with v,(A*) = O and justify the
validity of the steps of the following chain of inequalities:

P{ sup [V (A) — v (4A)| > 6/2}

Ay (A)=0

A%

! * 6
E {I{v(A*)>e}P { v, (A%) > 5\ Zi,..., ZnH

v

P {B(n, €) > %}P{]vn(A*) —v(A")| > €},

where B(n, €) is a binomial random variable with parameters n and €. Finish the proof by
showing that the probability on the right-hand side is greater than or equal to 1/2 if ne > 2.
(Under the slightly more restrictive condition ne > 8, this follows from Chebyshev’s
inequality.)
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PrROBLEM 12.8. Prove that Theorem 12.7 implies that if infye¢ L(¢) = 0, then

2Ve log(2n) + 4

EL(¢p") <
@) = nlog2

We note here that Haussler, Littlestone, and Warmuth (1988) demonstrated the existence
of a classifier ¢ with EL(¢}) < 2V¢/n when infycc L(¢) = 0. HINT: Use the identity
EX = f0°° P{X > t}dt for nonnegative random variables X, and employ the fact that
S(C, n) < n"¢ (see Theorem 13.3).

PROBLEM 12.9. Prove the following version of Theorem 12.7. Let ¢} be a function that
minimizes the empirical error over a class in C. Assume that infsec L(¢) = 0. Then

P{L(¢}) > €} <28(C,n*)e ™

(Shawe-Taylor, Anthony, and Biggs (1993)). HINT: Modify the proof of Theorem 12.7 by
introducing a ghostsample Z1, . .., Z,, withsize m (to be specified after optimization). Only
the first symmetrization step (Problem 12.7) needs adjusting: show that for any « € (0, 1),

1
P{ sup v(A) >e} < ———~P{ sup v,’,,(A)>(1—a)e},
A (A)=0 1 — e—mac Arvn(A)=0

where v,, is the empirical measure based on the ghost sample (use Bernstein’s inequality—
Theorem 8.2). The rest of the proof is similar to that of Theorem 12.7. Choose m = n> —n
and @ =n/(n +m).

ProBLEM 12.10. Prove that Alexander’s bound (Theorem 12.10) implies that if A is a
Vapnik-Chervonenkis class with vC dimension V = V4, then

8 +,/2048V log(4096V)
7n .

E {sup v, (A) — V(A)l} <
AeA

HINT: Justify the following steps:
(1) If ¢ is a negative decreasing concave function, then

©0 ev
/ O < S
u ~¢/(u)
HinT: Bound ¢ by using its Taylor series expansion.
(2) Letb > 0 be fixed. Then for u > /b/2,

00 b—1,—2u?
9,2 u e
/ tPe~¥ dr < —

u

HiNT: Use the previous step.
(3) Let X be a positive random variable for which

b_—2u?
P{X > u} <au’e ™, u=> ./,
where a, b, ¢ are positive constants. Then, if b > 2¢ > e,

EX < a N blogb
2 2

HinT: Use EX = fooo P{X > u}du, and bound the probability either by one, or by
the bound of the previous step.
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ProBLEM 12.11. Use Alexander’s inequality to obtain the following sample size bound for
empirical error minimization:

24V log (214Ve) 4 16
N(e, 8) < max M,—log— .
€? €? )

For what values of € does this bound beat Corollary 12.3?

PrROBLEM 12.12. Let Z,, ..., Z, be i.i.d. random variables in R¢, with measure v, and
standard empirical measure v, . Let A be an arbitrary class of subsets of R¢. Show that as
n — 0Q,
sup |v,(A) — v(A)| — 0 in probability
AeA
if and only if
sup |v,(A) — v(A)| = O with probability one.
AeA
Hint: Use McDiarmid’s inequality.

PROBLEM 12.13. Prove Scheffé’s theorem (1947): let u and v be absolute continuous prob-
ability measures on R¢ with densities f and g, respectively. Prove that

1
sup |u(A) — v(A)| = 3 / |f(x) — g(x)ldx,
AeA

where A is the class of all Borel-measurable sets. HINT: Show that the supremum is achieved
for the set {x : f(x) > g(x)}.

PROBLEM 12.14. LEARNING BASED ON EMPIRICAL COVERING. This problem demonstrates an
alternative method of picking a classifier which works as well as empirical error minimiza-
tion. The method, based on empirical covering of the class of classifiers, was introduced by
Buescher and Kumar (1996a). The idea of covering the class goes back to Vapnik (1982).
See also Benedek and Itai (1988), Kulkarni (1991), and Dudley, Kulkarni, Richardson, and
Zeitouni (1994). Let C be a class of classifiers ¢ : R? — {0, 1}. The data set D, is split into
two parts, Dm = ((Xl, Y]), e (Xms Ym))y and I, = ((Xm+la Ym+l)v s (Xm Yn))s where
n =m + 1. We use the first part D,, to cover C as follows. Define the random variable N as
the number of different values the binary vector b,,(¢) = (¢(X1), ..., $¢(X,,)) takes as ¢ is
varied over C. Clearly, N < S(C, m). Take N classifiers from C, such that all N possible
values of the binary vector b,,(¢) are represented exactly once. Denote these classifiers
by 1, ..., ¢n. Among these functions, pick one that minimizes the empirical error on the
second part of the data set 7;:

DU
Li(¢:) = 7 Z LG K Y1

Jj=1

Denote the selected classifier byA (7;,,. Sho’vy that for every n, m and € > 0, the difference
between the error probability L(¢,) = P{¢,(X) # Y| D, } and the minimal error probability
in the class satisfies

P {L@n) - ing L(¢) > e} < 28(C, m)e™ "™ /8 1 284(C, 2m)e e 08U/
€
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(Buescher and Kumar (1996a)). For example, by taking m ~ /i, we get

E{L(c/?n)— inf L(¢)] < c\/V—“ig—”,
¢eC n

where ¢ is a universal constant. The fact that the number of samples 7 used for covering C
is very small compared to n, may make the algorithm computationally more attractive than
the method of empirical error minimization. HINT: Use the decomposition

P {L(@) — inf L(¢) > 5}
peC

€

-~ . rt . rt . €
< P{L(qs,,) ~ inf L(@)> 5} +P{i=%?fN L(§) — inf L(9) > —2-}.

Bound the first term on the right-hand side by using Lemma 8.2 and Hoeffding’s inequality:

p { L(@)— inf L) > %} < 28(C, mye'.
To bound the second term of the decomposition, observe that
inf L(¢:) —inf L(¢) < sup |L(¢) - L")
i=l,...N peC $.¢€C:by ($)=bm (9')
< sup P{p(X) # ¢'(X)}
¢.¢'€C:by ($)=bm (¢")
= sup  v(A),
A€ A:vp (A)=0

where
A={{x:¢(x)=1}: ¢(x) = | (x) — ¢2(x)|, d1, 2 € C},

and v, (A) = % > Iix,ea;- Bound the latter quantity by applying Theorem 12.7. To do
this, you will need to bound the shatter coefficients s(A, 2m). In Chapter 13 we introduce
simple tools for this. For example, it is easy to deduce from parts (ii), (iii), and (iv) of
Theorem 13.5, that s(A4, 2m) < SYC, 2m).

PROBLEM 12.15. Prove that for all € € (0, 1),

P [SUP v (A) — v(A)] > e} < cs(A, nz)e-zné’
AeA

where ¢ < 4e%+*” (Devroye (1982a)). HINT: Proceed as indicated by the following steps:
(1) Introduce an iid. ghost sample Zi, ..., Z! of size m = n* — n, where Z} is
distributed as Z;. Denote the corresponding empirical measure by v;,. As in the
proof of the first step of Theorem 12.4, prove that for o, € € (0, 1),

P [SUP [v.(A) = v, (A)] > (1 - a)e}
AeA

1
> (1 - m) P {ilelglv,,(A) —v(A)| > e} .
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(2) Introduce n?! permutations Iy, ..., I1,,, of the n + m random variables as in

Step 2 of the proof of Theorem 12.5. Show that

sup / .
21 ZIAEE" LS LAz S Ta(T

—a)e}

n2!

<SA,n )max 1' Zl{

LS L MZ)) - Y 1A (Z))

(3) Show that for each A € A,
n?
]

n2t Z Iﬂ% i -

g

2e-2n62+4an62+4e2

}S

>(I-o¢)e}'

by using Hoeffding’s inequality for sampling without replacement from r? binary-

valued elements (see Theorem A.25). Choose o = 1/(ne).






13

Combinatorial Aspects of
Vapnik-Chervonenkis Theory

13.1 Shatter Coefficients and VC Dimension

In this section we list a few interesting properties of shatter coefficients s(A, n)
and of the vc dimension V4 of a class of sets ,A. We begin with a property that
makes things easier. In Chapter 12 we noted the importance of classes of the form

A={Ax{0}UA® x {1};A € A}.

(The sets A are of the form {x : ¢(x) = 1}, and the sets in A are sets of pairs (x, y)
for which ¢(x) # y.) Recall that if C is a class of classifiers ¢ : R — {0, 1},
then by definition, S(C,n) = s(A,n) and Vo = V ‘1 The first result states that
S(C, n) = s(A, n), so it suffices to investigate properties of .4, a class of subsets
of R¥.

Theorem 13.1. For every n we have s(.ﬁ, n) = s(A, n), and therefore V 1=Va

PROGF. Let N be a positive integer. We show that for any » pairs from R? x
{0, 1}, if N sets from A pick N different subsets of the n pairs, then there are
N corresponding sets in A that pick N different subsets of n points in R¢, and
vice versa. Fix n pairs (x1, 0), ..., (xn, 0), (Xms1, 1), - .., (x4, 1). Note that since
ordering does not matter, we may arrange any » pairs in this manner. Assume that
for a certain set A € A, the corresponding set A=Ax{0} UASx {1} e A picks
out the pairs (x1, 0), ..., (x¢, 0), (Xpe1, 1), . . ., (X4, 1), that is, the set of these
pairs is the intersection of A and the n pairs. Again, we can assume without loss of
generality that the pairs are ordered in this way. This means that A picks from the set
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{x1,..., x,} the subset {x, ..., Xz, Xppalals - - - , X, }, and the two subsets uniquely
determine each other. This proves s(A, n) < s(A, n). To prove the other direction,
notice that if A picks a subset of k points xj, ..., X, then the corresponding set

Ae A picks the pairs with the same indices from {(x1, 0), ..., (xx, 0)}. Equality
of the vc dimensions follows from the equality of the shatter coefficients. O

The following theorem, attributed to Vapnik and Chervonenkis (1971) and Sauer
(1972), describes the relationship between the vc dimension and shatter coeffi-
cients of a class of sets. This is the most important tool for obtaining useful upper
bounds on the shatter coefficients in terms of the vC dimension.

Theorem 13.2. If A is a class of sets with VC dimension V 4, then for every n

V4
sAm <Y (’;)

i=0

ProoFr. Recall the definition of the shatter coefficients

s(A,n) = max Ny(xi,...,x,),
(X1 ..... JC,;)
where
Nages, - =[x s 4 e 4]

Clearly, it suffices to prove that for every xi, ..., X,

Va sy

NaGet, %) < ) (1)

=0

But since N 4(x1, ..., x) is just the shatter coefficient of the class of finite sets

{{xl,ﬂ.,x,,}ﬂA;AeA},

we need only to prove the theorem for finite sets. We assume without loss of
generality that A is a class of subsets of {x, ..., x,} with vc dimension V4. Note
that in this case s(A, n) = | A|.

We prove the theorem by induction with respect to n and V4. The statement is
obviously true for n = 1 for any class with V4 > 1. It is also true for any n > 1 if
V4 =0, since s(A, n) = 1 for all n in this case. Thus, we assume V4 > 1. Assume
that the statement is true for all k£ < n for all classes of subsets of {x1, ..., xx}
with vc dimension not exceeding V.4, and for n for all classes with vC dimension
smaller than V4. Define the following two classes of subsets of {x;, ..., x,}:

A ={A—-{x};Ae A},

and N R o
A={AeA:x, ¢ A, AU(x,} € A}.
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Note that both A’ and A contain subsets of {x1, ..., Xp-1}. A contains all sets A
that are members of .A such that AU {x,} is also in A but x, ¢ A.
Then |A| = |A] + IA[ To see this, write

A={A-{x):xeA Ac A JIA-{x) x ¢ A Ac A} =B UB,.

Thus,

AT = Bl +IB:| = |Bi N By
= fA—{x):x €A Ac A+ 1A - {x) % ¢ A Ac A} —|A
= HA:xyeA Ac AN+ A x, ¢ A Ac A —|A
= JAI- 4]

Since |A’| < |A|, and A’ is a class of subsets of {xi, ..., x,_1}, the induction

hypothesis implies that

Va _
Al=s(A,n—1) < Z (n ; 1).

i=0

Next we show that V3 < V4 — 1, which will imply

. N Vai—1 n—1
1A|=s(A,n—1>sZ( l. )

i=0

by the inductign hypothesis. To see this, consider a set S C {xi, ..., X~} thatis
shattered by A. Then S U {x,,} is shattered by .A. To prove this we have to show
that any set ' C § and S U {x,} is the intersection of S U {x,} and a set from
A. Since § is shattered by A if S C S, then there exists a set A € A such that
§’ = S N A. But since by definition x,, ¢ A, we must have

S =(SUx.DNA

and R
S'U{x,) = (SU{x DN (AU {x,}).

Since by the definition of Aboth A and A U {x,} are in A, we see that S U {x,,}
is indeed shattered by .A. But any set that is shattered by .4 must have cardinality
not exceeding V4, therefore |S| < V4 — 1. But § was an arbitrary set shattered by
A, which means Vi < V4 — 1. Thus, we have shown that

~ A -1 & m-1
s(A, ) = |Al = |A] +]A] sZ( . >+ > ( . )
AN i=0 !
Straightforward application of the identity (7) = (*;") + (/_|) shows that

BO-EC)-E0)

i=0 i=0 i=0
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Theorem 13.2 has some very surprising implications. For example, it follows
immediately from the binomial theorem that s(A, n) < (n+ 1)Y4. This means that
a shatter coefficient falls in one of two categories: either s(A, n) = 2" for all n, or
s(An) <(n+ ¥4, which happens if the vc dimension of A is finite. We cannot
have s(A, n) ~ 2v", for example. If V4 < oo, the upper bound in Theorem 12.5
decreases exponentially quickly with n. Other sharper bounds are given below.

Theorem 13.3. Foralln > 2V,
Vs Vi
san =2 (1) =) -
i=0 N Va
For V> 2, s(A,n) <n", andforall V4, s(A,n) <n' + 1.

Theorem 13.3 follows from Theorem 13.4 below. We leave the details as an
exercise (see Problem 13.2). '

Theorem 13.4. Foralln > 1 and V4 < n/2,

s(A, n) < e"”(“if‘),

where H(x) = —x logx — (1 — x)log(l — x) forx € (0, 1), and H(0) = H(1) =0
is the binary entropy function.

Theorem 13.4 is a consequence of Theorem 13.2, and the inequality below. A
different, probabilistic proof is sketched in Problem 13.3 (see also Problem 13.4).

Lemma 13.1. Fork < n/2,

> (1) zem
l,

i=0

PROOF. Introduce A = k/n < 1/2. By the binomial theorem,

1 = (A«"'(l-—)t,))”
an n\., .
= 2 (pra-n
n n 5 an ) |
- 21(1) (T:_X) (L=2)" (since 2/(1—2) < 1)

k
n

o~ HO) Z ()
im0

the desired inequality. O
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ReMaRK. The binary entropy function H(x) plays a central role in information
theory (see, e.g., Csiszar and Korner (1981), Cover and Thomas (1991)). Its main
properties are the following: H(x) is symmetric around 1/2, where it takes its
maximum. It is continuous, concave, strictly monotone increasing in [0, 1/2],
decreasing in [1/2, 1], and equals zero for x =0, and x = 1. O

Next we present some simple results about shatter coefficients of classes that
are obtained by combinations of classes of sets.

Theorem 13.5.

(i) If A=A UA,, thens(A, n) <s(A;, n)+s(Ay, n).
(ii) Given a class A define A, = {A°; A € A}. Then s(A., n) = s(A, n).

(iii) For A= {Xn AAcAAc A}, (A, n) < s(A, m)s(A, n).

(iv) For A= {A UA; Ae A Ae /I}, s(A,n) < S(;l\, n)s(A, n).
(v) For A= {Xx AAcAAe A}, (A, 1) < (A m)s(A, n).
Prook. (i), (ii), and (v) are tiivial. To prove (iii), fix n points xi, ..., x,, and

assume that A picks N < s(A, n) subsets Cy, ... ., Cy. Then A picks from C; at
most s(A, |C;|) subsets. Therefore, sets of the form A N A pick at most

N
Y s(AL G < s(A n)s(A, n)

i=1

subsets. Here we used the obvious monotonicity property s(A, n) < s(A, n + m).
To prove (iv), observe that

{XUA;Ze]ﬁANeﬂ}={(;fcmﬁ”)c;2e]l\,ﬁeﬁ}.

The statement now follows from (ii) and (iii). O

13.2 Shatter Coefficients of Some Classes

Here we calculate shatter coefficients of some simple but important examples of
classes of subsets of R%. We begin with a simple observation.

Theorem 13.6. If A contains finitely many sets, then V4 < log,|A|, and
s(A, n) < |A| for every n.

Proor. The first inequality follows from the fact that at least 2" sets are necessary
to shatter n points. The second inequality is trivial. O
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In the next example, it is interesting to observe that the bound of Theorem 13.2
is tight.

Theorem 13.7.
(i) If A is the class of all half lines: A = {(—o0, xl;x € R}, then V4 = 1,

and
s(An)y=n+1= (g) + (rlz)

(ii) If A is the class of all intervals in R, then V4 = 2, and

= () () )

PRrOOF. (i) is easy. To see that V4 = 2 in (ii), observe that if we fix three different
points in R, then there is no interval that does not contain the middle point, but
does contain the other two. The shatter coefficient can be calculated by counting
that there are at most n — k + 1 sets in {A N {x1,...,x,}; A € A} such that
l[AN{xi,...,x,}l = kfork =1,...,n, and one set (namely @) such that |A N
{x¢, ..., x,}] =0. This gives altogether

n(n+1) 41 O

1+Z(n—k+1)

Now we can generalize the result above for classes of intervals and rectangles
in R4:
Theorem 13.8.

(i) If A={(—00,x1]X -+ X (—00,x4]}, then V4 =d.
(ii) If A is the class of all rectangles in R9, then V4 = 2d.

PrOOF. We prove (ii). The first part is left as an exercise (Problem 13.5). We have
to show that there are 2d points that can be shattered by .4, but for any set of 2d + 1
points there is a subset of it that can not be picked by sets in .A. To see the first part
just consider the following 2d points:

(1,0,0,...,0),(0,1,0,0,...,0),...,(0,0,...,0, 1),
(=1,0,0,...,0),(0,—1,0,0,...,0),...,(0,0,...,0,—1),

(see Figure 13.1).
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FIGURE 13.1. 2* = 16 rectangles

shatter 4 points in R>.

On the other hand, for any given set of 2d + 1 points we can choose a subset of at
most 2d points with the property thatit contains a point with largest first coordinate,
a point with smallest first coordinate, a point with largest second coordinate, and
so forth. Clearly, there is no set in .A that contains these points, but does not contain
the others (Figure 13.2). O

FIGURE 13.2. No 5 points can be
. shattered by rectangles in R*.

® max X

min X &

min ¥

Theorem 13.9. (STEELE (1975), DUDLEY (1978)). Let G be a finite-dimensional
vector space of real functions on R%. The class of sets

A={{x :8(x)=0}: g G}

has vC dimension V4 < r, where r = dimension(G).

Proor. It suffices to show that no set of size m = 1 + r can be shattered by sets of
the form {x : g(x) > 0}. Fix m arbitrary points x, ..., X;;, and define the linear
mapping L : G — R™ as

L(g) = (g(x1), - - ., 8(xm)).
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Then the image of G, L(G), is a linear subspace of R of dimension not ex-
ceeding the dimension of G, that is, m — 1. Then there exists a nonzero vector
v =W,...,¥Yn) € R™, that is orthogonal to L(G), that is, forevery g € G

gx) + ..+ Ymgxn) =0.

We can assume that at least one of the y;’s is negative. Rearrange this equality so
that terms with nonnegative y; stay on the left-hand side:

> ngi)= ) ~vigln).
ity >0 ity; <0

Now, suppose that there exists a g € G such that the set {x : g(x) > 0} picks
exactly the x;’s on the left-hand side. Then all terms on the left-hand side are
nonnegative, while the terms on the right-hand side must be negative, which is a
contradiction, SO x1, . . ., X,; cannot be shattered, and the proof is completed. Ol

REMARK. Theorem 13.2 implies that the shatter coefficients of the class of sets in
Theorem 13.9 are bounded as follows:

s(A, n) < Xr: (r;)

i=0

In many cases it is possible to get sharper estimates. Let

g={2aiwi Zdl,...,arGR]
i=1

be the linear space of functions spanned by some fixed functions v, ..., ¥, :
R? — R, and define W(x) = (¥1(x), ..., ¥, (x)). Cover (1965) showed that
if for some xq,...,x, € RY, every r-element subset of W(x), ..., W(x,) is

linearly independent, then the n-th shatter coefficient of the class of sets A =
{{x : g(x) = 0} : g € G} actually equals

r—1
s(A,n) = 22 (n —z- 1)
=0

(see Problem 13.6). By using the last identity in the proof of Theorem 13.2, it is
easily seen that the difference between the bound obtained from Theorem 13.9
and the true value is (”:1). Using Cover’s result for the shatter coefficients we can
actually improve Theorem 13.9, in that the vc dimension of the class A equals r.
To see this, note that

s(A,r)=2Z(rlf1) =2.27 =2,

—1
i=0
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while

=/ " (r r
s(A,r+1) =2; <l) = 2;(1) - 2<r) =227 —2 <2,
Therefore no r + 1 points are shattered. It is interesting that Theorem 13.9 above
combined with Theorem 13.2 and Theorem 13.3 gives the bound
s(A,n)<n +1
when r > 2. Cover’s result, however, improves it to

s(A,n) <2m—1y"1+2. O

Perhaps the most important class of sets is the class of halfspaces in R?, that is,
sets containing points falling on one side of a hyperplane. The shatter coefficients
of this class can be obtained from the results above:

COROLLARY 13.1. Let A be the class of halfspaces, that is, subsets of R? of the
form {x : ax > b}, wherea € R?, b € R take all possible values. Then V4 = d+1,
and

d
S(A,n):ZZ(n;]) <2(n— 1% +2.
=0

Proor. This is an immediate consequence of the remark above if we take G to be
the linear space spanned by the functions

1) = xV, () =x?, ..., ¢a(x) =xY, and ¢ (x) =1,

where x, ..., x denote the d components of the vector x. O

It is equally simple now to obtain an upper bound on the vc dimension of the
class of all closed balls in R? (see Cover (1965), Devroye (1978), or Dudley (1979)
for more information).

COROLLARY 13.2. Let A be the class of all closed balls in RY, that is, subsets of
R4 of the form

d
=G0 ) Y O —aP < by,
i=1

where ay, ..., a4, b € R take all possible values. Then V4 5' d+2.

PROOF. If we write

d d d d
Z x® —a*—b= Z x®P — ZZx(’)ai + Zaiz —b,
i=1 i=1 i=1 i=1



224 13. Combinatorial Aspects of Vapnik-Chervonenkis Theory

then it is clear that Theorem 13.9 yields the result by setting G to be the linear
space spanned by

d
$1(x) = Y xOP, o) =x, L gun(x) =x@, and gun(x) = 1. O
i=1

It follows from Theorems 13.9 and 13.5 (iii) that the class of all polytopes with
a bounded number of faces has finite vC dimension. The next negative example
demonstrates that this boundedness is necessary.

Theorem 13.10. If A is the class of all convex polygons in R?, then V 4 = oo.

FiGURE 13.3. Any subset of n points

on the unit circle can be picked by a
/ \ convex polygon.

PROOF. Let x1, ..., x, € R? lie on the unit circle. Then it is easy to see that for
any subset of these (different) points there is a polygon that picks that subset. O

13.3 Linear and Generalized Linear Discrimination
Rules

Recall from Chapter 4 that a linear classification rule classifies x into one of the
two classes according to whether

d .
ap + Z a;ix
i=1

is positive or negative, where x(V, ..., x@ denote the components of x € R.
The coefficients g; are determined by the training sequence. These decisions di-
chotomize the space R¢ by virtue of a halfspace, and assign class 1 to one halfspace,
and class O to the other. Points on the border are treated as belonging to class 0.
Consider a classifier that adjusts the coefficients by minimizing the number of
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errors committed on D,,. In the terminology of Chapter 12, C is the collection of
all linear classifiers.

% 7 FIGURE 13.4. An empirically opti-
mal linear classifier.

o
X
o

Xé N
decide class 0

Glick (1976) pointed out that for the error probability L(¢;) of this classifier,
L(¢}) —infpec L(¢) — O almost surely. However, from Theorems 12.6, 13.1 and
Corollary 13.1, we can now provide more details:

Theorem 13.11. Foralln and e > 0, the error probability L(¢};) of the empirically
optimal linear classifier satisfies

P {L(dﬁ,’:) - ;Sng L(¢) > e} < gpd*lne’/128
=

Comparing the above inequality with Theorem 4.5, note that there we selected
¢ by a specific algorithm, while this result holds for any linear classifier whose
empirical error is minimal.

Generalized linear classification rules (see Duda and Hart (1973)) are defined
by

. a*
gn(x)= 0 1fa0+z:i=1 aiwi(x) >0
1 otherwise,
where d* is a positive integer, the functions vy, ..., ¥4 are fixed, and the coef-
ficients aq, . .., ag+ are functions of the data D,. These include for example all

quadratic discrimination rules in R when we choose all functions that are either
components of x, or squares of components of x, or products of two components
of x. That is, the functions ;(x) are of the form either x, or x’x®_ In all,
d* =2d +d(d — 1)/2. The argument used for linear discriminants remain valid,
and we obtain

Theorem 13.12. Let C be the class of generalized linear discriminants (i.e., the
coefficients vary, the basis functions \; are fixed). For the error probability L($;))
of the empirically optimal classifier, for all d* > 1,n and € > 0, we have

p {L(aﬁyf) - ;ng L(¢) > e} < gud"+l e’/ 128
&
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Also, forn > 2d* + 1,

P {L(tﬁr’f) - ;ng L(¢) > e} < 8IS gmne?/128
€

The second inequality is obtained by using the bound of Theorem 13.4 for the
shatter coefficients. Note nevertheless that unless d* (and therefore C) is allowed to
increase with #, there is no hope of obtaining universal consistency. The question
of universal consistency will be addressed in Chapters 17 and 18.

13.4 Convex Sets and Monotone Layers
Classes of infinite vc dimension are not hopeless by any means. In this section,

we offer examples that will show how they may be useful in pattern recognition.
The classes of interest to us for now are

C = {all convex sets of Rz}

L

{all monotone layers of R2, i.e., all sets of the form
{(x1, x2) : xp < ¥(x1)} for some nonincreasing function 1//}.

In discrimination, this corresponds to making decisions of the form ¢(x) = Ijxec),
C € C, or ¢(x) = Ixgcy, C € C, and similarly for £. Decisions of these forms
are important in many situations. For example, if n(x) is monotone decreasing in
both components of x € R?, then the Bayes rule is of the form g*(x) = Iixery for
some L € L. We have pointed out elsewhere (Theorem 13.10, and Problem 13.19)
that Vo = V; = oo. To see this, note that any set of »n points on the unit circle is
shattered by C, while any set of n points on the antidiagonal x, = —x is shattered
by L. Nevertheless, shattering becomes unlikely if X has a density. Our starting
point here is the bound obtained while proving Theorem 12.5:

P { Sup |un(A) — p(A)| > e} < 8E{N4(X1,..., X))} e /2,
AcA

where N 4(X1, ..., X,)is the number of setsin {A N{Xy,..., X,,} : A € A}. The
following theorem is essential:

Theorem 13.13. If X has a density f on R?, then
E{NA(X1,..., X))} =2°®
when A is either C or L.

This theorem, a proof of which is a must for the reader, implies the following:
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COROLLARY 13.3. Let X have a density f on R*. Let ¢* be picked by minimizing
the empirical ervor over all classifiers of the form

ot ifxeA
¢('x) - { O lf x é A,
where A or A isinC (or L). Then
L(¢)) — inf L(®)

¢=Ic for Cor C¢inC

with probability one (and similarly for L).

ProoF. This follows from the inequality of Lemma 8.2, Theorem 13.13, and the
Borel-Cantelli lemma. O

REMARK. Theorem 13.13 and the corollary may be extended to R¢, but this gen-
eralization holds nothing new and will only result in tedious notations.

PROOF OF THEOREM 13.13.  We show the theorem for £, and indicate the proof
for C. Take two sequences of integers, 7 and r, where m ~ /n and r ~ m'/3, so
that m — o0, yet r2/m — 0, asn — oo. Consider the set [—7, 7]* and partition
each side into m equal intervals, thus obtaining an m x m grid of square cells
Ci, ..., Cpy. Denote Cy = R* — [—r, r]>. Let No, Ny, ..., N,z be the number of
points among X1, ..., X, that belong to these cells. The vector (Ng, N1, ..., Ny2)
is clearly multinomially distributed.

Let ¢ be a nonincreasing function R — R defining asetin Lby L = {(x{, x3) :
xy < ¥(xy)}. Let C(y) be the collection of all cell sets cut by i, that is, all cells
with a nonempty intersection with both L and L€. The collection C(y/) is shaded
in Figure 13.5.

FIGURE 13.5. A monotone layer and
bordering cells.




228 13. Combinatorial Aspects of Vapnik-Chervonenkis Theory

We bound N/(X4, ..., X,) from above, conservatively, as follows:

( 2Nf) 2™, (13.1)
all possible C(yr) \GieCW)

The number of different collections C(¥) cannot exceed 2*" because each cell
in C(¢) may be obtained from its predecessor cell by either moving right on the
same row or moving down one cell in the same column. For a particular collection,
denoting p; = P{X e C;}, we have

“|(11,)

n
(Z 2pi+2po+1— ) Pi—Po)

1

CieC(y¥) CieC(y)
(by applying Lemma A.7)
= exp (” ( Z Pi +P0))
CieC(y)
=

exp|n sup / f +/ f
all sets A with A(A) < 872/m’4 Co

(since A ( U cl-) < 2mQ2r/m)* = 8r%/m)
i:C;eCY)

_ eﬂ(ﬂ)

because 72/m — 0 and r — oo and by the absolute continuity of X. As this
estimate is uniform over all collections C (i), we see that the expected value of
(13.1) is not more than 2%"¢°™ = ¢°_The argument for the collection C of
convex sets is analogous. O

ReMaRK. The theorem implies that if 4 is the class of all convex sets, then
SUP 4 4 |n(A) — (A)| — 0 with probability one whenever p has a density. This
is a special case of a result of Ranga Rao (1962). Assume now that the density f
of X is bounded and of bounded support. Then in the proof above we may take
r fixed so that [—r, ]? contains the support of f. Then the estimate of Theorem
13.13 s

E{NAX, ..., X))} < 2. eSlfler®/m
(where || flo denotes the bound on f)
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24r«/n;[f|!ooe4r«/nllflioo
(if we take m =2r/n|| flloo)
< v

for a constant «. This implies by Corollary 12.1 that

E {L(¢;) B o=I¢ forlgf(‘)r C¢inC L(¢)} =0 (l’t 1/4) ’
This latter inequality was proved by Steele (1975). To see that it cannot be extended
to arbitrary densities, observe that the data points falling on the convex hull (or
upper layer) of the points X1, ..., X,, can always be shattered by convex sets (or
monotone layers, respectively). Thus, N4(X1, ..., X,,) is at least 2M» where M,
is the number of points among X1, ..., X,, falling on the convex hull (or upper
layer) of X1, ..., X,. Thus,

E{NiXy,.... X0)} > E{ZMH} > QE(M).

But it follows from results of Carnal (1970) and Devroye (1991b) that for each
a < 1, there exists a density such that

EiM,) > 1.0

lim sup

a
n—>00 n

The important point of this interlude is that with infinite vc dimension, we
may under some circumstances get expected error rates that are o(1) but larger
than 1/./n. However, the bounds are sometimes rather loose. The reason is the
looseness of the Vapnik-Chervonenkis inequality when the collections .4 become
very big. To get such results for classes with infinite vC dimension it is necessary
to impose some conditions on the distribution. We will prove this in Chapter 14.

Problems and Exercises

ProBLEM 13.1. Show that the inequality of Theorem 13.2 is tight, that is, exhibit a class A
of sets such that for each n, s(A, n) = Zlvz 4 ().

i

PROBLEM 13.2. Show that forall n > 2V 4
VA, (n nva en\"
> ()=2(5)= (%)
i=0 [4 VA' VA

50

=0

and that



230 13. Combinatorial Aspects of Vapnik-Chervonenkis Theory

if V4 > 2. HINT: There are several ways to prove the statements. One can proceed di-
rectly by using the recurrence 3,4 (*) = 3204 ("71) + 47 ("71). A simpler way to
prove Y14 (= (%)VA is by using Theorem 13.4. The third inequality is an immediate
consequence of the first two.

PROBLEM 13.3. Give an alternative proof of Lemma 13.1 by completing the following
probabilistic argument. Observe that for k' =n — k,

k n
>(0)=2(;)=2rm =i
i=0 i=k'

where B, is a binomial random variable with parameters n and 1/2. Then Chernoff’s
bounding technique (see the proof of Theorem 8.1) may be used to bound this probability:
foralls > 0O,

P(B, > k'} < e ¥E {e#} =exp (—n (sk//n —log (es; 1))) .

Take the derivative of the exponent with respect to s to minimize the upper bound. Substitute
the obtained value into the bound to get the desired inequality.

PROBLEM 13.4. Let B be a binomial random variable with parameters # and p. Prove that
fork > np

n

P{B > k} <exp (—n (H(k/n) + l;—logp Lk log(1 ~— p))) .
n

HinT: Use Chernoff’s bounding technique as in the previous problem.
PrOBLEM 13.5. Prove part (i) of Theorem 13.8.

PROBLEM 13.6. Prove that for the class of sets defined in the remark following Theorem

13.9,
r—1 n— 1
s(A,n)=2lZ:O:( ; )

(Cover (1965)). HiNT: Proceed by induction with respect to # and 7. In particular, show that
the recurrence s(A,, n) = s(A,,n — 1) +s(A,_;, n — 1) holds, where A, denotes the class
of sets defined as {x : g(x) > 0} where g runs through a vector space spanned by the first
r of the sequence of functions ¥y, ¥, . . ..

PrOBLEM 13.7. Let A and B be two families of subsets of R¢. Assume that for some r > 2,
s(A,n) <n's(B,n)

for all » > 1. Show that if Vg > 2, then V4 < 2(Vp+r — 1)log (Vg +r — 1). HINT:
By Theorem 13.3, s(A,n) < n'8" "}, Clearly, V, is not larger than any k for which
kVB+r-l < 2k.

ProBLEM 13.8. Determine the vc dimension of the class of subsets of the real line such that
each set in the class can be written as a union of k intervals.
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PrOBLEM 13.9. Determine the vC dimension of the collection of all polygons with k vertices
in the plane.

PROBLEM 13.10. What is the vc dimension of the collection of all ellipsoids of R4?

PrOBLEM 13.11. Determine the vc dimension of the collection of ail subsets of {1, . .., k}9,
where k and d are fixed. How does the answer change if we restrict the subsets to those of
cardinality I < k4?

PROBLEM 13.12. Let A consist of all simplices of R, that is, all sets of the form

d+l d+l
x:x:ZAixi for some Aq, ..., Azt :Z)»,»:l, A >0¢,

i=1 i=1
where x1, . .., X441 are fixed points of R¢. Determine the vc dimension of A.

PrROBLEM 13.13. Let A(xy, ..., x;) be the set of all x € R that are of the form
x =i +Y@xa+- -+ @Ox, =12,

where x, ..., x; are fixed numbers and V¥, . . ., ¥ are fixed functions on the integers. Let
A={A(x,...,x): x1, ..., x € R}. Determine the vc dimension of A.

PROBLEM 13.14. In some sense, vC dimension measures the “‘size” of a class of sets. How-
ever it has little to do with cardinalities, as this exercise demonstrates. Exhibit a class of
subsets of the integers with uncountably many sets, yet vC dimension 1. (This property was
pointed out to us by Andrds Faragd.) Note: On the other hand, the class of all subsets of
integers cannot be written as a countable union of classes with finite vC dimension (Theo-
rem 18.6). HINT: Find a class of subsets of the reals with the desired properties, and make
a proper correspondence between sets of integers and sets in the class.

PrOBLEM 13.15. Show that if a class of sets .A is linearly ordered by inclusion, that is, for
any pair of sets A, B € Aeither A C Bor B C A and | A| > 2, then V4 = 1. Conversely,
assume that V4 = 1 and for every set B with |B| = 2,

#,Be{ANB:Ac A}
Prove that then A is linearly ordered by inclusion (Dudley (1984)).

PrROBLEM 13.16. We say that four sets A, B, C, D form a diamondif A C B C C, A C
DCC,but B¢ Dand D ¢ C.Let Abe a class of sets. Show that V4 > 2 if and only if
for some set R, the class {A N R : A € A} includes a diamond (Dudley (1984)).

PrROBLEM 13.17. Let A be a class of sets, and define its density by

s(A, n) }
<00y .
nr

DA=inf{r > 0: sup
n>1
Verify the following properties:
D) Da=Vyg
(2) For each positive integer k, there exists a class A of sets such that V4 = &, yet
D, =0;and
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(3) Dy <ooifandonlyif V4 < oo
(Assouad (1983a)).

PROBLEM 13.18. CONTINUED. Let .4 and A’ be classes of sets, and define B = AU .A’. Show
that
(1) Dp=max(Dy, Dy);
2) V< Vu+Vy+1;and
(3) For every pair of positive integers k, m there exist classes A and A’ such that
Vi=k,Vy=m,and Vg =k +m+1
(Assouad (1983a)).

PROBLEM 13.19. A set A C R is called a monotone layer if x € A implies that y € A for
all y < x (i.e., each component of x is not larger than the corresponding component of y).
Show that the class of all monotone layers has infinite vC dimension.

ProBLEM 13.20. Let(X, ¥)be apair of random variablesin R?x {0, 1} suchthat Y = Lixeay,
where A is a convex set. Let D, = (X1, 11), ..., (X,, ¥)) be an i.i.d. training sequence,
and consider the classifier

() = 1 if x is in the convex hull of the X;’s with ¥ =1
£ =1 0 otherwise.

Find a distribution for which g, is not consistent, and find conditions for consistency. HINT:
Recall Theorem 13.10 and its proof.



14

Lower Bounds for Empirical
Classifier Selection

In Chapter 12 a classifier was selected by minimizing the empirical error over a
class of classifiers C. With the help of the Vapnik-Chervonenkis theory we have
been able to obtain distribution-free performance guarantees for the selected rule.
For example, it was shown that the difference between the expected error proba-
bility of the selected rule and the best error probability in the class behaves at least
as well as O(,/ V¢ logn/n), where V¢ is the Vapnik-Chervonenkis dimension of
C, and n is the size of the training data D,. (This upper bound is obtained from
Theorem 12.5. Corollary 12.5 may be used to replace the logn term with log V¢.)
Two questions arise immediately: Are these upper bounds (at least up to the order
of magnitude) tight? Is there a much better way of selecting a classifier than mini-
mizing the empirical error? This chapter attempts to answer these questions. As it
turns out, the answer is essentially affirmative for the first question, and negative
for the second.

These questions were also asked in the learning theory setup, where it is usually
assumed that the error probability of the best classifier in the class is zero (see
Blumer, Ehrenfeucht, Haussler, and Warmuth (1989), Haussler, Littlestone, and
Warmuth (1988), and Ehrenfeucht, Haussler, Kearns, and Valiant (1989)). In this
case, as the bound of Theorem 12.7 implies, the error of the rule selected by
minimizing the empirical error is within O(V; logn/n) of that of the best in the
class (which equals zero, by assumption). We will see that essentially there is no
way to beat this upper bound either.



234 14. Lower Bounds for Empirical Classifier Selection

14.1 Minimax Lower Bounds

Let us formulate exactly what we are interested in. Let C be a class of decision
functions ¢ : R? — {0, 1}. The training sequence D, = (X3, Y1), ..., (X4, ¥,)
is used to select the classifier g,(X) = g,(X. D,) from C, where the selection is
based on the data D,. We emphasize here that g, can be an arbitrary function of
the data, we do not restrict our attention to empirical error minimization, where
gn 1s a classifier in C that minimizes the number errors committed on the data D,,.

As before, we measure the performance of the selected classifier by the dif-
ference between the error probability L(g,) = P{g,(X) & Y|D,} of the selected
classifier and that of the best in the class. To save space further on, denote this

optimum by
Le € inf P{p(X) # 7).
¢eC

In particular, we seek lower bounds for
supP{L(gn) — L¢ > €},

and
sup EL(gn) - LCs

where the supremum is taken over all possible distributions of the pair (X, Y). A
lower bound for one of these quantities means that no matter what our method of
picking a rule from C is, we may face a distribution such that our method performs
worse than the bound. This view may be criticized as too pessimistic. However,
it is clearly a perfectly meaningful question to pursue, as typically we have no
other information available than the training data, so we have to be prepared for
the worst situation.

Actually, we investigate a stronger problem, in that the supremum is taken over
all distributions with L¢ kept at a fixed value between zero and 1/2. We will see
that the bounds depend on n, V¢, and L, jointly. As it turns out, the situations
for L > 0 and L¢ = O are quite different. Because of its relative simplicity,
we first treat the case Le = 0. All the proofs are based on a technique called
“the probabilistic method.” The basic idea here is that the existence of a “bad”
distribution is proved by considering a large class of distributions, and bounding
the average behavior over the class.

Lower bounds on the probabilities P{L(g,) — L¢ > €} may be translated into
lower bounds on the sample complexity N(e, §). We obtain lower bounds for the
size of the training sequence such that for any classifier, P{L(g,) — L¢ > €} cannot
be smaller than § for all distributions if » is smaller than this bound.

14.2 The Case Ly =0

In this section we obtain lower bounds under the assumption that the best classifier
in the class has zero error probability. In view of Theorem 12.7 we see that the
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situation here is different from when Le > 0; there exist methods of picking a
classifier from C (e.g., minimization of the empirical error) such that the error
probability decreases to zero at arate of O (V¢ logn/n). We obtain minimax lower
bounds close to the upper bounds obtained for empirical error minimization. For
example, Theorem 14.1 shows that if L = 0, then the expected error probability
cannot decrease faster than a sequence proportional to Vi /n for some distributions.

Theorem 14.1. (VAPNIK AND CHERVONENKIS (1974c); HAUSSLER, LITTLESTONE,
AND WARMUTH (1988)). Let C be a class of discrimination functions with vC di-
mension V. Let X be the set of all random variables (X, Y) for which L¢ = 0. Then,

for every discrimination rule g, based upon X1,Yy,..., Xy, Yy, andn >V — 1,
V-1 1
sup EL, > <1 — —) .
(X,V)eX 2en n

PRrOOF. The idea is to construct a family F of 2V~ distributions within the distri-
butions with L¢ = 0 as follows: first find points xg, . . ., xy that are shattered by C.
Each distribution in F is concentrated on the set of these points. A member in F
is described by V — 1 bits, by, .. ., by 1. For convenience, this is represented as a
bit vector b. Assume V — 1 < n. For a particular bit vector, welet X = x; i < V)
with probability 1/n each, while X = xy with probability 1 — (V — 1)/n. Then

set Y = fp(X), where f, is defined as follows:
ifx=x,i <V
if x =xy.

o=

Note that since Y is a function of X, we must have L* = 0. Also, L¢ = 0, as the
set {x1, ..., xy} is shattered by C, i.e., there is a g € C with g(x;) = fp(x;) for
1 <i < V.Clearly,

sup E{L,— L¢}

(X,¥):Le=0
> sup E(L,—Lc}
X,Y)eF
= SI;P E{L, — L¢}
> E{L, - Lc}
(where b is replaced by B, uniformly distributed over {0, 1}V~1)
= E{L.},

= P{gn(nylaYla---an’Yn)'_f(fB(X)}-

The last probability may be viewed as the error probability of the decision function
&t RY x (R4 x {0, 1})" — {0, 1} in predicting the value of the random variable
f8(X) based on the observation Z, = (X, X1,Yy,..., X,,, ¥,). Naturally, this
probability is bounded from below by the Bayes probability of error

LX(Z,, fp(X)) = inf P{gn(Zy) 7 f5(X)}
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corresponding to the decision problem (Z,,, fz(X)). By the results of Chapter 2,
L*(Z,, f3(X)) = E {min(n*(Z,), 1 = 1*(Z,))} ,
where n*(Z,) = P{fs(X) = 1|Z,}. Observe that

o] V2 XX XA X X Ay
" 0 or 1 otherwise.

Thus, we see that

sup E{Ln - LC}
(X.Y)Le=0

v

L*(Zna fB(X))

1
= SPIX X, X # X X Fay)

1 V-1
= 5D PIX=x)( - PX = x;))"
i=1

V-1 u

= =1/
V-1 (1 - l) (since (1 — 1/n)*~1 | 1/e).
2en n

This concludes the proof. O

Minimax lower bounds on the probability P{L, > €} can also be obtained. These
bounds have evolved through several papers: see Ehrenfeucht, Haussler, Kearns
and Valiant (1989); and Blumer, Ehrenfeucht, Haussler and Warmuth (1989). The
tightest bounds we are aware of thus far are given by the next theorem.

Theorem 14.2. (DEVROYE AND LUGOS1(1995)). Let C be a class of discrimination
functions with vC dimension V > 2. Let X' be the set of all random variables
(X, Y) for which L = 0. Assume € < 1/4. Assume n > V — 1. Then for every
discrimination rule g, based upon X1, Yy, ..., X,, Yy,

1 2nee V2
sup P{L, >¢€} > ( ) e 4ne/(1=4)
(X.Y)ex " eV \V —1

Ifon the other handn > 15 and n < (V — 1)/(12¢), then

1
sup P{L, >¢€}> —.
(X.V)eX 10

Proor. We randomize as in the proof of Theorem 14.1. The difference now is that
we pick xq, . .., xy_; with probability p each. Thus, P{X =xy}=1— p(V —1).
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We inherit the notation from the proof of Theorem 14.1. For a fixed b, denote the
error probability by

Ly(b) =Plgn(X, X1, fo(X1), ... X, fo(Xi)) # Fo(XO1 X1, ..., X}
‘We now randomize and replace b by B. Clearly,

sup P{L, > €}
(X,Y):Lc=0

v

supP{L,(b) > €}
b

v

E{P{L,(B) = €|B}}
P{L.(B) = €}.

As in the proof of Theorem 14.1, observe that L, (B) cannot be smaller than the
Bayes risk corresponding to the decision problem (Z,,, f5(X)), where

Zn = (X, Xl’ fB(X1)9 s Xn’ fB(Xn))-

Thus,
Ly(B) = E{min(n*(Zy), 1 — n*(Z)I X1, ..., Xu}.

As in the proof of Theorem 14.1, we see that
E {min(n*(Z,), 1 — n*(Z)| X1, ..., Xu}

1
= SPX X, XXX Axy]Xi. X

1 V-1
z ;P D DXty

i=1

Forfixed Xy, ..., X,, wedenote by J thecollection{j : 1 < j < V—-1,N.{X; #
x;}}. This is the collection of empty cells x;. We summarize:

1

1 =
P {5" Y Lyt 2 6}

i=1

sup P{L, > €}
(X,Y):Le=0

v

v

P{lJ] = 2¢/p}.
We consider two choices for p:

CHoICE A. Take p = 1/n, and assume 12ne < V — 1, € < 1/2. Note that for
n>15E|J|=(V - 1)1 - p)' = (V —1)/3. Also, since 0 < |J| < V — 1,
we have Var |J| < (V — 1)?/4. By the Chebyshev-Cantelli inequality (Theorem
A7),

P{|J| = 2ne} 1 —-P{|J| < 2ne}
1-P{|J| < (V-1)/6}

1=P{lJ| -ElJ| = —(V - 1)/6}

%
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Var |J|
> 1 -
- Var |J| +(V — 1)2/36
- 1- (V—-1)7%4
- (V—-12%/4+(V —1)2/36
_ 1
T

This proves the second inequality for sup P{L, > €}.

CHoicE B. Assume that ¢ < 1/4. By the pigeonhole principle, |J| > 2¢/p if
the number of points X;, 1 < i < n, that are not equal to xy does not exceed
V — 1 — 2¢/p. Therefore, we have a further lower bound:

P{|J| > 2¢/p} > P{Binomial(n, (V — 1)p) <V — 1 —2¢/p} .

Define v = [(V — 1)/21. Take p = 2¢/v. By assumption, n > 2v — 1. Then the
lower bound is

P{Binomial(n, 4¢) < v}

> (")(4e)”(1 — 4oy
v
1 4ee(n—v+1))” ~
(1 —4e)
e 2mv ( v(1 — 4e)
(since (7) > ((L“’;—f]—)f)v #ﬂ—v by Stirling’s formula)
1 4ee(n — v + 1))“
> 1 - 4€ n
T e2mv ( v ( )
> 1 (4ene) (1__4€)n(1*v-—1)
e 2mv v n
> (2ene)” e~#e/0=%)  (since n > 2(v — 1))
T ey2mv \ v N
(use 1 —x > exp(—x/(1 — x))).

This concludes the proof. O

14.3 Classes with Infinite VC Dimension

The results presented in the previous section may also be applied to classes with
infinite vc dimension. For example, it is not hard to derive the following result
from Theorem 14.1:
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Theorem 14.3. Assume that Vi = co. For every n, § > 0 and classification rule
gn, there is a distribution with L¢ = 0 such that

1
EL(g,) > — — 4.
2e

For the proof, see Problem 14.2. Thus, when V¢ = oo, distribution-free nontrivial
performance guarantees for L(g,)— L¢ do not exist. This generalizes Theorem 7.1,
where a similar result is shown if C is the class of all measurable discrimination
functions. We have also seen in Theorem 7.2, that if C is the class of all measurable
classifiers, then no universal rate of convergence exists. However, we will see in
Chapter 18 that for some classes with infinite vC dimension, it is possible to find
a classification rule such that L(g,) — L* < c\/logn/n for any distribution such
that the Bayes classifier is in C. The constant ¢, however, necessarily depends on
the distribution, as is apparent from Theorem 14.3.

Infinite vC dimension means that the class C shatters finite sets of any size.
On the other hand, if C shatters infinitely many points, then no universal rate of
convergence exists. This may be seen by an appropriate modification of Theorem
7.2, as follows. See Problem 14.3 for the proof.

Theorem 14.4. Let {a,} be a sequence of positive numbers converging to zero
with1/16 > a; = a> > . ... Let C be a class of classifiers with the property that
there exists a set A C RY of infinite cardinality such that for any subset B of A,
there exists ¢ € C such that o(x) = 1ifx € Band ¢(x) =0ifx € A — B. Then
for every sequence of classification rules, there exists a distribution of (X, Y) with
L¢ =0, such that

ELH 2 an

foralln.

Note that the basic difference between this result and all others in this chapter
is that in Theorem 14.4 the “bad” distribution does not vary with ». This theorem
shows that selecting a classifier from a class shattering infinitely many points is
essentially as hard as selecting one from the class of all classifiers.

144 The Case L > 0

In the more general case, when the best decision in the class C has positive error
probability, the upper bounds derived in Chapter 12 for the expected error proba-
bility of the classifier obtained by minimizing the empirical risk are much larger
than when L¢ = 0. In this section we show that these upper bounds are necessarily
large, and they may be tight for some distributions. Moreover, there is no other
classifier that performs significantly better than empirical error minimization.
Theorem 14.5 below gives a lower bound for supx vy, fxed EL(8n) — Lc. As
a function of n and V¢, the bound decreases basically as in the upper bound ob-
tained from Theorem 12.6. Interestingly, the lower bound becomes smaller as L¢
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decreases, as should be expected. The bound is largest when L is close to 1/2.
The constants in the bound may be tightened at the expense of more complicated
expressions. The theorem is essentially due to Devroye and Lugosi (1995), though
the proof given here is different. Similar bounds—without making the dependence
on L explicit—have been proved by Vapnik and Chervonenkis (1974c¢) and Simon
(1993).

Theorem 14.5. Ler C be a class of discrimination functions with v dimension
V > 2. Let X be the set of all random variables (X, Y) for which for fixed
L e(0,1/2),
L=infP{g(X)#Y}.
geC

Then, for every discrimination rule g, based upon X, Y1, ..., X,, Yy,

L(v-1) ¢ . Vel 5
sup E(L,-L)>, ——¢ ifn > —Z—L—max(9, 1/(1 —2L)").
(X, V)ex 24n

ProOOF. Again we consider the finite family F from the previous section. The
notation b and B is also as above. X now puts mass p at x;, i < V, and mass
1 —(V — 1)p at xy. This imposes the condition (V — 1)p < 1, which will be
satisfied. Next introduce the constant ¢ € (0, 1/2). We no longer have ¥ as a
function of X. Instead, we have a uniform [0, 1] random variable U independent
of X and define

ol 1 fU<3—c+2eh, X=xi,i <V
] 0 otherwise.

Thus, when X = x;,i < V, Y is 1 with probability 1/2 — c or 1/2 + ¢. A simple
argument shows that the best rule for b is the one which sets

1 ifx=x,i<V,b=1
0 otherwise.

folx) = {

Also, observe that
L=V -Dpd/2—-c).

Noting that |2n(x;) — 1} = ¢ fori < V, for fixed b, by the equality in Theorem
2.2, we may write

V-1
Ly =L > Y 2pclig i xi b X Yol fie) -

i=1

It is sometimes convenient to make the dependence of g, upon b explicit by con-
sidering g,(x;) as a function of x;, X1, ..., X,, Uy, ..., U, (an i.i.d. sequence
of uniform [0, 1] random variables), and b;. The proof given here is based on
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the ideas used in the proofs of Theorems 14.1 and 14.2. We replace b by a uni-
formly distributed random B over {0, 1}¥~!. After this randomization, denote
Zn = (X, X1, Y1,..., X, Yy). Thus,

sup E{L,—-L} = sﬁp E{L, - L}
(X.V)eF b
> E{L,— L} (withrandom B)
V-1
> Y 2pcElig e xi, vm1- fute)
i=1
= 2cP{gu(Zy) # f(X)}

Z 2CL*(ZI’L’ fB(X))s

where, as before, L*(Z,,, f3(X)) denotes the Bayes probability of error of pre-
dicting the value of fz(X) based on observing Z,. All we have to do is to find a
suitable lower bound for

LX(Zy, f5(X)) = E{min(n*(Z,), 1 — n*(Z.))}
where n*(Z,) = P{ f3(X) = 1|Z,}. Observe that

“(Z,) = 1/2 HfFXF#X,...,X#X,and X # xy
T =V B =11V, ..., ) X=X, = =X, =x,i<V.

Next we compute P{B; = 1|Y;, = y;,..., Y, = y} for yi,...,m € {0, 1}.
Denoting the numbers of zeros and ones by ko = |{j <k :y; =0}land k; = |{j <
k:y; = 1}|, we see that

P{B; =1lY;, =y1,.... Y, =W}
(1 =2c)1(1 +2¢)k
(1= 200 (1+ 200 + (1 + 20) (1 — 200k

Therefore, if X = X; =---=X;, =x;,i <V, then

mm(n*(Zn), 1 - 77*(211))
min ((1 — 20)81 (1 +2e)%, (1 +2c)1(1 — 20)%)
(1 =2 (1 +2¢)00 + (1 +2¢)%1(1 — 2c)ko
. ki —ki
min (1, (li%) ! °>
ki —k
L+ ()7

1

()
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In summary, denoting a = (1 + 2¢)/(1 — 2¢), we have
1
E
{ 1+ a{Z,-:X ’=X(2Y"“l’i }

|l

L*(Zy, (X))

=

V= |t @YD)
= 5 2:1: =x;}E4a ,
= %(V - l)Pa—E[‘Zj:szxi(zyj_l)l}

(by Jensen’s inequality).

Next we bound E {12 X QY5 — l)l } Clearly, if B(k, g) denotes a binomial
random variable with parameters k and g,

{ Z 2Y; = 1) } Z (Z)pk(l — )" *E{2B(k, 1/2 — ¢) — k]}.

JiXj=x;
However, by straightforward calculation we see that

E(2Bk 1/2—0)—kl) < JE{Q@B®k 1/2—0)—kp?)
= V(1 —4c?) + 4k2c?
< 2ke + Vk.

Therefore, applying Jensen’s inequality once again, we get
" /n
Z (k)pk(l — p)" FE{]2B(k,1/2 — ¢) — k|} < 2npc + /np.
k=0
Summarizing what we have obtained so far, we have

supE{L, — L} > 2cL*(Z,, f3(X))
b

v

2c%(V — Dpa 2P

C(V _ l)pe~2npc(a~l)—(af1)\/ﬁﬁ

A%

(by the inequality 1 +x < ¢*)
= «V-1p o= 8npc?/(1=20)—4e fiip/(1-2c)

A rough asymptotic analysis shows that the best asymptotic choice for ¢ is given

by
1

/4np '

C =
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Then the constraint L = (V —1)p(1/2—c) leaves us with a quadratic equation in c.
Instead of solving this equation, it is more convenient to take ¢ = 4/(V — 1)/(8nL).
If2nL/(V—1) > 9,thenc < 1/6. With this choice forc,using L = (V—-1)p(1/2—
¢), straightforward calculation provides

V-1L
sup E(L, —L)> ‘/(———)——e"s‘
(X,V)eF 24n

The condition p(V — 1) < 1 implies that we need to ask thatn > (V —1)/(2L(1 —
2L)?). This concludes the proof of Theorem 14.5. O

Next we obtain a probabilistic bound. Its proof below is based upon Hellinger
distances, and its methodology is essentially due to Assouad (1983b). For refine-
ments and applications, we refer to Birgé (1983; 1986) and Devroye (1987).

Theorem 14.6. (DEVROYE AND LUGOSI (1995)). Let C be a class of discrimination
functions withvC dimension V > 2. Let X be the set of all random variables (X, Y)
for which for fixed L € (0, 1/4],

L=infP{g(X)#Y}.
geC

Then, for every discrimination rule g, based upon X1, Yy, ..., X,,Y,, and any
e <L,

1
sup P{L, — L > ¢} > —e~ e’/
(X,Y)eX 4

ProoF. The method of randomization here is similar to that in the proof of Theorem
14.5. Using the same notation as there, it is clear that

sup P{L, — L > ¢}
(X,V)eX

> Ely

V-1
i1 2PCLign(xi X o Yn)=l- f (5} €}

= 2y Y

(xi re XY veees )
E((x] ek )X {0,117

n
I v ! I xi, vi).
; i ZPCI(gn(x,-;xi,yl,...,x,/1,y,l)=1—fb(x,-)}26} ! 1pb( J’yf)
J:

First observe that if
€/2pc) <(V-1)/2, (14.1)

then

I v
Ol 2Py spint oy ey ymr=t - i 261

t Lpviope =1,

(2 G 33] 71 ey Y )=1 = fie ()}
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where b° denotes the binary vector (1 — by, ..., 1 —by_y), thatis, the complement
of b. Therefore, for ¢ < pc(V — 1), the last expression in the lower bound above
is bounded from below by

zvlfx > X % min (H oty i) [T, yﬂ)
j=1 j=1

[CREURTRS Y R
&(fxyomxy 2 {0.ID7

n n
e | X et < [Tt
b j =1

(x;,,,qx,/l,yl,,,,,yn) ]=1 ]
elxg. ... xy I 0,17

%

(by LeCam’s inequality, Lemma 3.1)

2n

b \x.y)
It is easy to see that for x = xy,

1—(V -1
pb()C, y)'—'be(x,)’):(f)p s

andforx =x;,i <V,

1
pu(x, Y)ppe(x, y) = p? (Z — cz) :

Thus, we have the equality

/1
Z (X, VIppe(x, ) =1~V —~Dp+2(V - 1Dp Z_Cz'

x,y)

Summarizing, since L = p(V — 1)(1/2 — ¢), we have

2n
sup P{L,—L=>¢} > -1'(1~1L (1—\/1—4c2>)

(X,V)eX 4

"
=
NN
—
|
BN
||t~
o
o
o
¥}
S
¥

1 16nLc? 8Lc?
> -—expf|— / 1- )
4 1-2c¢ 1—-2c¢)/
€

where we used the inequality 1 — x > e~*/!~% again. We may choose ¢ as 5755
It is easy to verify that condition (14.1) holds. Also, p(V — 1) < 1. From the
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condition L > € we deduce that ¢ < 1/4. The exponent in the expression above
may be bounded as

16nLc” ) 16nLc?
1 — ff_;i 1—2c¢—8Lc?

4ne’

= L+€262 (by substituting ¢ = € /(2L + 2¢))
T Lte

4ne?
<
- L

Thus, .
sup P{L, — L > ¢} > —exp(—4ne*/L),
(X,Y)eX 4

as desired. O

14.5 Sample Complexity

We may rephrase the probability bounds above in terms of the sample complexity
of algorithms for selecting a classifier from a class. Recall that for given €, § > 0,
the sample complexity of a selection rule g, is the smallest integer N(e, §) such
that
supP{L(gn) — Lc = €} <4

forall n > N(e, §). The supremum is taken over a class of distributions of (X, Y).
Here we are interested in distributions such that L¢ is fixed.

We start with the case L¢ = 0, by checking the implications of Theorem 14.2 for
the sample complexity N (e, §). First Blumer, Ehrenfeucht, Haussler, and Warmuth
(1989) showed that for any algorithm,

N(,8) > C (l log (l> + Vc) ,
€ )

where C is a universal constant. In Ehrenfeucht, Haussler, Kearns, and Valiant
(1989), the lower bound was partially improved to

Ve —1
32¢

when € < 1/8 and § < 1/100. It may be combined with the previous bound.
Theorem 14.2 provides the following bounds:

N(e, d) =

CorROLLARY 14.1. Let C be a class of discrimination functions with v dimension
V > 2. Let X be the set of all random variables (X, Y) for which L¢ = 0. Assume
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€ < 1/4,and denote v = [(V — 1)/2]. Then for every discrimination rule g, based
upon X1,Y1,...,X,,Y,, whene < 1/8 and

oe(1) = () (w3) "

1 1
N, 8) > —1 -1
o= La(})

Finally, for § < 1/10,and e < 1/2,

then

N(e, 8) = -1
€, —_—
T 12
ProoF. The second bound follows trivially from the second inequality of Theorem
14.2. By the first inequality there,

1 2nee V2
sup P{L,>¢€¢} > ——|—— e 4ne/(1—4e)
(X,Y)EX tn 2 €) e/ 2mv (V - 1)
- 1 (Zene)” —8ne (sl <1/8)
e since €
T e2mv v -
> (Se)v v ,—8ne
= Tog’(1/9)

1/v

(since we assume log (3) > (2) (e\/27r v) ).

The function n’e~%"€ varies unimodally in n, and achieves a peak at n = v/(8¢).
For n below this threshold, by monotonicity, we apply the bound at n = v/(8e¢). It
is easy to verify that the value of the bound at v/(8¢) is always at least . If on the
other hand, (1/8¢)log(1/8) = n = v/(8¢), the lower bound achieves its minimal
value at (1/8¢)log(1/8), and the value there is §. This proves the first bound. O

Corollary 14.1 shows that for any classifier, at least

110 1 Ve —1
maxjy — -1,
ge P\5) Tac

training samples are necessary to achieve € accuracy with § confidence for all
distributions. Apart from alog (1) factor, the order of magnitude of this expression
is the same as that of the upper bound for empirical error minimization, obtained in
Corollary 12.4. That the upper and lower bounds are very close, has two important
messages. On the one hand it gives a very good estimate for the number of training
samples needed to achieve a certain performance. On the other hand it shows
that there is essentially no better method than minimizing the empirical error
probability.

In the case L¢ > 0, we may derive lower bounds for N(e, §) from Theorems
14.5 and 14.6:
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COROLLARY 14.2. Let G be a class of discrimination functions with VC dimension
V > 2. Let X be the set of all random variables (X, Y) for which for fixed
L€ (0,1/2),
L=inf P{g(X)#Y}.
g€g

Then, for every discrimination rule g, based upon X1,Y1,..., Xy, ¥y,
' N8> L(V = 1)e 10 (1 1
, —_—— xmin| —, — ] .
€0 = 32 5 e

Also, and in particular, fore < L < 1/4,
L 1
N(e, 8) > — log — .

ProoF. The first bound may be obtained easily from the expectation-bound of
Theorem 14.5 (see Problem 14.1). Setting the bound of Theorem 14.6 equal to &
provides the second bound on N (e, §). O

These bounds may of course be combined. They show that N (e, §) is bounded
from below by terms like (1/€%)1og(1/8) (independent of V¢) and (Ve — 1)/€2,
as 8 is typically much smaller than €. By comparing these bounds with the upper
bounds of Corollary 12.3, we see that the only difference between the orders of
magnitude is a log (1/¢)-factor, so all remarks made for the case L¢ = 0 remain
valid.

Interestingly, all bounds depend on the class C only through its vc dimension.
This fact suggests that when studying distribution-free properties of L(g,) — L,
the vc dimension is the most important characteristic of the class. Also, all bounds
are linear in the vC dimension, which links it conveniently to sample size.

REMARK. It is easy to see from the proofs that all results remain valid if we allow
randomization in the rules g,. O

Problems and Exercises

PROBLEM 14.1. Show that Theorem 14.5 implies that for every discrimination rule g, based

upon D,
N, 8) > L(V — De™1? . 1 1
—_— X min{ —,— ] .
P 32 82’ €2

HiNT: Assume that P{L, — L > €} < 4. Then clearly, E{L,, — L} < e +3.
PROBLEM 14.2. Prove Theorem 14.3: First apply the proof method of Theorem 14.1 to show

that forevery n, and g,, there is adistribution with L = OsuchthatEL(g,) > (1—1/n)/(2e).
Use a monotonicity argument to finish the proof.

PrOBLEM 14.3. Prove Theorem 14.4 by modifying the proof of Theorem 7.2.






15
The Maximum Likelihood Principle

In this chapter we explore the various uses of the maximum likelihood principle
in discrimination. In general, the principle is only applicable if we have some a
priori knowledge of the problem at hand. We offer definitions, consistency results,
and examples that highlight the advantages and shortcomings.

15.1 Maximum Likelihood: The Formats

Sometimes, advance information takes a very specific form (e.g., “if ¥ = 1, X is
normal (/¢, a?)”). Often, it is rather vague (e.g., “we believe that X has a density,”
or “n(x) is thought to be a monotone function of x € R”).

If we have information in set format, the maximum likelihood principle is less
appropriate. Here we know that the Bayes rule g*(x) is of the form g(x) = ;e 4},
where A € A and A is a class of sets of R¢. We refer to the chapters on empirical
risk minimization (see Chapter 12 and also Chapter 18) for this situation.

If we know that the true (unknown) 7 belongs to a class J of functions that map
R% 0 [0, 1], then we say that we are given information in regression format. With
each ' € F we associate a set A = {x : n’(x) > 1/2} and a discrimination rule
8(x) = Ijxea;. The class of these rules is denoted by C. Assume that we somehow
could estimate n by 7,. Then it makes sense to use the associated rule g,(x) =
I3,¢0)>1/2)- The maximum likelihood method suggests a way of picking the 77, from
JF that in some sense is most likely given the data. It is fully automatic—the user
does not have to pick any parameters—but it does require a serious implementation
effort in many cases. In a sense, the regression format is more powerful than the
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set format, as there is more information in knowing a function 7 than in knowing
the indicator function /{,»1/7;. Still, no structure is assumed on the part of X, and
none is needed to obtain consistency results.

A third format, even more detailed, is that in which we know that the distribution
of (X, Y) belongs to a class D of distributions on R? x {0, 1}. For a given distribu-
tion, we know 7, so we may once again deduce arule g by setting g(x) = I{p(x)>1/2;.
This distribution format is even more powerful, as the positions X1, ..., X, alone
in some cases may determine the unknown parameters in the model. This situa-
tion fits in squarely with classical parameter estimation in mathematical statistics.
Once again, we may apply the maximum likelihood principle to select a distribu-
tion from D. Unfortunately, as we move to more restrictive and stronger formats,
the number of conditions under which the maximum likelihood principle is consis-
tent increases as well. We will only superficially deal with the distribution format
(see Chapter 16 for more detail).

15.2 The Maximum Likelihood Method:
Regression Format

Given X1, ..., X,, the probability of observing ¥; = y;, ..., Y, = y, is
n
[ Tnxoa = nexn'=.
i=1

If n is unknown but belongs to a family F of functions, we may wish to select
that n’ from JF (if it exists) for which that likelihood product is maximal. More
formally, we select 1’ so that the logarithm

n

1
Lan'y=— 3 (Yilogn'(Xi) + (1 = ;) log(1 — /(X))

i=1

is maximal. If the family F is too rich, this will overfit, and consequently, the
selected function 71, has a probability of error

L(1n) =P {Iig,x)>1/2 # Y |Dn}

that does not tend to L*. For convenience, we assume here that there exists an
element of F maximizing £,.

We do not assume here that the class F is very small. Classes in which each " in
F is known up to one or a few parameters are loosely called parametric. Sometimes
F is defined via a generic description such as: F is the class of all ' : R¢ — [0, 1]
that are Lipschitz with constant ¢. Such classes are called nonparametric. In certain
cases, the boundary between parametric and nonparametric is unclear. We will
be occupied with the consistency question: does L(1,) — infyer L(n") with
probability one for all distribution of (X, ¥)? (Here L(n') = P {Ijyx)>1/2 # Y} is
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the probability of error of the natural rule that corresponds to n".) If, additionally, 7
isrichenough or our prior information is good enough, we may have inf,ye 7 L(n') =
L*, but that is not our concern here, as F is given to us.

We will not be concerned with the computational problems related to the maxi-
mization of £,(n") over F. Gradient methods or variations of them are sometimes
used—refer to McLachlan (1992) for a bibliography. It suffices to say that in simple
cases, an explicit form for 7, may be available. An example follows.

Qur first lemma illustrates that the maximum likelihood method should only be
used when the true (but unknown) 7 indeed belongs to F. Recall that the same
was not true for empirical risk minimization over VC classes (see Chapter 12).

Lemma 15.1. Consider the class F with two functions ng = 045, np = 0.95.
Let n, be the function picked by the maximum likelihood method. There exists a
distribution for (X, Y) with n ¢ F such that with probability one, as n — o0,

L(n,) — max L(n") > min L(n").
neF neF
Thus, maximum likelihood picks the wrong classifier.

ProoF. Define the distribution of (X, Y) on {0, 1} x {0, 1} by P{X =0,Y =0} =
P X=1,Y=0}=2/9,P{X=0,Y=1}=1/9, and P{X = 1,Y =1} = 4/9.
Then one may quickly verify that

5 4
L(na) = 5 L(ng) = 5

(Note that L* = 1/3, but this is irrelevant here.) Within F, np is the better for our
distribution. By the strong law of large numbers, we have

Ln(Ma) = E{Ylogna(X) + (1 = Y)log(l — na(X))}

with probability one (and similarly for ng). If one works out the values, it is
seen that with probability one, 1, = n4 for all n large enough. Hence, L(n,) —
max, e L(n") with probability one. O

ReMARK. Besides the clear theoretical hazard of not capturing n in 7, the maximum
likelihood method runs into a practical problem with “infinity.” For example, take
F ={na = 0,np = 1}, and assume n = 1/3. For all n large enough, both
classes are represented in the data sample with probability one. This implies that
L,(na) = L,(ng) = —oc. The maximum likelihood estimate 7, is ill-defined,
while any reasonable rule should quickly be able to pick 14 over np. O

The lemma shows that when 1 ¢ F, the maximum likelihood method is not
even capable of selecting one of two choices. The situation changes dramatically
when n € F. For finite classes F, nothing can go wrong. Noting that whenever
n € F, we have L* = inf, .7 L(3'), we may now expect that L(rn,) — L* in
probability, or with probability one.
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Theorem 15.1. If|F| =k < oo, and n € F, then the maximum likelihood method
is consistent, that is,
L(n,) — L* in probability.

PrOOF. For a fixed distribution of (X, Y), we rank the members ", ..., n® of F
by increasing values of L(7®). Put ) = 5. Let io be the largest index for which
L(n®)y = L*. Let n, be the maximum likelihood choice from F. For any o, we
have

P{L(n,) # L*}
< P {ﬁn(n(”) < max En(n(”)}
< PLGM) <)+ Y PL>0Y) > a).

Define the entropy of (X, Y) by
=& = —E{n(X)log n(X)+ (1 — n(X))log(l — n(X))}

(see Chapter 3). Recall that0 < £ < log 2. We also need the negative divergences

1—n(X)1
o T IEee TG

which are easily seen to be nonpositive for all i (by Jensen’s inequality). Further-
more, D; = 0 if and only if n(X) = n(X) with probability one. Observe that for
i > ip, we cannot have this. Let 6 = max;;, D;. (If iy = k, this set is empty, but
then the theorem is trivially true.)

It is advantageous to take @ = —& + 6/2. Observe that

(i) —_ @
D, =E{n(X>Iog’7 X) 1——1@}

l_ =& ifi=1
E{z:n(n“)}=~5+Df{ <—E+6 ifi>ip.
Thus,

. 0 ; 0
P{L(n,) #L*} < P{L:n(nm) <€+ 5} +ZP{cn<n< Nz —E+ 5} :

i>i0

By the law of large numbers, we see that both terms converge to zero. Note, in
particular, that it is true even if for some i > iy, D; = —o00. O

For infinite classes, many things can go wrong. Assume that F is the class of
allp’ : R* — [0, 1] with " = I and A is a convex set containing the origin. Pick
X uniformly on the perimeter of the unit circle. Then the maximum likelihood
estimate 1, matches the data, as we may always find a closed polygon P, with
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vertices at the X;’s with ¥; = 1. For n, = Ip , we have £,(n,) = 0 (its maximal
value), yet L(n,) = P{Y =1} = p and L* = 0. The class F is plainly too rich.

For distributions of X on the positive integers, maximum likelihood does not
behave as poorly, even though it must pick among infinitely many possibilities.
Assume F is the class of all ', but we know that X puts all its mass on the positive
integers. Then maximum likelihood tries to maximize

[ Jora@n™«a -yt
i=1

over 17/ € ]:, where Nl,i = Zj‘:l I{Xj:i,Yj=l} and NO,i = Z’;ﬁl I{X,-:i,Yj:O}- The
maximization is to be done over all (n'(1), 7'(2), . ..) from @, [0, 1]. Fortunately,
this is turned into a maximization for each individual i—usually we are not so lucky.
Thus, if No; + Ni; = 0, we set ,(i) = 0 (arbitrarily), while if No; + N;; > 0, we
pick 7,(i) as the value « that maximizes

Nl,i logu + NO,i lOg(I — u).
Setting the derivative with respect to u equal to zero shows that

Ny

Nu(i) = ————.
7 (D) Nii+ Nos

In other words, 7, is the familiar histogram estimate with bin width less than one
half. It is known to be universally consistent (see Theorem 6.2). Thus, maximum
likelihood may work for large F if we restrict the distribution of (X, Y) a bit.

15.3 Consistency

Finally, we are ready for the main consistency result for 7, when F may have
infinitely many elements. The conditions of the theorem involve the bracketing
metric entropy of F, defined as follows: for every distribution of X, and € > 0,
let Fx . be a set of functions such that for each ' € F, there exist functions
1y, € Fx.c such that for all x € R?

nL(x) < n'(x) < ny(x),
and
E{n,(X)—n(X)} <e.

That is, every n’ € F is “bracketed” between two members of Fy . whose L;(u)
distance is not larger than €. Let N(X, €) denote the cardinality of the smallest
such Fy .. If N(X, €) < o0,

logN(X, €)

is called the bracketing e-entropy of F, corresponding to X.
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Theorem 15.2. Let F be a class of regression functions R? — [0, 1]. Assume
that for every distribution of X and € > 0, N(X, €) < oo. Then the maximum
likelihood choice n,, satisfies

lim L(n,)=L* inprobability
n—>00
for all distributions of (X, Y) withn € F.

Thus, consistency is guaranteed if F has a finite bracketing e-entropy for every
X and €. We provide examples in the next section. For the proof, first we need a
simple corollary of Lemma 3.2:

COROLLARY 15.1. Letn, ' : RY — [0, 11, and let (X, Y) be an R? x {0, 1}-valued
random variable pair with P{Y = 1|X = x} = n(x). Define

L* =E{min(n(X), 1 = (X))}, L®)=P{Iyxs13#Y}.

Then

| CEmeoO -y
8

IA

E |V C0n00 + = 7 X1 = 100)

IA

1__1_(L/ L*Z
g(L(r) —L7)"

PROOF. The first inequality follows by Lemma 3.2, and the second by Theorem
22.0

Now, we are ready to prove the theorem. Some of the ideas used here appear in -
Wong and Shen (1992).

PRrOOF OF THEOREM 15.2. Look again at the proof for the case |F| < oo (Theorem
15.1). Define £ as there. Let F© be the collection of those ' € F with L(1') >
L* + ¢, recalling that L(') = P {I{r/'(X)>1/2} + Y}. For every «,

P{L(n,) — L* > €}

IA

n'eF©

P{ sup L,(n') = ﬁn(rn}

IA

P{L,(n) <a}+P { sup L,(n") > oz} .

,7/6_7:(5)
For reasons that will be obvious later, we take ¢ = —& — €2 /16. Thus,

P{L(n,) — L* > €}
2

e €
< Ple,m<-c-Slip L) > —E— S
= { () 16} {,,,Sfﬁg ) 16}
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2 2
8

2 2
P {lﬁn(n)+€l = %} +P{ sup L,(n') = Ln(n) = —%} :

&2
P{En(n) <-&- -1—5}

m

+P {( sup L,(n") — ﬁn(n)) +(La(m+8) =

7' eF©

1

@)}

IA

7' eF©
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Noting that E {£, ()} = —&, the law of large numbers implies that the first term
on the right-hand side converges to zero for every €. (See Problem 15.4 for more
information.)

Next we bound the second term. For a fixed distribution, let Fx s be the smallest
set of functions such that for each " € F, there exist 17, n, € Fx s with

and

np(x) < n'(x) < nyx), x e RY

E{n,(X) —n (X)} <4,

where § > 0 will be specified later. By assumption, N(X, §) = |Fx s| < co. We

have,

/ 62
P{ sup L,(n") — L,(n) = —E}
n'eF©@

IA

IA

IA

sup >
pere it NN = (X))

P! sup Lo (XY (1 = (X)) —
pero i XD —n(X))—r
(where 0}, 1y, € Fxs, 0y <n' <5y and E{n,(X) — n7.(X)} < §)

{ o (X)L = (X)) egnez,g}

» { XD X' e_néz,g}

N%*(X,8) sup P

n eF©

L n@ona — p(Xo)=

(by the union bound)

S N O A0 00
nXH%(1 —pXH-%

N?%(X,8) sup P

neF© i=1

N%(X, 8)

o (E{\/WX)’?(XH\/(I—n’L(X»(l—n(X»}) e,

n'eFE©
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where in the last step we used Markov’s inequality and independence. We now
find a good bound for

E {\/n’U(X)n(X) +Ja =y 00N - n(X))}

for each ' € F© as follows:

E {\/n’U(X)n(X) (=o)L n(X))}

= E{Vn0n)+ 1 =y 01 = nx)

+ /1) (7, (0 — (X)) + /(1 = (X)) (' (X) - n’L(X))}
(here we used v/a + b < /a + /b)

E {00 + /(T = (0)1 — 100
+VE@EE [n,(X) — /(X))

+VE(I = nX)/E (n(X) - (X))

(by the Cauchy-Schwarz inequality)
= E{VrCon(0)+ /I = w0 - n(xn} +2v3

IA

2
< 1- 58- +2v8  (by Corollary 15.1).

Sunmumarizing, we obtain
&2
P osup L) = La(n) = ——
n'eF© 8
62 n )
=< N2(X, 8) (l -3 +2\/g> oE/16

< NYX, 8)e™ne/16+ 5 (gince 1 +x < &%),

2
By taking § < (%) , we see that the probability converges to zero exponentially
rapidly, which concludes the proof. O

15.4 Examples

In this section we show by example how to apply the previous consistency results.
Inall cases, we assume that 7 € F and we are concerned with the weak convergence
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of L(n,) to L* for all such distributions of (X, Y). The classes are as follows:

Fi = {n=lap.—0<a<b=<oo}

Fi = {n=clap.cel0,1],—00 <a <b < oo}

Fo = {0 =Ty byxoxlagbd, =00 < @; < by < 00,1 <i < d}
Fi = {n:nx)=cx/(1+cx):x>0,c >0}

Fy = {n is monotone decreasing on [0, 1]}

Fs = niﬂ(x)=m,me72d}

Fo = {:7 - 7(x) = sin?(0x), 6 € R}

T
oo+a’ X
e®o

Fr o= n:mm=1+

aoeR,x,aeRd}.

eo+alx’

These are all rather simple, yet they will illustrate various points. Of these classes,
4 is nonparametric; yet, it behaves “better” than the one-parameter class Fg,
for example. We emphasize again that we are interested in consistency for all
distributions of X.

For F1, n, will agree with the samples, thatis, ,(X;) = Y; forall i, and therefore,
1. € F1 is any function of the form [y, ) with

XY <a<x® X9 <b<xV

where X < ... < X% are the order statistics for X, ..., X, (with X =
—00, X™D = 00), X© is the smallest data point with Y = 1, and X is the
largest data point with ¥) = 1. As L* = 0, we claim that

E{L(n.)} = P{X“D <X <X} +P{X" <X < X"V}
4
< .
- n+1

The rule is simply excellent, and has universal performance guarantees.

ReMARK. Note that in this case, maximum likelihood minimizes the empirical risk
over the class of classifiers C = {¢ = I}55;, a < b}. As C has vc dimension Ve =2
(Theorem 13.7), and infyec L(¢) = 0, Theorem 12.7 implies that for all € > 0,

P(L(n,) > €} < 8n?27"¢/2,

and that
4logn +4

E{L(n)} = nlog2

(see Problem 12.8). With the analysis given here, we have gotten rid of the logn
factor, O
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The class F] is much more interesting. Here you will observe a dramatic dif-
ference with empirical risk minimization, as the parameter ¢ plays a key role that
will aid a lot in the selection. Note that the likelihood product is zero if N; = 0 or
if ¥; = 1 for some i with X; ¢ [a, b], and it is

V(1 — )™ otherwise,

where Np is the number of (X;, ¥;) pairs witha < X; < b, ¥; = 0, and N is
the number of (X;, Y;) pairs with a < X; < b, ¥; = 1. For fixed Ny, Ny, this is

maximal when
Ny

T No+ Ny
Resubstitution yields that the likelihood product is zero if Ny = Qorif ¥; = 1 for
some { with X; ¢ [a, b], and equals

€X l() 0
g N() + Nl N{) +

Thus, we should pick 1, = clj, p Such thatc = N1 /(No+Np), and [a, b] maximizes
the divergence

} if otherwise.

Ny i
N + Ny I .
tlog 5y, +Nolog mmg

See Problem 15.5.
For F,, by a similar argument as for Fi, let [A}, B1] x --- X [A4, B4] be the

smallest rectangle of R4 that encloses all X;’s for which ¥; = 1. Then, we know
that 1, = Ij4, B,]x--x[A,, B, agrees with the data. Furthermore, L* = 0, and

4d
E{L(.)} = —
n+1
(see Problem 15.6).

The logarithm of the likelihood product for F3 is

> log(eX:) - Zlog(l +cXo).

i:Y;=1 i=1
Setting the derivative with respect to ¢ equal to zero in the hope of obtaining an
equation that must be satisfied by the maximum, we see that ¢ must satisfy

n

N = Z 1+cX “Zl/cﬁux

unless X; = --- = X, = 0, where Ny = Y ", I{y,=1}. This equation has a unique
solution for c. The rule corresponding to 7, is of the form g(x) = Iicx> 1y = Lix>1/0)-
Equivalently,

1 af Ny > D7
0 otherwise.

i= 1x+X

gx)= {
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This surprising example shows that we do not even have to know the parameter ¢ in
order to describe the maximum likelihood rule. In quite a few cases, this shortcut
makes such rules very appealing indeed. Furthermore, as the condition of Theorem
15.2 is fulfilled, n € F5 implies that the rule is consistent as well.

For Fu, it is convenient to order the X;’s from small to large and to identify
k consecutive groups, each group consisting of any number of X;’s with ¥; = 0,
and one X; with ¥; = 1. Thus, k = Y_"_| [(y,=1;. Then, a moment’s thought shows
that 1, must be piecewise constant, taking values 1 > a; > --- > g, > 0 on the
consecutive groups, and the value zero past the k-th group (which can only consist
of X;’s with ¥; = 0. The likelihood product thus is of the form

ai(l —a)"ay(1 —ax)” - ap(1 — a)™,

where ny, . .., ng are the cardinalities of the groups minus one (i.e., the number of
Y; = 0-elements in the i-th group). Finally, we have

k
(ai,...,ar)= argmax l—[aj(l —a;).
12a;22a20 ;=1
To check consistency, we see that for every X and € > 0,

N(X,e) < 4l

(see Problem 15.7). Thus, the condition of Theorem 15.2 is satisfied, and L(1,) —
L* in probability, whenever n € Fy.

In F5, the maximum likelihood method will attempt to place m at the center of
the highest concentration in R¢ of X;’s with ¥; = 1, while staying away from X;’s
with ¥; = 0. Certainly, there are computational problems, but it takes little thought
to verify that the conditions of Theorem 15.2 are satisfied. Explicit description of
the rule is not necessary for some theoretical analysis!

Class Fg is a simple one-parameter class that does nor satisfy the condition of
Theorem 15.2. In fact, maximum likelihood fails here for the following reason:
Let X be uniform on [0, 1]. Then the likelihood product is

n sinz(GXi) X l_[ cosz(GX,:).

i:Y;i=1 i:Y;=0

This product reaches a degenerate global maximum (1) as 6 — oo, regardless of
the true (unknown) value of 6 that gave rise to the data. See Problem 15.9.

Class F7 is used in the popular logistic discrimination problem, reviewed and
studied by Anderson (1982), see also McLachlan (1992, Chapter 8). It is particu-
larly important to observe that with this model,

n>1/2) = {eaom” > 1/2} = [a"x > B},
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where B = —op — log2. Thus, F7 subsumes linear discriminants. It does also
force a bit more structure on the problem, making n approach zero or one as we
move away from the separating hyperplane. Day and Kerridge (1967) point out
that model 7 is appropriate if the class-conditional densities take the form

cf (x)ex —l —m)T T N (x -
P 2(x m) (x —m)¢,

where ¢ is a normalizing constant, f is a density, m is a vector, and X is a positive
definite matrix; f and X must be the same for the two densities, but ¢ and m may
be different. Unfortunately, obtaining the best values for oy and ¢ by maximum
likelihood takes a serious computational effort. Had we tried to estimate f, #1, and
¥ in the last example, we would have done more than what is needed, as both
f and T drop out of the picture. In this respect, the regression format is both
parsimonious and lightweight.

15.5 Classical Maximum Likelihood: Distribution
Format

In a more classical approach, we assume that given ¥ = 1, X has a density f, and
given ¥ = 0, X has a density fo, where both f, and f; belong to a given family F
of densities. A similar setup may be used for atomic distributions, but this will not
add anything new here, and is rather routine. The likelihood product for the data
(X1, Y1), oo, (X, ¥y is

[ TerAxa (@ = p) foXin' ™,
i=1

where p = P{Y = 1} is assumed to be unknown as well. The maximum likelihood
choices for p, fo, fi are given by
(p*. f5, fi) = argmax  L,(p, fo, f1),
pel0.1). fo. fieF
where

n

1
Ln(p, fo. f1) = p Z(Yi log(pf1(X:) + (1 — Y;)log((1 — p) fo(Xi))).

i=1

Having determined p*, f;, f;" (recall that the solution is not necessarily unigue),
the maximum likelihood rule is

O i~ p) i) = pr )
8n(x) = { 1 otherwise. ’ 1

Generally speaking, the distribution format is more sensitive than the regression
format. It may work better under the correct circumstances. However, we give
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up our universality, as the nature of the distribution of X must be known. For
example, if X is distributed on a lower dimensional nonlinear manifold of R4, the
distribution format is particularly inconvenient. Consistency results and examples
are provided in a few exercises. :

Problems and Exercises

PrOBLEM 15.1. Show that if || =k < oo and € F, then L(5,) — L* with probability
one, where 1, is obtained by the maximum likelihood method. Also, prove that convergence
with probability one holds in Theorem 15.2.

PrROBLEM 15.2. Provethatifn, ” are [0, 1]-valued regression functions, then the divergence

7(X) 1 -7/ (X)
1 —n(X))log —m——=
S IR P }

is nonpositive, and that D = 0 if and only if n(X) = 5'(X) with probability one. In this
sense, D measures the distance between 1 and 7.

D) =E {n(X) log

PROBLEM 15.3. Let
L* =E{min(n(X), 1 —n(X))}, L@)=P {I{ry’(X)>1/2} # Y} s

and

1 —n(XN1
n(X)+( n(xy) Ogl—n(X)

where 7(x) = P{¥ = 1]X = x}, and ' : R — [0, 1] is arbitrary. Prove that

_E{@mX) - 7))’}
2

"X 1 —n(X
D(n/)=E{n(X)10gn( ) J—(——)}

D(n') <

1 s *
= -5 @) - LY
(see also Problem 3.22). HINT: First prove that for p, g € [0, 1],

1_ . 2
p10g2+(1—p)10g 1 5—(p 7)
p 1-p 2

(use Taylor’s series with remainder term for H(-)).

PROBLEM 15.4. Show that for each 7 there exists an €, > 0 such that for all € € (0, €g),
P(L,(n) > E[L,(m)} +e} < e/,

HINT: Proceed by Chernoff’s bounding technique.

ProBLEM 15.5. Consider n € F] and let n, be a maximum likelihood estimate over ;. Let

p =P{Y = 1}. Show that
(1 5)
L*=pmin| 1, .
c

E{L(,) — L},

Derive an upper bound for
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where in case of multiple choices for #,, you take the smallest 7, in the equivalence class.
This is an important problem, as | picks a histogram cell in a data-based manner. 7| may
be generalized to the automatic selection of the best k-cell histogram: Iet F be the collection
of all n’s that are constant on the k intervals determined by breakpoints —oo0 < a; < --- <
Ay < 00.

PROBLEM 15.6. Show that for the class F>,

4d
E{L(n,)} < P

when n € F; and 5, is the maximum likelihood estimate.
PrOBLEM 15.7. Show that for the class F;,
N(X, e) < 4P/

holds for all X and € > 0, that is, the bracketing e-entropy of F; is bounded by [3/e].
Hint: Cover the class F; by a class of monotone decreasing, piecewise constant functions,
whose values are multiples of € /3, and whose breakpoints are at the ke /3-quantiles of the
distribution of X (k =1,2,..., [3/€]).

PrOBLEM 15.8. Discuss the maximum likelihood method for the class

c ifafx>p

’ d
v otherwive: ¢ €0 LacR e ’R}

F= {n in(x) = {
What do the discrimination rules look like? If n € F, is the rule consistent? Can you
guarantee a certain rate of convergence for E{L(»,)}? If n ¢ F, can you prove that L(z,)
does not converge in probability to inf < L(1') for some distribution of (X, ¥) with n(x) =
P{Y = 1|X = x}?How would you obtain the values of ¢, ¢’, «, § for the maximum likelihood
choice 1,?

PROBLEM 15.9. Let X), ..., X, bei.i.d. uniform [0, 1] random variables. Let yy, ..., y, be
arbitrary {0, 1}-valued numbers. Show that with probability one,

timsup [ sin®@X:) x [ cos*0X,) =1,

000 =i iyi=0

while for any ¢ < oo, with probability one,

sup H sin(6X;) x H cos?(0X;) < 1.

0265t 2321 ir3;=0
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Parametric Classification

What do you do if you believe (or someone tells you) that the conditional distribu-
tions of X given Y = 0 and Y = 1 are members of a given family of distributions,
described by finitely many real-valued parameters? Of course, it does not make
sense to say that there are, say, six parameters. By interleaving the bits of binary
expansions, we can always make one parameter out of six, and by splitting binary
expressions, we may make a countable number of parameters out of one parameter
(by writing the bits down in triangular fashion as shown below).

by by by by

by bs bg
bs by -

bio

Thus, we must proceed with care. The number of parameters of a family really
is measured more by the sheer size or vastness of the family than by mere repre-
sentation of numbers. If the family is relatively small, we will call it parametric
but we will not give you a formal definition of “parametric.” For now, we let ©,
the set of all possible values of the parameter 8, be a subset of a finite-dimensional
Euclidean space. Formally, let

'P@={P929€®},

be a class of probability distributions on the Borel sets of R¢. Typically, the family
Peg is parametrized in a smooth way. That is, two distributions, corresponding to
two parameter vectors close to each other are in some sense close to each other,
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as well. Assume that the class-conditional densities f; and f; exist, and that both
belong to the class of densities

Fo=1{fs:0 € 0).

Discrete examples may be handled similarly. Take for example all gaussian distri-
butions on R4, in which

eA%(x—m)TE‘1 (x—n)
I’

1
NS

where m € R is the vector of means, and X is the covariance matrix. Recall that
xT denotes the transposition of the column vector x, and det(X) is the determinant
of X. This class is conveniently parametrized by 6 = (m, X), that is, a vector of
d +d(d + 1)/2 real numbers.

Knowing that the class-conditional distributions are in Pg makes discrimination
so much easier—rates of convergence to L* are excellent. Take Fg as the class of
uniform densities on hyperrectangles of R¢: this has 2d natural parameters, the
coordinates of the lower left and upper right vertices.

FIGURE 16.1. The class-conditional densities are uni-
form on hyperrectangles.

class 0

Given (X, Yy), ..., (X, Y,), a child could not do things wrong—for class 1,
estimate the upper right vertex by

( max XE”, max sz),..., max Xl@)

1<i<n:Y;=1 1<i<n:Y;=1 I<i<n:Y=1

and similarly for the upper right vertex of the class O density. Lower left vertices are
estimated by considering minima. If Ay, A; are the two unknown hyperrectangles
and p = P{Y = 1}, the Bayes rule is simply

1 ifxe Ay — Ap

0 ifxe Ag— Ay
1—
\ | ifxeANAg —— > —2L
gx)= MAD  MAo)
1-—
0 ifxe AN Ay, P < p
A(A1) T A(Ag)
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In reality, replace Ag, A, and p by the sample estimates Zo, A 1 (described above)
and p = (1/n) >_7_ Iiy,=1y. This way of doing things works very well, and we will
pick up the example a bit further on. However, it is a bit ad hoc. There are indeed a
few main principles that may be used in the design of classifiers under the additional
information given here. In no particular order, here are a few methodologies:

(A)

B)

As the Bayes classifiers belong to the class

C= {¢ =Iipp >-pfi) - P €10, 1], 60,0, € @} ,

it suffices to consider classifiers in C. For example, if Fg is the normal
family, then C coincides with indicators of functions in the set

{{x:x"Ax+b"x+c>0: Aisad x d matrix, b € RY, c e R}},

that is, the family of quadratic decisions. In the hyperrectangular example
above, every ¢ is of the form 14, — 4, Where A; and A, are hyperrectangles of
RY. Finding the best classifier of the form ¢ = I, where A € A is something
we can do in a variety of ways: one such way, empirical risk minimization,
is dealt with in Chapter 12 for example.

Plug-in rules estimate (6o, 6;) by (G, 61) and p = P{Y = 1} by P from the
data, and form the rule

1 if pfg(x) > (1 —p)fz(x)
0 otherwise.

gnl(x) = {

The rule here is within the class C described in the previous paragraph. We
are hopeful that the performance with g, is close to the performance with
the Bayes rule g* when (P, 50, é\l) is close to (p, 6y, 61). For this strategy
to work it is absolutely essential that L(p, 6y, 6,) (the probability of error
when p, 6y, 6; are the parameters) be continuous in (p, 6y, 6;). Robustness
is a key ingredient. If the continuity can be captured in an inequality, then
we may get performance guarantees for E{L,} — L* in terms of the distance
between (p, 6, é\l) and (p, 6p, ;). Methods of estimating the parameters
include maximum likelihood. This methodology is dealt with in Chapter
15. This method is rather sensitive to incorrect hypotheses (what if we were
wrong about our assumption that the class-conditional distributions were in
Pe?). Another strategy, minimum distance estimation, picks that member
from Pg that is closest in some sense to the raw empirical measure that
puts mass 1/7 at each if the n data points. See Section 16.3 This approach
does not care about continuity of L(p, 6, 61), as it judges members of Pg
by closeness in some space under a metric that is directly related to the
probability of error. Robustness will drop out naturally.

A general approach should not have to know whether ® can be described by a fi-
nite number of parameters. For example, it should equally well handle descriptions
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as Pg is the class of all distributions of (X, Y) in which n(x) = P{Y = 1|X = x}
is monotonically increasing in all the components of x. Universal paradigms such
as maximum likelihood, minimum distance estimation, and empirical error min-
imization are all applicable here. This particular Pg is dealt with in Chapter 15,
just to show you that the description of the class does invalidate the underlying
principles.

16.1 Example: Exponential Families

A class Pg is exponential, if every class-conditional density fy can be written in
the form

fo(x) = ca(d) Blx)eXin T OW),

where 8, ¥, ..., Yx : R - R, B> 0,a,7,...,m : ® — R are fixed func-
tions, and c is a normalizing constant. Examples of exponential families include
the gaussian, gamma, beta, Rayleigh, and Maxwell densities (see Problem 16.4),
The Bayes-rule can be rewritten as

. Pfa*(l)
o= | oz ((1 oI (x)) 0
0 otherwise.

This is equivalent to

0= { L Y w6 — mi(6) < log (25 )
0 otherwise.
The Bayes-rule is a so-called generalized linear rule with 1, ¥, ..., ¥y as basis
functions. Such rules are easily dealt with by empirical risk minimization and
related methods such as complexity regularization (Chapters 12, 17, 18, 22).
Another important point is that g* does not involve the function §. For all we
know, 8 may be some esoteric ill-behaved function that would make estimating
fo(x) all but impossible if 8 were unknown. Even if Pg is the huge family in
which 8 > 0 is left undetermined, but it is known to be identical for the two class-
conditional densities (and «(8) is just a normalization factor), we would still only
have to look at the same small class of generalized linear discrimination rules! So,
densities do not matter—ratios of densities do. Pattern recognition should be, and
is, easier than density estimation. Those who first estimate ( fo, f1) by ( fo fl) and
then construct rules based on the sign of p f1 x)— (1 -Dp) fo(x) do themselves a
disservice.
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16.2 Standard Plug-In Rules

In standard plug-in methods, we construct estimates é:), 6, and P from the data and
use them to form a classifier

1 if pfz(x) > (1= D) fz(x)

0 otherwise.

gn(x) = {

It is generally not true that if p — p, @0 - 6, and é\l — @ in probability,
then L(g,) — L* in probability, where L(g,) is the probability of error with g,,.
Consider the following simple example:

ExaMPLE. Let Fg be the class of all uniform densities on [—6, 0] if & 1 and on
[0, 6] if6 = 1. Let6 = 1,6, =2, p = 1/2. Then areasonable estimate of 6; would
be 0 = maX;.y;=1 | X;|. Clearly, 9 - 6; in probability. However, as 9 # 1 with
probability one, we note that g,(x) = 0 for x > 0 and thus, even though L* = 0
(as the supports of fy, and fp, are not overlapping), L(g,) = P{Y =1} = p=1/2.
The problem with this is that there is no continuity with respect to 8 in Fg. O

Basic consistency based upon continuity considerations is indeed easy to estab-
lish. As ratios of densities matter, it helps to introduce

pfo, (x)
(I = p) fo,(x) + pfo,(x)

where 6 = (p, 90/,\61) or (bp, 8;) as the case may be. We recall that if g,(x) =
Ins(x)>1/2) Where € is an estimate of ¢, then

L(gn) — L* < 2E{|n5(X) — no(X)|| Dy},
where D,, is the data sequence. Thus,
E {L(gy) — L*} < 2E {|n5(X) — ne(X)|} .

By the Lebesgue dominated convergence theorem, we have, without further ado:

ne(x) = =P{Y =1|X = x},

Theorem 16.1. Ifny is continuous in 8 inthe L(1) sense, where | is the measure
of X, and 6 — 6 in probability, then E{L(g,)} — L* for the standard plug-in
rule.

In some cases, we can do better and derive rates of convergence by examining
the local behavior of 7y(x). For example, if ng(x) = e ?*!, x € R, then

[no(x) — ner(x)| < |x[16 — 6],
and

E(L(g.)} - L* < 2E{IX||68])

2JE{x2} e (6 -9)),

IA
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yielding an explicit bound. In general, 6 is multivariate, consisting at least of the
triple (p, 6y, 61), but the above example shows the way to happy analysis. For the

simple example given here, E{L(g,)} — L*if E {(9 - az} — 0. In fact, this

seems to suggest that for this family, 6 should be found to minimize E { (9 - @2 }

This is false. One is always best off minimizing the probability of error. Other
criteria may be relevant via continuity, but should be considered with care.

How certain parameters are estimated for given families of distributions is what
mathematical statistics is all about. The maximum likelihood principle looms large:
6y is estimated for densities fy by

6o = arg max ]_[ fo(X)

i:Y;=0

for example. If you work out this (likelihood) product, you will often discover a
simple form for the estimate of the data. In discrimination, only n matters, not
the class-conditional densities. Maximum likelihood in function of the n’s was
studied in Chapter 15. We saw there that this is often consistent, but that maximum
likelihood behaves poorly when the true distribution is not in Py. We will work
out two simple examples:

As an example of the maximum likelihood method in discrimination, we assume
that

e xoz—le—wx/ﬂ

9 = )= ———Ioo i, >0

® {fe( ) BT (@) {x>0) B }

is the class of all gamma densities with 8 = (¢, 8). The likelihood product given
(X1, Y1), ..., (X, Yy, is, if 6y, 6; are the unknown parameters,

n

[T (pfax)" (1 = p) sy (X)) "

i=1

This is the probability of observing the data sequence if the fp’s were in fact
discrete probabilities. This product is simply

( p )Z;‘:lYi( l_p )”"Z?ﬂYi
VT () BT (ct0)

o H - EE D, log X;+(e0—1) 1=T) log X;.
where 6y = (@0, Bo), 61 = (a1, B1)- The first thing we notice is that this expression
depends only on certain functions of the data, notably Z Y X;, Z(l - Y)X;,
S Yilog X;, > (1 —Y;)log X;,and ) Y;. These are called the sufficient statistics
for the problem at hand. We may in fact throw away the data and just store the
sufficient statistics. The likelihood product has to be maximized. Even in this rather
simple univariate example, this is a nontrivial task. Luckily, we immediately note
that p occurs in the factor pN(1 — p)*~", where N = > Y;. This is maximal at
P = N/n, a well-known result. For fixed «g, o;, we can also get 8y, Bi1; but for
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variable ag, a1, Bo, B1, the optimization is difficult. In d-dimensional cases, one
has nearly always to resort to specialized algorithms.

As a last example, we return to Fg = {uniform densities on rectangles of R¢}.
Here the likelihood product once again has p™ (1— p)"~" as a factor, leading to p =
N /n. The other factor (if (ay, by), (ao, bo) are the lower left, upper right vertices
of the rectangles for 8y, 8y) is zero if for some i, ¥; = 1, X; ¢ rectangle(a;, by), or
Y; =0, X; ¢ rectangle(ap, by). Otherwise, it is

1 . 1
b1 —ai|¥ by — aol*=""

where |1 — a1}l = ]_[le(by ) ay )) denotes the volume of the rectangle (a1, by),
and similarly for ||bo —agp||. This is maximal if ||b; —a, || and ||bg —ag|| are minimal.
Thus, the maximum likelihood estimates are

a = _n}in'Xi(k), l<k<d, i=0,1,
JY=i

BY = max 1sk<d i=0,1,
J=

where @ = @, ..., @), b; = @Y, .., ), and X; = (X, .., X9,

1
Rates of convergence may be obtained via some of the (in)equalities of Chapter

6, such as

(1) E(L(g))—L° < 2E(ln.(X)—n(X)])
(where n,, = ﬁf@/ (ﬁfoﬁ +(1- @f%))s
@) E(L@)—L° = 2/E{m0)-nOr),

(3) E{L(g)}—-L* = 2E{

n(X) — %

Lig, (x)2g* (X)) } :

The rate with which 8 approaches 8 in ® (measured with some metric) may be
very different from that with which L(g,) approaches L*. As shown in Theorem
6.5, the inequality (2) is always loose, yet it is this inequality that is often used
to derive rates of convergence by authors and researchers. Let us take a simple
example to illustrate this point. Assume Fg is the family of normal densities on
the real line. If 8y = (my, 0y), 61 = (my, o) are the unknown means and standard
deviations of the class-conditional densities, and p = P{Y = 1} is also unknown,
then we may estimate p by p=__; ¥;/n, and m; and o; by

_ Y Xy o XX - mi) Iy,
m; = —5——— and o = - L i=0,1,
et L= 2 = =)

respectively, when denominators are positive. If a denominator is 0, set m; = 0,
67 = 1. From Chebyshev’s inequality, we can verify that for fixed p € (0, 1),
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E{lp — pl} = O (1/+/n), E{lm; —i;[} = O (1/+/n), E{lo; = Gil} = O (1/+/n)
(Problem 16.3).

If we compute E {|n,(X) — n(X)|}, we will discover that E{L(g,)} — L* =
O (1/+/n). However, if we compute E {|n(X) — 3| Iig,cx)%+(x)y }, we will find
that E{L(g,)} — L* = O (1/n). Thus, while the parameters converge at a rate
0(1 / ﬁ) dictated by the central limit theorem, and while 7, converges to 7 in
Ly(p) with the same rate, the error rate in discrimination is much smaller. See
Problems 16.7 to 16.9 for some practice in this respect.

BIBLIOGRAPHIC REMARKS. McLachlan (1992) has a comprehensive treatment on
parametric classification. Duda and Hart (1973) have many good introductory
examples and a nice discussion on sufficient statistics, a topic we do not deal with
in this text. For maximum likelihood estimation, see Hjort (1986a; 1986b). O

16.3 Minimum Distance Estimates

Here we describe a general parameter estimation principle that appears to be more
suitable for plug-in classification rules than the maximum likelihood method. The
estimated parameter is obtained by the projection of the empirical measure on the
parametric family.

The principle of minimum distance estimation may be described as follows. Let
Pg ={Py : 6 € O} be a parametric family of distributions, and assume that Ps- is
the unknown distribution of the i.i.d. observations Z, ..., Z,. Denote by v, the
empirical measure

1 n
v (A) = - ZI{Z,-QA}, AC R4
p

Let D(., -) be ametric on the set of all probability distributions on R?. The minimum
distance estimate of 6* is defined as

6, = argmin D(v,, Py),
Ge®

if it exists and is unique. If it is not unique, select one candidate for which the
minimum is attained.
Consider for example the Kolmogorov-Smirnov distance

Dys(P, Q) = sup |[F(z) — G(2)],

zeR4
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FIGURE 16.2. The member of Pg closest
to the empirical measure v, is chosen by
the minimum distance estimate.

where F and G are the distribution functions of the measures P and O on R,
respectively. It is easy to see that Dy is a metric. Note that

sup |F(z) — G(2)| = iug1P(A) - QA)|,

zeR4
where A is the class of sets of the form (—o0, z!)) x -+ x (—o0, z@), for
7= W, ..., z9) € R For the Kolmogorov-Smirnov distance between the

estimated and the true distributions, by the triangle inequality, we have

DKS(PG,,’ Pye) < DKS(PQ,n V) + Dys(vy, Po+)
2Dys(Vn, Po+),

A

where in the second inequality we used the definition of 6,. Now notice that the
upper bound is just twice the Kolmogorov-Smirnov distance between an empirical
distribution and the true distribution. By a straightforward application of Theorem
12.5, for every n and € > O,

d
P(Dys(vy, Por) > €} =P {sup [Va(A) = Pos(4)] > e} <8 (%) e,
AeA d

since the n-th shatter coefficient s(A, n) of the class of sets
A = {(-OO, Z(l)) X X (—OO, Z(d))a = (Z(I)s ey Z(d)) € Rd}

cannot exceed (ne/d)?. This can easily be seen by an argument similar to that in the
proof of Theorem 13.8. From the inequalities above, we see that the Kolmogorov-
- Smirnov distance between the estimated and the true distributions is always

0 (,/log n/ n) The only condition we require is that &, be well defined.



272 16. Parametric Classification

Of course, rather than the Kolmogorov-Smirnov distance, it is the error prob-
ability of the plug-in classification rule in which we are primarily interested. In
order to make the connection, we adapt the notions of minimum distance estima-
tion and Kolmogorov-Smirnov distance to better suit the classification problem
we are after. Every parametric family of distributions defines a class of sets in R?
as the collection A of sets of the form {x : ¢(x) = 1}, where the classifiers ¢ are
the possible plug-in rules defined by the parametric family. The idea here is to
perform minimum distance estimation with the generalized Kolmogorov-Smirnov
distance with respect to a class of sets closely related to A.

Assume that both class-conditional distributions Pp,, Py, belong to a parametric
family Pg, and the class-conditional densities fg,, fp, exist. Then the Bayes rule
may be written as
1 ifagx)>0
0 otherwise,

g'x)= {

where ap(x) = pfo,(x) — (1 — p) fe,(x) and p = P{Y = 1}. We use the short
notation & = (p, 6, 8;). The function oy may be thought of as the Radon-Nikodym
derivative of the signed measure Qs = pPy, — (1 — p) Py,. In other words, to each
Borel set A C R, Q assigns the real number Qp(A) = pPs,(A) — (1 — p) Py, (A).
Given the data D, = (X1, Y1), ..., (X5, Y3,)), we define the empirical counterpart

of Qg by
1 n
va(A) =~ ;@Yi — Dxenr.
The minimum distance classification rule we propose projects the empirical signed

measure v, on the set of measures Qp. The metric we use is also specifically fitted
to the given pattern recognition problem: define the class of sets

A={{x e R? ap(x) > 0} : p€[0,1],60,6, € O}

A is just the class of sets A C R4 such that I{xea is the Bayes rule for some
6 = (p, 8o, 61). Also introduce

B={ANB :A BeA}.

Given two signed measures Q, Q', we define their generalized Kolmogorov-
Smirnov distance by

Dp(Q, Q) = sup 10(A) — Q'(A)],

that is, instead of the class of half-infinite intervals as in the definition of the
ordinary Kolmogorov-Smirnov distance, here we take the supremum over 3, a
class tailored to our discrimination problem. Now, we are ready to define our
minimum distance estimate

6 = argmin Dg(Qy, vy),
9
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where the minimum is taken over all triples 6 = (p, 8y, 6;) with p € [0, 1],
6y, 81 € ©. The corresponding classification rule is

1 ifoz(x)>0
0 - otherwise.

g(x) = {

The next theorem shows that if the parametric assumption is valid, then gz performs
extremely well. The theorem shows that if A4 has finite vc dimension V 4, then with-
out any additional conditions imposed on the parametric class, the corresponding

error probability L(gg) is not large: L(gg) — L* = O(,/ V4 log n/n).

Theorem 16.2. Assume that both conditional densities fy,, fo, are in the para-
metric class Fg. Then for the classification rule defined above, we have for every
nand € > 0O that

P {L(gg —L* > e} < SS(B,n)e_”EZ/Slz,

where s(BB, n) is the n-th shatter coefficient of B. Furthermore,

E{L(gs) — L*} <32 }_OM'
n

REMARK. Recalling from Chapter 13 that s(53, n) < s%(A, n) and that s(A, n) <
(n + 1)"4, where V4 is the vc dimension of .A, we obtain the bound

P {L(gﬁ) - L* > E} < 8(n + 1)2vAe,n€2/512. O

The proof of the theorem is based upon two key observations. The first lemma
provides a bound on L(gz) — L™ in terms of the generalized Kolmogorov-Smirnov
distance between the estimated and the true parameters. The second lemma is a
straightforward extension of the Vapnik-Chervonenkis inequality to signed mea-
sures.

Lemma 16.1.
L(gs) — L™ < 2Dp(Qs, Qp).
PROOF. Denote
Ag=1{x:ap(x) >0} and Az ={x:oaz(x)> 0},

that is, g5(x) = Iia;x)>0)> (%) = I(ay(x)>0)> and Ag, Az € A. At the first crucial
step, we use the equality of Theorem 2.2:

L(gs) — L™

/ Ligs(x)#go oy It (X) | d x

—/ ag(x)dx +/ og(x)dx
AGNAS ALNAg

It
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f az(x)dx — / ag(x)dx
AgnAS AgNAS

+/ ag(x)dx ——/ ag(x)dx
ALNAg AENAg

= Qp(Ag N Ag) — Qo(Ag N Ag) + Qa(A5 N Ag) — O7(Az N Ag)
< 2D5(Qq, Q)
since both Az N Ag and A5 N Ag are members of Be. O

IA

The next lemma is an extension of the Vapnik-Chervonenkis inequality. The
proof is left to the reader (Problem 16.11).

Lemma 16.2. For every n and € > 0,
P {Ds(Qqg, vu) > €} < 8s(B, n)e "3,

The rest of the proof of Theorem 16.2 shows that the generalized Kolmogorov-
Smirnov distance with respect to 3 between the estimated and true distributions is
small with large probability. This can be done as we proved for the Kolmogorov-
Smirnov distance at the beginning of the section.

PROOF OF THEOREM 16.2. By Lemma 16.1,

L(gp) ~L* = 2Dp(Qs, Qp)
2Dp(Qg, vu) +2Dp(QF, v,) (by the triangle inequality)
< 4Dg(Qy,v,) (by the definition of 0).

A

The theorem now follows by Lemma 16.2. O

Finally, we examine robustness of the minimum distance rule against modeling
errors, that is, what happens if the distributions are not in Pg. A good rule should
still work reasonably well if the distributions are in some sense close to the modeled
parametric class Pg. Observe that if for some 6 = (p, 6y, 6;) the Bayes rule can

be written as
" 1 ifagx)>0
gx)= o
0 otherwise,
then Lemma 16.1 remains valid even when the class-conditional distributions are
not in Pg. Denote the true class-conditional distributions by £, P, let p* =

P{Y =1}, and introduce Q* = p* P — (1 — p)Py. Thus,
L(gg) — L*

< 2Dp(Q* Q0p (by Lemma 16.1)

< 2Dp(Q*, vy)+2Dg(vy, Q) (by the triangle inequality)

< 2Dp(Q", vy) +2Dp(vs, Qg) (by the definition of Qp)

< 4Dp(Q*,v,)+2Dp(0", Qg) (again by the triangle inequality).
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Lemma 16.2 now applies to the first term on the right-hand side. Thus, we conclude
that if the Bayes rule is in A, then for all € > 4infy, D(Q*, Qy),

P {L(g§ - L* > 6,} < 8(n7+41)2VAe~n62/211.

The constant in the exponent may be improved significantly by more careful anal-
ysis. In other words, if the Bayes rule is in .A and the true distribution is close to
the parametric family in the generalized Kolmogorov-Smirnov distance specified
above, then the minimum distance rule still performs close to the Bayes error.
Unfortunately, we cannot say the same if .A does not contain the Bayes rule. Em-
pirical error minimization, discussed in the next section, is however very robust in
all situations.

16.4 Empirical Error Minimization

In this section we explore the connection between parametric classification and
rule selection by minimizing the empirical error, studied in Chapter 12.
Consider the class C of classifiers of the form

_ 1 0 if (1= p)fa,(x) = pf,(x)
¢(x) _{ 1 otherwise,

where p € [0, 1], and 6, 6; € ©. The parametric assumption means that the Bayes
rule is contained in C. Then it is a very natural approach to minimize the empirical
error probability

o~ 1 n
L) =~ > T
i=1

measured on the training data D, over classifiers ¢ in the class C. Denote the
empirically selected rule (i.e., the one minimizing Zn (¢)) by ¢. For most typical
parametric classes ®, the vc dimension V, is finite. Therefore, as a straightforward
consequence of Theorem 12.6, we have

CoROLLARY 16.1. If both conditional distributions are contained in the paramet-
ric family Pe, then for the error probability L(¢;) = P{¢(X) # Y|D,} of the
empirically optimal rule ¢, we have for every n and € > 0

P{L(¢})— L* > €} < 85(C, n)e /1%,

The result above means that O (Jlog n/ n) rate of convergence to the Bayes

rule is guaranteed for the empirically optimal rule, whenever the vC dimension
Ve is finite. This is the case, for example,-for exponential families. If Pg is an
exponential family, with densities of the form

k
fo(x) = ca(8)B(x) exp {Zm(em(x)} ,

i=1
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B

then by results from Chapter 13, S(C, n) < (n+1)¥*!. Observe that in this approach,

nothing but properties of the class C are used to derive the O (, /logn/ n) rate of
convergence.

REMARK. ROBUSTNESS. The method of empirical minimization is clearly extremely
robust against errors in the parametric model. Obviously, (see Theorem 12.6) if
the true conditional distributions are not contained in the class Pg, then L* can
be replaced in Corollary 16.1 by infgec P{¢p(X) # Y'}. If the model is fairly good,
then this number should be very close to the Bayes risk L*. O

REMARK. LOWER BOUNDS. The results of Chapter 14 imply that for some distri-
butions the error probability of the selected rule is about O(1//n) away from
the Bayes risk. In the parametric case, however, since the class of distributions is
restricted by the parametric model, this is not necessarily true. In some cases, a
much faster rate of convergence is possible than the O(,/log n/n) rate guaranteed
by Corollary 16.1. See, for example, Problem 16.3, where an example is given in
which the error rate is O(1/n). O

Problems and Exercises

PROBLEM 16.1. Show that if both conditional distributions of X, given ¥ = 0 and ¥ =1,
are gaussian, then the Bayes decision is quadratic, that is, it can be written as

ety =] 0 XL a0 +a0 2 0
1 otherwise,

where the functions ;(x) are either of the form x® (the /-th component of the vector x),
or x(i)x(j), and ag, -« -5 Aaed@d+1y2 € R.

PROBLEM 16.2. Let f be the normal density on the real line with mean m and standard
deviation o2, and we draw an i.i.d. sample Xy, ..., X, from f, and set

P I ~
m:;;Z;X,- and 02=;Z(X,-—m)2.
= i=

Show that E{|m — 7|} = O (1//n) and E{lo =&} = O (1//n) by using Chebyshev’s
inequality. Show that this rate is in fact tight. Prove also that the result remains true if n
is replaced by N, a binomial (n, p) random variable independent of X;, ..., X,, where
p € (0, 1). That is, i1 becomes (1/N) Zfil X, if N > 0 and 0 otherwise, and similarly for
0.

PROBLEM 16.3. Assume that p = 1/2, and that both class-conditional densities fy and fi
are gaussian on R with unit variance, but different means. We use the maximum likelihood
estimates g, i of the conditional means mq = E{X|Y = 0} and m; = E{X|Y = 1} to
obtain the plug-in classifier gz. Show that E {(ﬁo — mo)z} = O(1/n). Then go on to show
that E {L(gg)} ~ L* < O(1/n).
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proBLEM 16.4. Show that the following classes of densities on R constitute exponential

families:
(1) gaussian family:

_@-m?
e 2? i
5 meR,0>0p;
To
(2) gamma family:
xa-le—x/ﬂ
{—IBO‘_FZ&-)—I(X>O} Lo, /3 > 0} 3

(3) beta family:

{ o+ p)

a—1 BN B . .
F(Ol)F(IB)x (1 =x)"Tgeoyr . B > O} :

(4) Rayleigh family:

9*,31‘)~e‘ﬁ2/(29)x"e"ex2/2 _— (—)
{ ;.: JITG+2) \2

ProBLEM 16.5. This exercise shows that one-parameter classes may be incredibly rich. Let
C be the class of rules of the form

2j+A—1
(0,B>0,A>0}.

| L ifreard
8= 0 ifxg¢ Ao,

where x € R, 6 € R is a parameter, and A is a union of intervals on the real line.
Equivalently, gg = a.4. Let

1 1
Az_yl[i_i’i.’-—i)’

by

where by, b,, . .. are bits, obtained as follows: first list all sequences of length 1, then those
of length 2, et cetera, so that (by, by, . ..) is a concatenation of (1, 0),(1,1, 1,0, 0, 1, 0, 0),
et cetera.
(1) Show that for all n, there exists a set {xy, ..., x,} C R that can be shattered by a
set from {A +6 : 6 € R}. Conclude that the vc dimension of C is infinite.
(2) If we use C for empirical error minimization and L* = 0, what can you say about
E{L,}, the probability of error of the selected rule?

PROBLEM 16.6. CONTINUATION. Let X be uniform on 6 +[i — 1/2, i +1/2) with probability
1/2,i > 1.SetY =b; it X € 6 +[i — 1/2.i + 1/2), so that L* = 0.
(1) Derive the class of Bayes rules.
(2) Work out the details of the generalized Kolmogorov-Smirnov distance minimizer
based on the class of (1).
(3) Provide the best upper bound on E{L,} you can get with any method.
(4) Regardless of discrimination, how would you estimate 8? Derive the asymptotic
behavior of E{L,} for the plug-in rule based on your estimate of 6.

ProBLEM 16.7. If F¢ = {all uniform densities on rectangles of R¢} and if we use the
maximum likelihood estimates of p, 6, 8, derived in the text, show that E{L,} — L* =

o(1/n).
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PrOBLEM 16.8. CONTINUED. Assume that the true class-conditional densities are fo, fi,
and fy, f1 ¢ Fp. With the same maximum likelihood estimates given above, find fo, f1 for
which E{L,} — 1, yet L* = 0.

PrOBLEM 16.9. CONTINUED. Show that the O(1/n) rate above can, in general, not be im-
proved.

PROBLEM 16.10. Show that
P{Ds(vy, Py) > €} < 4.nde—2(nﬂ:!)e2

by noting that the supremum in the definition of Dgs may be replaced by a maximum over
n? carefully selected points of R¢. HINT: Use the idea of fingering from Chapters 4 and 12.

PrOBLEM 16.11. Prove Lemma 16.2 by following the line of the proof of the Vapnik-
Chervonenkis inequality (Theorem 12.5). HINT: In the second symmetrization step observe
that

1 n

- ZUi(ZYi — Dfx;en

no

sup
AeB

has the same distribution as that of

sup
AeB

1 n
;1“ Z [ef] I{XfeA}
i=1

PROBLEM 16.12. MINIMUM DISTANCE DENSITY ESTIMATION. Let Fg = {fs : 0 € ®} be a
parametric class of densities on R4, and assume that the i.i.d. sample X, ..., X, is drawn
from the density f, € Fg. Define the class of sets

A={{x e R : fo,(x) > fo,(x)} 1 61,6, € O},

and define the minimum distance estimate of 6 by
6 = argmin D4(Py, ),
6'e®
where Py is the distribution belonging to the density fr, i, is the empirical distribution
defined by X1, ..., X,,, and D 4 is the generalized Kolmogorov-Smirnov distance defined
by
D (P, Q) =sup |P(A) — Q(A)|.
AecA

Prove that if A has finite vc dimension, then

E { f | fo0) = fe(x)ldx} =0 (1/4/n).

For more information on minimum distance density estimation, see Yatracos (1985) and
Devroye (1987). HINT: Follow the steps listed below:
(1) f | fa — fal < 2D 4(P;, Py) (use Scheffé’s theorem).
(2) D4(P;, Py) < 2D 4(Py, j4s) (proceed as in the text).
(3) Finish the proof by applying Alexander’s improvement of the Vapnik-Chervonen-
kis inequality (Theorem 12.10).
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Generalized Linear Discrimination

The classifiers we study here have their roots in the Fourier series estimate or other
series estimates of an unknown density, potential function methods (see Chapter
10), and generalized linear classifiers. All these estimators can be put into the
following form: classify x as belonging to class O if

k
Za}Ljo(x) = O,
j=1

where the ;s are fixed functions, forming a base for the series estimate, a,_; is a
fixed function of the training data, and k controls the amount of smoothing. When
the v;’s are the usual trigonometric basis, then this leads to the Fourier series
classifier studied by Greblicki and Pawlak (1981; 1982). When the v;’s form
an orthonormal system based upon Hermite polynomials, we obtain the classifiers
studied by Greblicki (1981), and Greblicki and Pawlak (1983;1985). When {v; (x)}
is the collection of all products of components of x (suchas I, (x@ ¢, (x®)*(xVy,
etcetera), we obtain the polynomial method of Specht (1971).

We start with classification based on Fourier series expansion, which has its
origins in Fourier series density estimation, which, in turn, was developed by
Cencov (1962), Schwartz (1967), Kronmal and Tarter (1968), Tarter and Kronmal
(1970), and Specht (1971). Its use in classification was considered by Greblicki
(1981), Specht (1971), Greblicki and Pawlak (1981; 1982; 1983), and others.
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17.1 Fourier Series Classification

Let f be the density of X, and assume that f € L,(}), thatis, f > 0, f fx)dx =1
and [ f2(x)dx < oo, and recall that A denotes the Lebesgue measure on RY. Let
Y1, ¥, ... be a complete orthonormal set of bounded functions in Ly(A) with
sup; , [¥(x)] < B < co. An orthonormal set of functions {1} in Ly(u) is such
that [;¥; = Iy=; for all i, j. It is complete if [«y; = 0 for all i for some
function @ € L,(A) implies that « = 0 almost everywhere (with respect to A). If
f € L,()), then the class-conditional densities fo and f; exist, and are in L,(}).
Then the function

a(x) = pfi(x) = (1 = p)fo(x) = 2n(x) — D f(x)
isin L,(A) as well. Recall that the Bayes decision is given by

0 ifa(x)<O0
* _ =
g x) = { 1 otherwise.

Let the bounded functions v, ¥, . .. form a complete orthonormal basis, and let
the Fourier representation of « be given by

o0
o= ZO(J'WJ'.
j=1

The above convergence is understood in L;(%), that is, the infinite sum means that

k 2
Jim f <O((x)—2(le/fj(x)) dx =0,
[oe] j:1

The coefficients are given by

aj =f¢j(x)a(x)dx.

We approximate «(x) by a truncation of its Fourier representation to finitely many
terms, and use the data D, to estimate the coefficients appearing in this sum.
Formally, consider the classification rule

. ky
0 if Zj:l. a, jPi(x) <0 a7.1)
1 otherwise,

gn(x) = {
where the estimates o, ; of «; are very easy to compute:
1 n
@y =~ ) @Y = Dy;(X)).
i=1

Before discussing the properties of these rules, we list a few examples of complete
orthonormal systems on the real line. Some of these systems contain functions
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on a bounded interval. These, of course, can only be used if the distribution of X
is concentrated on an interval. The completeness of these systems may typically
be checked via the Stone-Weierstrass theorem (Theorem A.9). A general way
of producing complete orthonormal systems- on R? is taking products of one-
dimensional functions of the d components, as sketched in Problem 17.1. For
more information on orthogonal series, we refer to Sansone (1969), Szegd (1959),
and Zygmund (1959).

(1) The standard trigonometric basis on the interval [—7, 7] is formed by the
functions

1 _ .
Yolx) = \/T_ﬁ’ Yai—1(x) = Coj/(;—X)’ Vai(x) = SH:/(;C)’

This is a complete orthonormal system in L,([—7, 7]).

i=1,2,....

(2) The Legendre polynomials form a complete orthonormal basis over the in-
terval [—1, 1]:

= 22 L () imo
iX)= 3 2ii!dxi X , =0, 1,4, ...,

(3) The set of Hermite functions is complete and orthonormal over the whole
real line:

ex2/2 di
2w dxt

(4) Functions of the Laguerre basis are defined on [0, co) by

Vi(x) = (e"‘z), i=0,1,2,....

TG +1 ya
#x*“ex —— (x”"‘e’x), i=0,1,2,...,
Fri+a+1) i!dxt

vi(x) = (

where & > ~—1 is a parameter of the system. A complete orthonormal system
over the whole real line may be obtained by

Yo () = Uil x=0p, Vi (0) = Yi=x)x<qy, 1=0,1,2,....

(5) The Haar basis contains functions on [0, 1] that take three different values.
It is orthonormal and complete. Functions with finitely many values have
computational advantages in pattern recognition. Write the integer i > 0 as
i =2+ j, where k = [log, i] (i.e., 0 < j < 2%). Then

262 if x e ((G — /25, (G — 1/2)/2F)
Yy =1 2757 if x e (G — 1/2)/25, j/25)
0 otherwise.
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(6) Functions on [0, 1] of the Rademacher basis take only two values, —1 and
1. It is an orthonormal system, but it is not complete:

Vo) =1, Yi(x)=(=DF¥, i=12,....

The basis may be completed as follows: write i = 21;21 2% such that 0 <
[} <lp < -+ < I. This form is unique. Define

'(///(X) = 1/Ii1 (x) t Wik(x)s

where the ;s are the Rademacher functions. The resulting basis 1//(’), 1//{ y ...
is orthonormal and complete, and is called the Walsh basis.

There is no system of basis functions that is better than another for all distribu-
tions. In selecting the basis of a Fourier series rule, the designer must use a mixture
of intuition, error estimation, and computational concerns. We have the following
consistency theorem:

Theorem 17.1. Let {1, Y1, . ..} be a complete orthonormal basis on R? such that
for some B < oo, |¥;(x)| < B for eachi and x. Assume that the class-conditional
densities fy and fi exist and are in Lo()). If

k
k, — 00 and = — 0 as n — oo,
n

then the Fourier series classification rule defined in (17.1) is consistent:

lim EL(g,) = L*.

n—o0

If
k,logn

k, — oo and — 0 as n — oo,

n
then
lim L(g,)=L"

n—o0

with probability one, that is, the rule is strongly consistent.

ProOF. First observe that the o, ;’s are unbiased estimates of the «;’s:

E{a,, ;) E{QY - DHy;(X)} =E{E{QY — Dy;(X)|X}}

E {y;(X)E (2Y — DIX}} = E {2n(X) — Dy;(X)}

/ 2n(x) — () f(o)dx = / ¥ (adx

o= aj!

I
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and that their variance can be bounded from above as follows:

Var{y;(X1)(2n(X;) — 1)}
n

[ @) = 12 f@dx —a?

n

It

Var{cxn‘j}

=

= )

B? — csz- B2
n n

where we used the boundedness of the ¥;’s. By Parseval’s identity,

/az(x)dx = Z a?.
j=1

Therefore, exploiting orthonormality of the ¥/;’s, we have

k, 2
/ (a(x) - Zan,jgﬁj(x)) dx
j=1

&, 2
/ @?(x)dx + / <Zan,jwj(x)) dx
j=1

ki
-2 / a(x) Z oy, j¥i(x)dx

j=1

]

k

2 2
oz]+E oz”—ZE oty |

j=1

o0
= (oen,j—aj)2+ Z af.

J J=ka+1

I
kS 1[\18

i
ful

Thus, the expected L,-error is bounded as follows:

k, 2
E /<a(x)—zan,,~w,(x)) dx
j=1
ky 5 00
E{Z(O‘n»i —aj) } + Z a}g
Jj=1 J

I

=k +1
ky [=9]
2
= E Var{o, ;} + E o;
j=1 j=ky+1

IA
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Since Y2, @ < 00, the second term tends to zero if k, — oc. If at the same time
k,/n — 0, then the expected Lo-error converges to zero, that is, the estimate is
consistent in L,. Now, convergence of the error probability follows from Problem
2.11.

To prove strong consistency (i.e., convergence with probability one), fix € > 0,
and assume that n is so large that

o0
Z 0512 < €/2.

J=ky+1
Then
k, 2
| f <a(x) — Zan,jwj(x)) dx > ¢
Jj=1
kn 5 00
= P{Z(“”J —a;) + Z o >e]
j=1 Jj=ky+1
ky
< P{Z o — ;) >e/2}
=1
kn
< P{ O[nj--Ol] >€/(2kn)}
=1

J
(by the union bound)

& 1
= P —
el

< anefne/(4k,lB2)

3 (oY, - 1 - Efc0ey, - ) )| >
=1

€
2k,

where we used Hoeffding’s inequality (Theorem 8.1). Because k, logn/n — 0,
the upper bound is eventually smaller than e~2!°¢" = n~2, which is summable.
The Borel-Cantelli lemma yields strong L, consistency. Strong consistency of the
classifier then follows from Problem 2.11. O

REMARK. It is clear from the inequality

by ? koBE &
E /(oz(x)——za’n,ﬂﬁj(x)) dxp < _n’_1_+ Z osz,

j=1 J=kn+1

that the rate of convergence is determined by the choice of k,. If &, is small,
then the first term, which corresponds to the estimation error, is small, but the
approximation error, expressed by the second term, is larger. For large k,, the
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situation is reversed. The optimal choice of k, depends on how fast the second
term goes to zero as k, grows. This depends on other properties of f, such as the
size of its tail and its smoothness. O

ReMARK. Consistency in Theorem 17.1 is not universal, since we needed to as-
sume the existence of square integrable conditional densities. This, however, is not
a restrictive assumption in some practical situations. For example, if the observa-
tions are corrupted by additive gaussian noise, then the conditions of the theorem
hold (Problem 17.2). However, if ;& does not have a density, the method may be
inconsistent (see Problem 17.4). O

Fourier series classifiers have two rather unattractive features in general:
(i) They are not invariant under translations of the coordinate space.

(ii) Most series classifiers are not local in nature—points at arbitrary distances
from x affect the decision at x. In kernel and nearest neighbor rules, the
locality is easily controlled.

17.2 Generalized Linear Classification

When X is purely atomic or singular continuous, Theorem 17.1 is not applicable.
A theme of this book is that pattern recognition can be developed in a distribution-
free manner since, after all, the distribution of (X, Y) is not known. Besides, even
if wehad ani.i.d. sample (X1, Y1), . .., (X, ¥,) at ourdisposal, we do not know of
any test for verifying whether X has a square integrable density. So, we proceed a
bit differently to develop universally consistent rules. To generalize Fourier series
classifiers, let ¥r1, ¥, ... be bounded functions on R4. These functions do not
necessarily form an orthonormal basis of L,. Consider the classifier

0 if Y ', ¢i(x) <0
= j=1og Y
&) { 1 otherwise,

where the coefficients ¢, ; are some functions of the data D,. This may be viewed
as a generalization of Fourier series rules, where the coefficients were unbiased
estimates of the Fourier coefficients of a(x) = (2n(x) — 1) f (x). Here we will con-
sider some other choices of the coefficients. Observe that g, is a generalized linear
classifier, as defined in Chapter 13. An intuitively appealing way to determine the
coefficients is to pick them to minimize the empirical error committed on D,,, as
in empirical risk minimization. The critical parameter here is &,, the number of
basis functions used in the linear combination. If we keep &, fixed, then as we
saw in Chapter 13, the error probability of the selected rule converges quickly to
that of the best classifier of the above form. However, for some distributions, this
infimum may be far from the Bayes risk, so it is useful to let k, grow as n becomes
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larger. However, choosing k&, too large may result in overfitting the data. Using
the terminology introduced in Chapter 12, let C%») be the class of classifiers of the
form
0 it Y M aiyi(x) <0
= j=1"I1vI —
o) { 1 otherwise,

where the a;’s range through R. Choose the coefficients to minimize the empirical
error

-~ &
Lup) =~ D Ligoxmmy-
i=1

Let g, = ¢, be the corresponding classifier. We recall from Chapter 13 that the
vc dimension of C* is not more than &,,. Therefore, by Theorem 13.12, for every
n> 2k, +1,

P {L(gn) — inf L(¢) > 6} < 86’1%(’%)6—7162/128’
PeClhnd

where  is the binary entropy function. The right-hand side is e™€"/128+) jf k, =
o(n). However, to obtain consistency, we need to know how close infyecun L(¢)
is to L*. This obviously depends on the choice of the v;’s, as well as on the
distribution. If &, is not allowed to grow with n, and is bounded by anumber K, then
universal consistency eludes us, as for some distribution inf ycc L(¢) — L* > 0.
It follows from Theorem 2.2 that for every B > 0

inf L(¢)—L*
GeCthn)

< inf /
et S <B

The limit supremum of the right-hand side can be arbitrarily close to zero for all
distributions if k,, — o0 as n — o0 and the set of functions

o0 k
U {Zaj%(x);al,az, = R]

k=1 { j=1

Ky

@n(x) = 1) =Y _a;¥;(x)

j=1

p(dx) + f p(dx).
llxl>B

is dense in L;(i) on balls of the form {x : ||x|| < B} for all . This means that
given any probability measure (., and function f with f | fldn < oo, for every

€ > 0, there exists an integer k and coefficients ay, . . ., a; such that
k
/ !f(x) =3 0] ) < e
j=1

Thus, we have obtained the following consistency result:
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Theorem 17.2. Let Yy, Y, ... be a sequence of functions such that the set of
all finite linear combinations of the vr;’s is dense in L\(1t) on balls of the form
(o llxll = B} for any probability measure . Then then g, is strongly universally
consistent when -

-k
k, — 00 and — — 0 as n — 0.
n

ReEMARK. To see that the statement of Theorem 17.2 is not vacuous, note that dense-
ness in L1(w) on balls follows from denseness with respect to the supremum norm
on balls. Denseness in the L, sense may be checked by the Stone-Weierstrass the-
orem (Theorem A.9). For example, the class of all polynomial classifiers satisfies
the conditions of the theorem. This class can be obtained by choosing the func-
tions Y1, Y2, . .. as the simple polynomials xV, ... x@ xMx®@ Similarly,
the functions v ; can be chosen as bases of a trigonometric series. O

REMARK. THE HISTOGRAM RULE. It is clear that Theorem 17.2 can be modified in the
following way:let ¥, j =1, ..., k;k =1,2, ..., be functions such that for every
f € Li(u) (with p concentrated on a bounded ball) and € > O there is a ko such
that for all £ > kg there is a function of the form Z];=1 a;y;x whose distance from
£ in L1(w) is smaller than €. Let C% be the class of generalized linear classifiers
based on the functions ¥y g,, ..., ¥, If kK, — oo and k,/n — 0, then the
classifier g, that minimizes the empirical error over Clkn) jg strongly universally
consistent. This modification has an interesting implication. Consider for example
functions ¥y 4, . . . , Y, &, that are indicators of sets of a partition of R¢. Then it is
easy to see that the classifier that minimizes the empirical error is just the histogram
classifier based on the same partition. The denseness assumption requires that the
partition becomes infinitesimally fine as n — o0. In fact, we have obtained an
alternative proof for the strong universal consistency of the regular histogram rule
(Theorem 9.4). The details are left as an exercise (Problem 17.3). O

Problems and Exercises

ProBLEM 17.1. Let ¥, ¥, ... be a sequence of real-valued functions on a bounded in-
terval [a, b] such that ff Y (x)y;(x)dx = Iy-;, and the set of finite linear combinations

Zle a;¥;(x) is dense in the class of continuous functions on [a, b] with respect to the
supremum norm. Define the functions W;, _;, : [a, bl — R by

Wi i) = P, ) 5, 6D,y dg € (1,2, 000
Show that these functions form a complete orthonormal set of functions on [a, b]°.

PROBLEM 17.2. Let Z be an arbitrary random variable on R, and V be a real random
variable, independent of Z, that has a density & € L,(A). Show that the density f of the
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random variable X = Z + V exists, and [ f*(x)dx < co. HINT: Use Jensen’s inequality to
prove that [ f2(x)dx < [ h*(x)dx.

ProBLEM 17.3. Derive the strong universal consistency of the regular histogram rule from
Theorem 17.2, as indicated in the remark following it.

PrROBLEM 17.4. Let {¥q, ¥1, ¥2, .. .} be the standard trigonometric basis, and consider the
classification rule defined in (17.1). Show that the rule is not consistent for the following
distribution: given ¥ = 1, let X be 0, and given ¥ = 0, let X be uniformly distributed on
[, 7]. Assume furthermore that P{Y = 1} = 1/2.

PrROBLEM 17.5. The Haar basis is not bounded. Determine whether or not the Laguerre,
Hermite, and Legendre bases are bounded.
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Complexity Regularization

This chapter offers key theoretical results that confirm the existence of certain
“good” rules. Although the proofs are constructive—we do tell you how you may
design such rules—the computational requirements are often prohibitive. Many of
these rules are thus not likely to filter down to the software packages and pattern
recognition implementations. An attempt at reducing the computational complex-
ity somewhat is described in the section entitled “Simple empirical covering.”
Nevertheless, we feel that much more serious work on discovering practical algo-
rithms for empirical risk minimization is sorely needed.

In Chapter 12, the empirical error probability was minimized over a class C
of decision rules ¢ : R? — {0, 1}. We saw that if the vc dimension V¢ of the
class is finite, then the error probability of the selected rule is within constant
times / V¢ logn/n of that of the best rule in C. Unfortunately, classes with finite
vC dimension are nearly always too small, and thus the error probability of the
best rule in C is typically far from the Bayes risk L* for some distribution (see
Theorem 18.4). In Chapter 17 we investigated the special classes of generalized
linear rules. Theorem 17.2, for example, shows that if we increase the size of the
class in a controlled fashion as the sample size n increases, the error probability
of the selected rule approaches L* for any distribution. Thus, V, increases with n!

Theorem 17.2 may be generalized straightforwardly for other types of classifiers.
Consider a sequence of classes C'V, C?, ..., containing classifiers of the form
¢ R — {0, 1}. The training data D, = (X1, Y1), ..., (X, Y,Q) are used to
select a classifier ¢ by minimizing the empirical error probability L,(¢) over the
class C*), where the integer k, depends on 7 in a specified way. The following
generalization is based on the proof of Theorem 17.2 (see Problem 18.1):
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Theorem 18.1. Assume thatCV,C®, .. isasequence of classes of decision rules
such that for any distribution of (X, Y),

lim inf L(¢)=L"

i—00 peC®
and that the VC dimensions Vew, Veo, ... are all finite. If
Ve logn

k, — oo and -0 asn— oo,

n

then the classifier ¢ that minimizes the empirical error over the class Ckn) g
strongly universally consistent.

Theorem 18.1 is the missing link—we are now ready to apply the rich theory of
Vapnik-Chervonenkis classes in the construction of universally consistent rules.
The theorem does not help us, however, with the choice of the classes C%, or
the choice of the sequence {k,}. Examples for sequences of classes satisfying
the condition of Theorem 18.1 include generalized linear decisions with properly
chosen basis functions (Chapter 17), or neural networks (Chapter 30).

A word of warning here. The universally consistent rules obtained via Theorem
18.1 may come at a tremendous computational price. As we will see further on,
we will often have exponential complexities in # instead of polynomial time that
would be obtained if we just minimized the empirical risk over a fixed vc class.
The computational complexity of these rules are often incomparably larger than
that of some simple universally consistent rules as k-nearest neighbor, kernel, or
partitioning rules.

18.1 Structural Risk Minimization

Let C1V,C? ... be a sequence of classes of classifiers, from which we wish to
select a sequence of classifiers with the help of the training data D,,. Previously, we
picked ¢ from the k,-th class C*»), where the integer k,, is some prespecified func-
tion of the sample size n only. The integer &, basically determines the complexity
of the class from which the decision rule is selected. Theorem 18.1 shows that
under mild conditions on the sequence of classes, it is possible to find sequences
{k,} such that the rule is universally consistent. Typically, k, should grow with z in
order to assure convergence of the approximation error infyccun L(¢) — L*, but it
cannot grow too rapidly, for otherwise the estimation error L(¢;) — inf yecwn L()
might fail to converge to zero. Ideally, to get best performance, the two types of
error should be about the same order of magnitude. Clearly, a prespecified choice
of the complexity k, cannot balance the two sides of the trade-off for all distribu-
tions. Therefore, it is important to find methods such that the classifier is selected
from a class whose index is automatically determined by the data D,,. This section
deals with such methods.
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The most obvious method would be based on selecting a candidate decision rule
¢, j from every class CY) (for example, by minimizing the empirical error over
¢/, and then minimizing the empirical error over these rules. However, typically,

the vc dimension of i :
¢ ={Jew
j=1

equals infinity, which, in view of results in Chapter 14, implies that this approach
will not work. In fact, in order to guarantee

inf inf L(¢)=L",

=1 gecy)
it is necessary that

VC* =0
(see Theorems 18.4 and 18.5).
A possible solution for the problem is a method proposed by Vapnik and Cher-

vonenkis (1974c¢) and Vapnik (1982), called structural risk minimization. First we

select a classifier ¢, ; from every class C"Y) which minimizes the empirical error
over the class. Then we know from Theorem 12.5 that for every j, with very large

probability,
- ~ - Ve logn
L) < La(@up) + O (Jﬂn—g) :

Now, pick a classifier that minimizes the upper bound over j > 1. To make things
more precise, for every n and j, we introduce the complexity penalty

. 32
r(j,n)= " Veur log(en).

Let qgm, q;n,z, ... be classifiers minimizing the empirical error f,,(qb) over the
classes C1), C®), . . ., respectively. For ¢ € C1), define the complexity-penalized

error estimate ~ R
Ln(®) = Lu(9) +7(j, n).
Finally, select the classifier ¢; minimizing the complexity penalized error estimate

I:n(gf)m j)over j > 1. The next theorem states that this method avoids overfitting the
data. The only condition is that each class in the sequence has finite vc dimension.

Theorem 18.2. Let CV, C?), ... be a sequence of classes of classifiers such that
for any distribution of (X, Y),

lim inf L(¢)=L"*

j—oo ¢eC(j)

Assume also that the v dimensions Vew, Vew, ... are finite and satisfy

A= e Vo < .

-
I
-
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Then the classification rule ¢ based on structural risk minimization, as defined
above, is strongly universally consistent.

RemMARK. Note that the condition on the vc dimensions is satisfied if we insist that
Vey+n > Vo for all j, a natural assumption. See also Problem 18.3. O

Instead of minimizing the empirical error Z,, (@) over the set of candidates C*, the
method of structural risk minimization minimizes L,(¢), the sum of the empirical

error, and a term 1/%ng log(en), which increases as the vC dimension of the

class CY) containing ¢ increases. Since classes with larger vc dimension can be
considered as more complex than those with smaller vc dimension, the term added
to the empirical error may be considered as a penalty for complexity. The idea of
minimizing the sum of the empirical error and a term penalizing the complexity has
been investigated in various statistical problems by, for example, Rissanen (1983),
Akaike (1974), Barron (1985; 1991), Barron and Cover (1991), and Lugosi and
Zeger (1996). Barron (1991) minimizes the penalized empirical risk over a suitably
chosen countably infinite list of candidates. This approach is close in spirit to the
skeleton estimates discussed in Chapter 28. He makes the connection between
structural risk minimization and the minimum description length principle, and
obtains results similar to those discussed in this section. The theorems presented
here were essentially developed in Lugosi and Zeger (1996).

PrOOF OF THEOREM 18.2. 'We show that both terms on the right-hand side of the
following decomposition converge to zero with probability one:

L) —L" = (L(¢>:;) — inf Z,,(én.») + (}rg Ly@n) = L*) :
For the first term we have
P {L<¢:) —inf L)) > e}
- PlL@p - Luen > ¢f

P {sup L(¢,, )= Ln(&n‘j)) > 5}

=
izl

- {u L(qS,,,,-)—Z,,<¢3n,,~>—r(j,n))>e}
x -~ - ~

< D P{|L@) - Tu@ny)| > €41 m)
j=1
o0 o

< ) 8nVwne UM (by Theorem 12.5)

=1
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[ee]
< Z 8 Ve» g1 (m)/32 y=ne?/32
J=1

o0
Qe /32 Z,e—vcm = Ap—ne’/32

using the defining expression for 7(j, n), where A = 8 Z;’Zl e < oo, by
assumption. Thus, it follows from the Borel-Cantelli lemma that

L@;) = inf Lo(¢n;) 0

with probablhty one as n — oo. Now, we can turn to investigating the second term
inf j>1 L,(¢n ;) — L*. By our assumptions, for every € > 0, there exists an integer

k such that
mf L(p)—L* <e.

Ck)

Fix such a k. Thus, it suffices to prove that

lim sup 1nf L (qbn )= mf L(¢) < 0 with probability one.

n—oo JZ

Clearly, for any fixed k, if » is large enough, then

32
r(k,n) = 7Vcaq log(en) <

P {il;i; Ln(¢n,j) - ¢le%t;k) L(¢) > 6}

[NSR L}

Thus, for such large n,

< | Z/n((%n,k)— inf L(¢) > 6}
¢eC®

= P{L,(@up) +rtk,n)— inf L($) > e}
peC®

IA
o~

~ o~ . €
Ln(¢n,k) - ¢lencizk) L(d’) > 5}

peC®

< P{sup |L @) — L(9)| > *]
< 8n Vc(k)e~nez/128
by Theorem 12.5. Therefore, since Vew < oo, the proof is completed. O

Theorem 18.2 shows that the method of structural risk minimization is univer-
sally consistent under very mild conditions on the sequence of classes CV, C@, . . ..
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This property, however, is shared with the minimizer of the empirical error over the
class C*”, where k, is a properly chosen function of the sample size n (Theorem
18.1). The real strength, then, of structural risk minimization is seen from the next
result.

Theorem 18.3. Let CV,C?, ... be a sequence of classes of classifiers such thar

the vc dimensions Vew, Ve, ... are all finite. Assume further that the Bayes rule
o0 .
grecr = Jc¥,
j=1

that is, a Bayes rule is contained in one of the classes. Let k be the smallest integer
such that g* € C®. Then for every n and € > 0 satisfying

Ve loglen) < ne?

cw loglen) < ——,
S =512

the error probability of the classification rule based on structural risk minimization

¢ satisfies

P {L((b:) _ L* > 6} < Ae—n€2/128 + SnVc(k)e—ne2/512’
where A =3 32, e~ Voo,

ProoF. Theorem 18.3 follows by examining the proof of Theorem 18.2. The only
difference is that by assumption, there is an integer k such that inf yccw L(¢p) = L*.
Therefore, for this k,

L) —L* = (L<¢;;) —inf in«zn,,)) + (i,nf Ly(¢n ;) — inf L<¢>>) :
jzl j=1 peC®

and the two terms on the right-hand side may be bounded as in the proof of Theorem
18.2. O

Theorem 18.3 implies that if g* € C*, there is a universal constant ¢y and a finite

k such that
Vew 1
EL($]) — L™ < ey =22,
n

that is, the rate of convergence is always of the order of \/log n/n, and the constant
factor Vew depends on the distribution. The number Vew may be viewed as the
inherent complexity of the Bayes rule for the distribution. The intuition is that the
simplest rules are contained in C', and more and more complex rules are added to
the class as the index of the class increases. The size of the error is about the same
as if we had known k beforehand, and minimized the empirical error over C%®. In
view of the results of Chapter 14 it is clear that the classifier described in Theorem
18.1 does not share this property, since if L* > 0, then the error probability of the
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qule selected from C%) is larger than a constant times / Ve logn/n for some
distribution—even if g* € C%® for some fixed k. Just as in designs based upon
minimum description length, automatic model selection, and other complexity
regularization methods (Rissanen (1983), Akaike (1974), Barron (1985; 1991),
and Barron and Cover (1991)), structural risk minimization automatically finds
where to look for the optimal classifier. The constants appearing in Theorem 18.3
may be improved by using refined versions of the Vapnik-Chervonenkis inequality.

The condition g* € C* in Theorem 18.3 is not very severe, as C* can be a large
class with infinite v dimension. The only requirement is that it should be written
as a countable union of classes of finite vc dimension. Note however that the class
of all decision rules can not be decomposed as such (see Theorem 18.6). We also

emphasize that in order to achieve the O (,/ logn/ n) rate of convergence, we do
not have to assume that the distribution is a member of a known finite-dimensional
parametric family (see Chapter 16). The condition is imposed solely on the form

of the Bayes classifier g*.
By inspecting the proof of Theorem 18.2 we see that for every k,

[ Vew logn .
kY * e _ * .
EL(¢,)—L* <co + (q}gé{k)L(qS) L )

In fact, Theorem 18.3 is the consequence of this inequality. The first term on
the right-hand side, which may be called estimation error, usually increases with
growing k, while the second, the approximation error, usually decreases with it.
Importantly, the above inequality is true for every k, so that

" . | Vew logn . .
EL(@¢;)—L* < lrlzf <co — + ((ﬁg&fk) Lp)—L .

Thus structural risk minimization finds a nearly optimal balance between the two
terms. See also Problem 18.6.

REMARK. It is worthwhile mentioning that under the conditions of Theorem 18.3,
aneven faster, O (m), rate of convergence is achievable at the expense of mag-
nifying the constant factor. More precisely, it is possible to define the complexity
penalties 7(j, n) such that the resulting classifier satisfies

C1

EL@¢))—L* < —,

(¢,) <7

where the constant c¢; depends on the distribution. These penalties may be defined

by exploiting Alexander’s inequality (Theorem 12.10), and the inequality above
can be proved by using the bound in Problem 12.10, see Problem 18.6. O

ReMARK. We see from the proof of Theorem 18.2 that

P {L(‘P;) > [:n(¢:) +e} < Ae~"€ /32
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This means that L,(¢) does not underestimate the true error probability of ¢;* by
much. This is a very attractive feature of L, as an error estimate, as the designer
can be confident about the performance of the rule ¢;. O

The initial excitement over a consistent rule with a guaranteed O(,/logn/n)
rate of convergence to the Bayes error is tempered by a few sobering facts:

(1) The user needs to choose the sequence C%) and has to know Vi) (see,
however, Problems 18.3, 18.4, and the method of simple empirical covering
below).

(2) Itis difficult to find the structural risk minimizer ¢ efficiently. After all, the
minimization is done over an infinite sequence of infinite sets.

The second concern above deserves more attention. Consider the following
simple example: let d = 1, and let CV? be the class of classifiers ¢ for which

J
rrom=1=JA.

i=1

where each A; is an interval of R. Then, from Theorem 13.7, Ve = 2/, and we

may take
. 04
r{j,n) =,/ —log(en).
n

In structural risk minimization, we find those j (possibly empty) intervals that
minimize

L) +7(j,n),

and call the corresponding classifier 43,,, j.-Forj =1wehaver(j,n)=,/ 9”‘—‘ log(en).
Asr(n,n) > 1+r(1,n),and r(j, n) is monotone in j, it is easily seen that to pick
the best j as well, we need only consider 1 < j < n. Still, this is a formidable
exercise. For fixed j, the best j intervals may be found by considering all possible
insertions of 2 interval boundaries among the rn X;’s. This brute force method
takes computation time bounded from below by ("+2’ )- If we let j run up to n, then

we ha\/e as a IOWCI' bOllIld

Just the last term alone, (} "), grows as |/ 7>~ (24—7)” and is prohibitively large for

n > 20. Fortunately, in this particular case, there is an algorithm which finds a
classifier minimizing L, (¢) + r(j, n) over C* = | J%, <1 CY) in computational time
polynomial in n, see Problem 18.5. Another example when the structural risk
minimizer ¢; is easy to find is described in Problem 18.6. However, such fast
algorithms are not always available, and exponential running time prohibits the
use of structural risk minimization even for relatively small values of #.
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18.2 Poor Approximation Properties of VC Classes

We pause here for a moment to summarize some interesting by-products that
readily follow from Theorem 18.3 and the slow-convergence results of Chapter 7.

Theorem 18.3 states that for a large class of distributions an O (« /logn/ n) rate of

convergence to the Bayes error L* is achievable. On the other hand, Theorem 7.2
asserts that no universal rates of convergence to L* exist. Therefore, the class of
distributions for which Theorem 18.3 is valid cannot be that large, after all. The
combination of these facts results in the following three theorems, which say that vc
classes—classes of subsets of R? with finite vc dimension—have necessarily very
poor approximation properties. The proofs are left to the reader as easy exercises
(see Problems 18.7 to 18.9). For direct proofs, see, for example, Benedek and Itai

(1994).

Theorem 18.4. Let C be any class of classifiers of the form ¢ : RY — {0, 1}, with
ve dimension Ve < oo. Then for every € > O there exists a distribution such that

1
inf L(¢) — L* > = — €.
it (¢) 5 €
Theorem 18.5. Let CV,C?, ... be a sequence of classifiers such that the vC
dimensions Vew, Veay, ... are all finite. Then for any sequence {ai} of positive
numbers converging to zero arbitrarily slowly, there exists a distribution such that
for every k large enough,

inf L(¢)— L* > a.

geC®
Theorem 18.6. The class C* of all (Borel measurable) decision rules of form
¢ : RY — {0, 1} cannot be written as

o0

C* = Uc(j),

J=1

where the vC dimension of each class CY is finite. In other words, the class B of
all Borel subsets of R¢ cannot be written as a union of countably many vC classes.
In fact, the same is true for the class of all subsets of the set of positive integers.

18.3  Simple Empirical Covering

As Theorem 18.2 shows, the method of structural risk minimization provides au-
tomatic protection against the danger of overfitting the data, by penalizing com-
plex candidate classifiers. One of the disadvantages of the method is that the
penalty terms r(j, n) require knowledge of the vc dimensions of the classes /)
or upper bounds of these dimensions. Next we discuss a method proposed by



298 18. Complexity Regularization

Buescher and Kumar (1996b) which is applicable even if the vC dimensions of
the classes are completely unknown. The method, called simple empirical cov-
ering, is closely related to the method based on empirical covering studied in
Problem 12.14. In simple empirical covering, we first split the data sequence D,
into two parts. The first partis Dy, = (X1, Y1), ..., (X, Yn)) and the second part
i8 Tj = (Xm+1> Yue1)s - - - » (Xu, Yu)). The positive integers m and [ = n — m will
be specified later. The first part D,, is used to cover C* = | J72, CY as follows. For
every ¢ € C*, define the binary m-vector b,,(¢) by

bu(@) = (9(X1), ..., d(Xn)).

There are N < 2™ different values of b,,(¢). Usually, as Vgr = 00, N = 2™, that is,
all possible values of b,,(¢) occur as ¢ is varied over C*, but of course, N depends
on the values of X1, ..., X,,. We call a classifier ¢ simpler than another classifier
@', if the smallest index i such that ¢ € C® is smaller than or equal to the-smallest
index j such that ¢’ € CY). For every binary m-vector b € {0, 1} that can be
written as b = b,,(¢) for some ¢ € C*, we pick a candidate classifier q~$,,,‘k with
k e {l1,..., N} such that b, (m.x) = b, and it is the > simplest such classifier, that
is, there isno ¢ € C* such that s1mu1taneously by, (¢m x) = b(¢) and ¢ is simpler
than ¢m ¢ This yields N < 2” candidates ¢m Tseees ¢>m, ~ . Among these, we select
one that minimizes the empirical error

~ - 1<
Li(pmi) = 7 Z Bk XY ai)?
i=1

measured on the independent testing sequence 7;. Denote the selected classifier by
*. The next theorem asserts that the method works under circumstances similar
to structural risk minimization.

Theorem 18.7. (BUESCHER AND KUMAR (1996B)). Let CV € C? C ... bea
nested sequence of classes of classifiers such that for any distribution of (X, Y),

lim inf L(¢)=L".

j—00 peCt)
Assume also that the vC dimensions Ve, Vew, . .. are all finite. If m/logn — o0
andm/n — O, then the classification rule ¢; based on simple empirical covering

as defined above is strongly universally consistent.

Proor. We decompose the difference between the error probability of the selected
rule ¢ and the Bayes risk as follows:

L) —L* = (L(¢;:> ~ inf L(rﬁm.o) + (I inf L)~ L*) :
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The first term can be handled by Lemma 8.2 and Hoeffding’s inequality:
P {L(¢:) = Jnf L(@np) > e}

< p{z Sup_|L(np) = Lidns)| >e}

1<k<N

= E{P{Z sup lL(‘z;m,k)“zl((;m,k)] > €| Dy,

I<k<N

I

< E {2Ne“l€2/2}

< omtl, —1e%/2 _ = gl ,—(n— m)ez/z

Because m = o(n), the latter expression converges to zero exponentially rapidly.
Thus, it remains to show that

inf L(gni)— L* — 0

1<k<N

with probability one. By our assumptions, for every € > 0, there is an integer k
such that
inf L(p)—L* <e.
peC®

Then there exists a classifier ¢ e C® with L(¢©) — L* < €. Therefore, we are
done if we prove that

limsup inf L(¢mi) — L(@©) <0 with probability one.

n—soo 1=k=

Clearly, there is a classifier qgm, ; among the candidates (5,,,,1, e, <13m N, such that

BB j) = b ().

Since by definition, @y, ; is simpler than ¢(), and the classes CV,C, ... are
nested, it follows that ¢, ; € C%®. Therefore,

L(q;m,j) - L(¢(€))

sup IL(#) — L($")],
¢ ’¢/€C(k) by (D)=bm (@)

i " _ (e)
JInf L(¢mi) — L)

IA

IA

where the last supremum is taken over all pairs of classifiers such that their corre-
sponding binary vectors b, (¢) and b,,(¢') are equal. But from Problem 12.14,
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P sup |L(p) — L(¢))] > e p < 28*(CP), 2m)emeloe2/4,
¢.¢"€CH by (§)=by (¢

which is summable if m/logn — c0.0

REMARK. As in Theorem 18.3, we may assume again that there is an integer k such
that infgccw L(¢) = L*. Then from the proof of the theorem above we see that the
error probability of the classifier ¢, obtained by the method of simple empirical
covering, satisfies

P {L(d’;) L~ 6} < 2m+le~—(n—-m)ez/8 + 234(C<k), 2m)e—melog2/8‘

Unfortunately, for any choice of m, this bound is much larger than the analogous
bound obtained for structural risk minimization. In particular, it does not yield
an O(,/logn/n) rate of convergence. Thus, it appears that the price paid for the
advantages of simple empirical covering—no knowledge of the vc dimensions
is required, and the implementation may require significantly less computational
time in general—is a slower rate of convergence. See Problem 18.10. O

Problems and Exercises

ProBLEM 18.1. Prove Theorem 18.1.

ProBLEM 18.2. Define the complexity penalties 7(j, n) so that under the conditions of
Theorem 18.3, the classification rule ¢; based upon structural risk minimization satisfies

Cy
EL(¢)) - L < —,
() Sﬁ

where the constant ¢; depends on the distribution. HINT: Use Alexander’s bound (Theorem
12.10), and the inequality of Problem 12.10.

ProBLEM 18.3. Let CV, C?, ... be a sequence of classes of decision rules with finite vc
dimensions. Assume that only upper bounds «; > V¢ on the vC dimensions are known.
Define the complexity penalties by

. /32
r(j,n)= Y log(en).

Show thatif 72, ™%/ < 0o, then Theorems 18.2 and 18.3 carry over to the classifier based
on structural risk minimization defined by these penalties. This points out that knowledge
of relatively rough estimates of the vc dimensions suffice.

ProBLEM 18.4. Let C0,C@, ... be a sequence of classes of classifiers such that the vc
dimensions Ve, Ve, ... are all finite. Assume furthermore that the Bayes rule is con-
tained in one of the classes and that L* = 0. Let ¢} be the rule obtained by structural risk
minimization using the positive penalties (j, n), satisfying
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(1) Foreachn, r(j, n) is strictly monotone increasing in j.

(2) Foreach j, lim, o r(j,n)=0
show that E{L(#;)} = O(logn/n) (Lugosi and Zeger (1996)). For related work, see
Benedek and Itai (1994).

ProBLEM 18.5. Let CU) be the class of classifiers ¢ : R¢ — {0, 1} satisfying

J
xem=11=J 4,

i=1

where the A;’s are bounded intervals in R. The purpose of this exercise is to point out that
there is a fast algorithm to find the structural risk minimizer ¢} over C* = | J72, C¥, that is,

which minimizes L,=L,+ r(j, n) over C*, where the penalties r(j, n) are defined as in
Theorems 18.2 and 18.3. The property below was pointed out to us by Miklés Cslrés and
Réka Szabd. R
(1) Let AT, ..., A7; be the j intervals defining the classifier ¢~>,,'j minimizing L,
over CO. Show that the optimal intervals for CY*V, A} ..\, ..., A%, ju satisfy
the following property: either j of the intervals coincide with A7 ;, ..., A} ;0
J — 1 of them are among A7 ;, ..., A] j» and the remaining two mtervals are
subsets of the j-th interval.
(2) Use property (1) to define an algorithm that finds ¢} in running time polynomial
in the sample size n.

ProBLEM 18.6. Assume that the distribution of X is concentrated on the unit cube, that
s, P{X € [0, 11} = 1. Let P; be a partition of [0, 1} into cubes of size 1/j, that is, P;
contains j¢ cubic cells. Let C'¥? be the class of all histogram classifiers ¢ : [0, 1} — {0, 1}
based on P;. In other words, P; contains all 27" classifiers which assign the same label to
points falling in the same cell of P;. What is the vc dimension V. of C”? Point out that
the classifier minimizing L, over C(f) is just the regular histogram rule based on P;. (See
Chapter 9.) Thus, we have another example in which the empirically optimal classifier is
computationally inexpensive. The structural risk minimizer ¢; based on C* = | J32, CV is
also easy to find. Assume that the a posteriori probability n(x) is uniformly Lipschitz, that
is, for any x, y € [0, 17,
In(x) —nI < clix — yli,

where ¢ is some constant. Find upper bounds for the rate of convergence of EL(¢}) to L*.
ProBLEM 18.7. Prove Theorem 18.4. HINT: Use Theorem 7.1.

ProBLEM 18.8. Prove Theorem 18.5. HINT: Use Theorem 7.2.

ProBLEM 18.9. Prove Theorem 18.6. HINT: Use Theorems 7.2 and 18.3.

PROBLEM 18.10. Assume that the Bayes rule g* is contained in C* = [ J7, CY). Let ¢}
be the classifier obtained by simple empirical covering. Determine the value of the design
parameter m that minimizes the bounds obtained in the proof of Theorem 18.7. Obtain a
tight upper bound for EL(¢?) — L*. Compare your results with Theorem 18.3.






19

Condensed and Edited
Nearest Neighbor Rules

19.1 Condensed Nearest Neighbor Rules

Condensing is the process by which we eliminate data points, yet keep the same
behavior. For example, in the nearest neighbor rule, by condensing we might
mean the reduction of (X1, Y1), ..., (Xn, ¥,) to (X}, Y], ..., (X,,, Y;,) such that
for all x € RY, the 1-NN rule is identical based on the two samples. This will
be called pure condensing. This operation has no effect on L,, and therefore
is recommended whenever space is at a premium. The space savings should be
substantial whenever the classes are separated. Unfortunately, pure condensing is
computationally expensive, and offers no hope of improving upon the performance

of the ordinary 1-NN rule.

© FIGURE 19.1. Pure condensing:
Eliminating the marked points
does not change the decision.

class 1
under 1-NN rule

class 0
under 1-NN rule
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Hart (1968) has the first simple algorithm for condensing. He picks a subset that
correctly classifies the remaining data by the 1-NN rule. Finding a minimal such
subset is computationally difficult, but heuristics may do the job. Hart’s heuristic is
also discussed in Devijver and Kittler (1982, p.120). For probabilistic analysis, we
take amore abstract setting. Let (X, ¥{), ..., (X},, ¥,,) be asequence that depends
in an arbitrary fashion on the data D,, and let g, be the 1-nearest neighbor rule
with (X}, Y]), ..., (X}, Y,), where for simplicity, m is fixed beforehand. The data
might, for example, be obtained by finding the subset of the data of size m for which
the error with the 1-NN rule committed on the remaining n — m data is minimal
(this will be called Hart’s rule). Regardless, if L, = (1/n)Y_ 1| Ig (x)sv:) and
L, =P{g,(X) # Y|D,}, then we have the following:

Theorem 19.1. (DEVROYE AND WAGNER (1979¢C)). For all € > 0 and all distri-
butions,
eﬂlez /32.

~ ne N\ d+hm(m—1)
P{IL, — Ly > ¢ <8( )

{IL, — L.l = €} < 771
REMARK. The estimate fn is called the resubstitution estimate of the error prob-
ability. It is thoroughly studied in Chapter 23, where several results of the afore-
mentioned kind are stated. O

ProOF. Observe that

n
Z L v pgeUr, Bix (v
=1

~ 1
Ly=-
n
where B; is the Voronoi cell of X] in the Voronoi partition corresponding to
X', ..., X, thatis, B; is the set of points of R closer to X/ than to any other X!
{with appropriate distance-tie breaking). Similarly,
Dn} |

L, — Lol < sup [va(A) — v(A),
AcA,

LFPLKD¢U&XW}
i=1

We use the simple upper bound

where v denotes the measure of (X, Y), v, is the corresponding empirical measure,
and A, is the family of all subsets of R4 % {0, 1} of the form U:’;I B; x{y;}, where
By, ..., B, are Voronoi cells corresponding to xi, ..., x,,, x; € RY, y; € {0, 1}.
We use the Vapnik-Chervonenkis inequality to bound the above supremum. By
Theorem 13.5 (iv),

s(Am, n) < s(A, n)",



19.1 Condensed Nearest Neighbor Rules 305

where A is the class of sets By x {y}. But each set in .4 is an intersection of at
most m — 1 hyperplanes. Therefore, by Theorems 13.5 (iii), 13.9, and 13.3,

1
e \@hk=-1) ne @ k-1
sAms s ([T(55) = (57) ’
norngtm=n \ g d+1 d+1

where n; denotes the number of points in R? x {j}. The result now follows from
Theorem 12.5. O

ReMARK. With Hart’s rule, at least m data points are correctlz\ classified by the
1-nN rule (if we handle distance ties satisfactorily). Therefore, L, < | —m/n. O

The following is a special case: Let m < n be fixed and let D, be an arbitrary
(possibly random) subset of m pairs from (X1, Y;), . . ., (X;, ¥},), usedin g,. Let the
remaining n — m points be denoted by 7,,_,,. We write L, (D,,) for the probability
of error with the 1-NN based upon D,,, and we define

-~ 1
Ln,m(Dms Ty—m) = E : I{gn(Xi)#Yi}‘
n—m
(Xi,Y)eTom

In Hart’s rule, Z,Lm would be zero, for example. Then we have:

2 n e—2(n—m)e2
m

9 — el
< 2mMe 2n—m)e ,

Theorem 19.2. Forall € > (,

P {]Ln - Zn,m[ > E}

IA

where Ly, is the probability of error with g, (note that D,, depends in an arbitrary
fashion upon D, ), and L,, , is Ly, ,(Dy,, T,—m) with the data set D,

PROOF. List the m-element subsets {iy, ..., iy} of {1,2,...,n}, and define D®
as the sequence of m pairs from D, indexed by i = {i1,....in}, 1 =i < (}).

Accordingly, denote T,”,, = D, — D). Then
P {!Ln - zjn,ml > 6}

@ |
= Y P{ILD) ~ LoDy, T, > €

1l
=

P{IL.(DY) — Lon(DY. T, > €D}
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()
E Z 2€—2(n~m)e2
i=t

(by Hoeffding’s inequality, because given D,
(n = m)Ly (DY, T,2,,) is binomial ((n — m), Ly(DJ)))

n

o) n e——2(n—m)ez~ 0
n

By checking the proof, we also see that if D, is selected to minimize the error
estimate L, (D, T,,—m), then the error probability L, of the obtained rule satisfies

IA

It

P {an - lgf L,(Dy)| > 6}

< P {2 sup |L,(Dy,) ~ zn,m(Dmﬁ Tom)l > 5} (by Theorem 8.4)
Dy,

< Z(n)e_(""’”)ézﬂ (as in the proof of Theorem 19.2). (19.1)
m

Thus, for the particular rule that mimics Hart’s rule (with the exception that m is
fixed), if m is not too large—it must be much smaller than n/logn—L, is likely
to be close to the best possible we can hope for with a 1-NN rule based upon a
subsample of size m. With some work (see Problem 12.1), we see that

1
E{ L, — inf L,(D,) } =0 ( ~ Og’”) .

m n

By Theorem 5.1,
E {1[1)1f Ln(Dm)} <E{Ly}—> Lyw as m — 00,

where L,, is the probability of error with the 1-NN rule based upon a sample of m
data pairs. Hence, if m = o(n/logn), m — oo, '

limsupE{L,} < L

n—>oo

for the 1-NN rule based on m data pairs D,, selected to minimize the error estimate
’Ijn, (D, T,_). However, this is very pessimistic indeed. It reassures us that with
only a small fraction of the original data, we obtain at least as good a performance
as with the full data set-—so, this method of condensing is worthwhile. This is not
very surprising. Interestingly, however, the following much stronger result is true.
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Theorem 19.3. If m = o(n/logn) and m — oo, and if L, _is the probability
of error for the condensed nearest neighbor rule in which Ly (D, T,—p) is
minimized over all data sets Dy, then

lim E{L,} = L*.
n—>o0
ProoF. By (19.1), it suffices to establish that

E {inan(Dm)} — L*

m

as m — oo such that m = o(n), where L, (D,,) is the probability of error of the
1-nN rule with D,,. As this is one of the fundamental properties of nearest neighbor
rules not previously found in texts, we offer a thorough analysis and proof of this
result in the remainder of this section, culminating in Theorem 19.4. O

The distribution-free result of Theorem 19.3 sets the stage for many consistency
proofs for rules that use condensing (or editing, or prototyping, as defined in the
next two sections). It states that inherently, partitions of the space by 1-NN rules
are rich.

HisTORICAL REMARK. Other condensed nearest neighbor rules are presented by
Gates (1972), Ullmann (1974), Ritter, Woodruff, Lowry, and Isenhour (1975),
Tomek (1976b), Swonger (1972), Gowda and Krishna (1979), and Fukunaga and
Mantock (1984). O

Define Z = Ipyxy=1/2- Let (X}, Y, Z), i =1,2,..., n, be iid. tuples, inde-
pendent of (X, ¥, Z), where X may have a distribution different from X, but the
support set of the distribution p’ of X! is identical to that of y, the distribution
of X. Furthermore, P{Y; = 1|X] = x} = n(x), and Z; = Iiyxn>1/2) 1s the Bayes
decision at X;.

Lemma 19.1. Let L, = P | Z(,(X) # ZIX}, Z1, ... X;, Zu} be the probability

of error for the 1-NN rule based on (X, Z;), 1 <i < n, that is, ZED(X) =Z ifX]
is the nearest neighbor of X among X1, ..., X,. Then

lim E{L,} = 0.
n—oo

PROOF. Denote by X{;,(X) the nearest neighbor of X among X1, ..., X,. Notice
that the proof of Lemma 5.1 may be extended in a straightforward way to show
that || X El)(X ) — X|| — 0 with probability one. Since this is the only property of
the nearest neighbor of X that we used in deriving the asymptotic formula for the
ordinary 1-NN error, lim,,_, o E{L,} equals Ly corresponding to the pair (X, Z).
Butwe have P{Z = 1|X = x} = I{;x)~1/2)- Thus, the Bayes probability of error L*
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for the pattern recognition problem with (X, Z) is zero. Hence, for this distribution,
the 1-NN rule is consistent as Ly = L* = 0. O

Lemma 19.2, Let Z21)(X ) be as in the previous lemma. Let
Ly =P{Z{,(X)#Y|X{. V1,.... X,. YV, }

be the probability of error for the discrimination problem for (X, Y) (not (X, Z)).
Then
lim E{L,}=L",

=00

where L* is the Bayes error corresponding to (X, Y).

PROOF.

E{L,} P{Z{,(X)#Y}
P{Z(X)#Z}+P{Y #Z}

o)+ L*

IA

by Lemma 19.1. O

Theorem 19.4. Let D, be a subset of size m drawn from D,. If m — 00 and
m/n — 0asn — ox, then

lim P {ill)lan(Dm) > L* +e} =0

n—>00

for all € > 0, where L,(Dy,) denotes the conditional probability of error of the
nearest neighbor rule with D,,, and the infimum ranges over all (:1) subsets.

Proor. Let D be the subset of D, consisting of those pairs (X;, ¥;) for which
Yi = Iipxy>1/2) = Z;. If | D| > m, let D* be the first m pairs of D, and if | D] < m,
let D* = {(X1, Y1), .. .. (Xm, Yu)}. Then

ill)lf L(Dy) < Lo(D").
If N = |D] > m, then we know that the pairs in D* are i.i.d. and drawn from the

distribution of (X', Z), where X’ has the same support set as X; see Problem 19.2
for properties of X’. In particular,

P {igf L.(Dy)>L*+ 6}

< P{N <m}+P{N=>m, L,(D*)> L*+¢}
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P{N <m}+P{L,(D*) > L* +¢}
E{LII(D*)} - L*
+ e
€
(where p=P{Y = Z} =1 — L* > 1/2, and by Markov’s inequality)

o(1),

IA

< P{Binomial(n, p) < m}

I

by the law of large numbers (here we use m/n — 0), and by Lemma 19.2 (here
weuse m — 00). O

19.2 Edited Nearest Neighbor Rules

Edited nearest neighbor rules are 1-NN rules that are based upon carefully selected
subsets (X1, Y7), ..., (X,,, Y,,). This situation is partially dealt with in the previous
section, as the frontier between condensed and edited nearest neighbor rules is ill-
defined. The idea of editing based upon the k-NN rule was first suggested by Wilson
(1972) and later studied by Wagner (1973) and Penrod and Wagner (1977). Wilson
suggests the following scheme: compute (X;, Y;, Z;), where Z; is the k-NN decision
at X; based on the full data set with (X, ¥;) deleted. Then eliminate all data pairs for
which ¥; # Z;. The remaining data pairs are used with the 1-NN rule (not the k-NN
rule). Another rule, based upon data splitting is dealt with by Devijver and Kittler
(1982). A survey is given by Dasarathy (1991), Devijver (1980), and Devijver and
Kittler (1980). Repeated editing was investigated by Tomek (1976a). Devijver and
Kittler (1982) propose a modification of Wilson’s leave-one-out method of editing
based upon data splitting.

19.3  Sieves and Prototypes

Let g, be a rule that uses the 1-NN classification based upon prototype data pairs
(X1, Y], ..., (X, Y,)thatdepend in some fashion on the original data. If the pairs
form a subset of the data pairs (and thus, m < n), we have edited or condensed
nearest neighbor rules. However, the (X;, Y/) pairs may be strategically picked
outside the original data set. For example, in relabeling (see Section 11.7), m = n,
X{ = X; and Y/ = g/(X,), where g/ (X;) is the k-NN decision at X;. Under some
conditions, the relabeling rule is consistent (see Theorem 11.2). The true objective
of prototyping is to extract information from the data by insisting that m be much
smaller than n.
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FIGURE 19.2. A 1-NN rule based
upon 4 prototypes. In this example,
all the data points are correctly
classified based upon the prototype
I-NN rule.

Chang (1974) describes a rule in which we iterate the following step until a
given stopping rule is satisfied: merge the two closest nearest neighbors of the same
class and replace both pairs by a new average prototype pair. Kohonen (1988; 1990)
recognizes the advantages of such prototyping in general as a device for partitioning
R?—he calls this learning vector quantization. This theme was picked up again
by Geva and Sitte (1991), who pick X7, ..., X/, asarandom subset of X1, ..., X,
and allow Y7 to be different from Y;. Diverging a bit from Geva and Sitte, we might
minimize the empirical error with the prototyped 1-NN rule over all ¥{, ..., Y,
where the empirical error is that committed on the remaining data. We show that
this simple strategy leads to a Bayes-risk consistent rule whenever m — oo and
m/n — 0. Note, in particular, that we may take (X7, ..., X)) = (X1,..., X,»),
and that we “throw away” Y1, ..., Yy, as these are not used. We may, in fact, use
additional data with missing Y;-values for this purpose—the unclassified data are
thus efficiently used to partition the space.

Let

-~ 1
Ly(gn) = D T
n—m i=m+1

be the empirical risk on the remaining data, where g, is the 1-NN rule based upon
(X1, Y], ..., (Xu, ¥,,). Let g be the 1-NN rule with the choice of Y], ..., ¥, that
minimizes L,(g,). Let L(g}) denote its probability of error.

Theorem 19.5. L(g}) — L* in probability for all distributions whenever m —
oo and m/n — 0.

PROOF. There are 2™ different possible functions g,. Thus,

P { sup | Ln(gn) — L(gn)| > €| X1, .. ., X}

&n
< 2" supP{|Lu(gn) — L(g)| > €| X1, ... Xus)
8n

2m+1e-2(n—m)e2

IA
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by Hoeffding’s inequality. Also,
P{L(g}) > L* + 3¢}
< P{L(g)—Lu(g) > €}
+P(L,(2,) — L(Z) > €} (Z, minimizes L(g,))
+P {L(gn) > L+ e} (here we used Zn(gn) > Z,,(g;f))

< 2E {P{Suplzn(gn) — L(gn)| > €| Xy, ---an}}
&n
+P{L(g}) > L" +¢}
(where g is the 1-NN rule based on (X1, Z1), ..., (X, Zi)
with Z; = I{H(Xi)>1/2} as in Lemma 19.1)
< 2m+26~(n7m)e2 +o(1)

(if m — oo, by Lemma 19.1)

o(l)

1

ifm — ococandm/n — 0.0

If we let X}, ..., X] have arbitrary values—not only among those taken by
X, ..., X,—then we get a much larger, more flexible class of classifiers. For ex-
ample, every linear discriminant is nothing but a prototype 1-NNrule with m = 2—
just take (X1, 1), (X3, 0) and place X and X} in the right places. In this sense,
prototype 1-NN rules generalize a vast class of rules. The most promising strategy
of choosing prototypes is to minimize the empirical error committed on the train-
ing sequence D,. Finding this optimum may be computationally very expensive.
Nevertheless, the theoretical properties provided in the next result may provide
useful guidance.

Theorem 19.6. Let C be the class of nearest neighbor rules based on prototype
pairs (X1, V1), - - - » (X, Y ), 2 = 3, where the (x;, y;)’s range through R? x {0, 1}.
Given the training data D, = (X1, Y1), ..., (X, Yy), let g, be the nearest neighbor
rule from C minimizing the error estimate

~ 1 &
L, =— Ligix =y, eC.
(@)=~ ; (XY} P
Then for each € > 0,
P {L(gn) _ (lbntC*L((p) - 6} < 8. 2n7n(d+l)m(m—I)/2e——n62/128'
€l

The rule is consistent if m — oo such that m> logm =o(n). Ford =1andd =2
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the probability bound may be improved significantly. For d = 1,

P {L(gn) - ;I;ié L(¢) > 6} < 8- Qn)e N,
and for d = 2,

P {L(gn) - },‘;ﬁ L(¢) > e} < 8. QmpOm=18,—nel/128

In both cases, the rule is consistent if m — 00 and m logm = o(n).
Proor. It follows from Theorem 12.6 that

P {L(g,,) ~ inf L(¢) > e} < 8S(C.me ™1,

where S(C, n) is the n-th shatter coefficient of the class of sets {x : ¢(x) = 1},
¢ € C. All we need is to find suitable upper bounds for S(C, n). Each classifier ¢ is
a partitioning rule based on the m Voronoi cells defined by x1, ..., x,,. Therefore,
S(C, n) is not more than 2™ times the number of different ways n points in R4
can be partitioned by Voronoi partitions defined by m points. In each partition,
there are at most m(m — 1)/2 cell boundaries that are subsets of d — 1-dimensional
hyperplanes. Thus, the sought number is not greater than the number of different
ways m(m — 1)/2 hyperplanes can partition n points. By results of Chapter 13,
this is at most n @7 =D/2 proving the first inequality.

The other two inequalities follow by sharper bounds on the number of cell
boundaries. For d = 1, this is clearly at most m. To prove the third inequality, for
each Voronoi partition construct a graph whose vertices are xi, . . ., X, and two
vertices are connected with an edge if and only if their corresponding Voronoi cells
are connected. It is easy to see that this graph is planar. But the number of edges
of a planar graph with m vertices cannot exceed 3m — 6 (see Nishizeki and Chiba
(1988, p.10)) which proves the inequality.

The consistency results follow from the stated inequalities and from the fact that
infgec L(¢) tends to L* as m — o0 (check the proof of Theorem 5.15 again). O

Problems and Exercises

PrOBLEM 19.1. Let N < n be the size of the data set after pure condensing. Show that
liminf, . E{N}/n > 0 whenever L* > 0. True or false: if L* = 0, then E{N} = o(n).
HinT: Consider the real line, and note that all points whose right and left neighbors are of
the same class are eliminated.

PROBLEM 19.2. Let(Xy, Y}), (X,, 12), ... beani.i.d. sequence of pairs of random variables
in R? x {0, 1} with P{¥; = 1|X; = x} = n(x). Let (X', Z) be the first pair (X;, ¥;) in
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the sequence such that ¥; = Ijx,)-1/2)- Show that the distribution p’ of X’ is absolutely
continuous with respect to the common distribution p of the X;’s, with density (i.e., Radon-
Nikodym derivative)
dy’ ~ min(y(x), 1 = n(x))
du 1—L*
where L* is the Bayes error corresponding to (X, ¥31). Let ¥ be a {0, 1}-valued random
variable with P{Y-= 1|X’ = x} = n(x). If L’ denotes the Bayes error corresponding to
(X', Y), then show that L' < L*.

1
(x) =

s

proBLEM 19.3. Consider the following edited NN rule. The pair (X;, Y;) is eliminated from
the training sequence if the k-NN rule (based on the remaining n — 1 pairs) incorrectly
classifies X;. The 1-NN rule is used with the edited data. Show that this rule is consistent
whenever X has a density if k — oo and k/n — 0. Related papers: Wilson (1972), Wagner
(1973), Penrod and Wagner (1977), and Devijver and Kittler (1980).
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Tree Classifiers

Classification trees partition R¢ into regions, often hyperrectangles parallel to the
axes. Among these, the most important are the binary classification trees, since
they have just two children per node and are thus easiest to manipulate and update.
We recall the simple terminology of books on data structures. The top of a binary
tree is called the root. Each node has either no child (in that case it is called a
terminal node or leaf), a left child, a right child, or a left child and a right child.
Each node is the root of a tree itself. The trees rooted at the children of a node are
called the left and right subtrees of that node. The depth of a node is the length of
the path from the node to the root. The height of a tree is the maximal depth of
any node.
Trees with more than two children per node can be reduced to binary trees by

root FIGURE 20.1. A binary tree.

left child

rightchild

leaf



316 20. Tree Classifiers

a simple device—just associate a left child with each node by selecting the oldest
child in the list of children. Call the right child of a node its next sibling (see Figureg
20.2 and 20.3). The new binary tree is called the oldest-child/next-sibling binary
tree (see, e.g., Cormen, Leiserson, and Rivest (1990) for a general introduction),
We only mention this particular mapping because it enables us to only consider
binary trees for simplicity.

A
B C D E
F G H
FIGURE 20.2. Orderedtree: The chil- FIGURE 20.3. The corresponding bi-
dren are ordered from oldest to nary tree.

youngest.

In a classification tree, each node represents a set in the space R¥. Also, each
node has exactly two or zero children. If a node « represents the set A and its
children #’, u” represent A’ and A”, then we require that A = A'UA” and A'NA" =
@. The root represents R¢, and the leaves, taken together, form a partition of R¢.

Assume that we know x € A. Then the question “is x € A?” should be answered
in a computationally simple manner so as to conserve time. Therefore, if x =
(D, ..., x@), we may just limit ourselves to questions of the following forms:

(i) Is x® < o? This leads to ordinary binary classification trees with partitions
into hyperrectangles.

Gi) Is a1xM + -« + azxP < «? This leads to BSP trees (binary space partition
trees). Each decision is more time consuming, but the space is more flexibly
cut up into convex polyhedral cells.

(iii) Is ||x — z|| < a? (Here z is a point of R, to be picked for each node.) This
induces a partition into pieces of spheres. Such trees are called sphere trees.

(iv) Is ¥(x) > 07 Here, v is a nonlinear function, different for each node. Every
classifier can be thought of as being described in this format—decide class
one if ¥(x) > 0. However, this misses the point, as tree classifiers should
really be built up from fundamental atomic operations and queries such as
those listed in (i)—(iii). We will not consider such trees any further.
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FiGure 20.4. Partition induced by FIGURE 20.5. Corresponding tree.
an ordinary binary tree.

O

FIGURE 20.6. Partition induced by a FIGURE 20.7. Partition induced by a
BSP free. sphere tree.

We associate a class in some manner with each leaf in a classification tree. The
tree structure is usually data dependent, as well, and indeed, it is in the construction
itself where methods differ. If a leaf represents region A, then we say that the
classifier g, is natural if

Lif Y %> Y (d-Y)xeA
gn(x) = XA i X;eA
0 otherwise.

That is, in every leaf region, we take a majority vote over all (X;, ¥;)’s with X;
in the same region. Ties are broken, as usual, in favor of class 0. In this set-up,
natural tree classifiers are but special cases of data-dependent partitioning rules.
The latter are further described in detail in Chapter 21.
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FiGURE 20.8. Anatural classifier based
on an ordinary binary tree. The deci-
sion is 1 in regions where points with
label 1 form a majority. These areas
are shaded.

Regular histograms can also be thought of as natural binary tree classifiers—the
construction and relationship is obvious. However, as n — 00, histograms change
size, and usually, histogram partitions are not nested as n grows. Trees offer the
exciting perspective of fully dynamic classification—as data are added, we may
update the tree slightly, say, by splitting a leaf or so, to obtain an updated classifier.

The most compelling reason for using binary tree classifiers is to explain com-
plicated data and to have a classifier that is easy to analyze and understand. In
fact, expert system design is based nearly exclusively upon decisions obtained by
going down a binary classification tree. Some argue that binary classification trees
are preferable over BSP trees for this simple reason. As argued in Breiman, Fried-
man, Olshen, and Stone (1984), trees allow mixing component variables that are
heterogeneous—some components may be of a nonnumerical nature, others may
represent integers, and still others may be real numbers.

20.1 Invariance

Nearly all rules in this chapter and in Chapters 21 and 30 show some sort of
invariance with respect to certain transformations of the input. This is often a
major asset in pattern recognition methods. We say a rule g, is invariant under
transformation 7' if

gn(T(-x), T(Xl)s Yla cees T(Xn)) Y}’l) = gn(XQ X15 Y15 L] X}‘l’ Yf’l)

for all values of the arguments. In this sense, we may require translation invariance,
rotation invariance, linear translation invariance, and monotone transformation
invariance (T (-) maps each coordinate separately by a strictly increasing but pos-
sibly nonlinear function).

Monotone transformation invariance frees us from worries about the kind of
measuring unit. For example, it would not matter whether earthquakes were mea-
sured on a logarithmic (Richter) scale or a linear scale. Rotation invariance matters
of course in situations in which input data have no natural coordinate axis system.
In many cases, data are of the ordinal form-—colors and names spring to mind—and
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ordinal values may be translated into numeric values by creating bit vectors. Here,
distance loses its physical meaning, and any rule that uses ordinal data perhaps
mixed in with numerical data should be monotone transformation invariant.

Tree methods that are based upon perpendicular splits are usually (but not al-
ways) monotone transformation invariant and translation invariant. Tree methods
based upon linear hyperplane splits are sometimes linear transformation invariant.

The partitions of space cause some problems if the data points can line up
along hyperplanes. This is just a matter of housekeeping, of course, but the fact
that some projections of X to a line have atoms or some components of X have
atoms will make the proofs heavier to digest. For this reason only, we assume
throughout this chapter that X has a density f. As typically no conditions are put
on f in our consistency theorems, it will be relatively easy to generalize them to
all distributions. The density assumption affords us the luxury of being able to say
that, with probability one, no d + 1 points fall in a hyperplane, no d points fall
1n a hyperplane perpendicular to one axis, no d — 1 points fall in a hyperplane
perpendicular to two axes, etcetera. If a rule is monotone transformation invariant,
we can without harm transform all the data as follows for the purpose of analysis
only. Let fi,..., fg be the marginal densities of X (see Problem 20.1), with
corresponding distribution functions Fi, ..., F;. Then replace in the data each
X; by T(X;), where

T(x)= (FixM), ..., Fa(x'D)).

Each component of T(X;) is now uniformly distributed on [0, 1]. Of course, as
we do not know T beforehand, this device could only be used in the analysis. The
transformation T will be called the uniform marginal transformation. Observe that
the original density is now transformed into another density.

20.2 Trees with the X-Property

Itis possible to prove the convergence of many tree classifiers all at once. What is
needed, clearly, is a partition into small regions, yet, most majority votes should
be over sufficiently large sample. In many of the cases considered, the form of
the tree is determined by the X;’s only, that is, the labels ¥; do not play a role
in constructing the partition, but they are used in voting. This is of course rather
simplistic, but as a start, it is very convenient. We will say that the classification
tree has the X-property, for lack of a better mnemonic. Let the leaf regions be
{Ay,..., Ay} (with N possibly random). Define N; as the number of X;’s falling
in A;. As the leaf regions form a partition, we have Z?’: { N;j = n. By diam(A ;) we
mean the diameter of the cell A, that is, the maximal distance between two points
of A;. Finally, decisions are taken by majority vote, so forx € A;,1 < j <N,
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the rule is
1if Y %> Y (1-Y).xeA,
gn(x) = i:X;€A; i:Xi€A;
0 otherwise.
A(x)denotesthe set of the partition {A;, ..., Ay} into which x falls,and N(x)is the

number of data points falling in this set. Recall that the general consistency result
given in Theorem 6.1 is applicable in such cases. Consider a natural classification
tree as defined above and assume the X-property. Theorem 6.1 states that then
E{L,} — L*if

(1) diam(A(X)) — 0 in probability,

(2) N(X) — oo in probability.
A more general, but also more complicated consistency theorem is proved in Chap-
ter 21. Let us start with the simplest possible example. We verify the conditions of
Theorem 6.1 for the k-spacing rule in one dimension. This rule partitions the real
line by using the k-th, 2k-th (and so on) order statistics (Mahalanobis, (1961); see
also Parthasarathy and Bhattacharya (1961)).

FIGURE 20.9. A 3-spacing classifier.

1 0 0 1 1
Formally, let £ < n be a positive integer, and let Xy, X2, ..., X(») be the
order statistics of the data points. Recall that X1y, X(), ..., X are obtained by
permuting X1, ..., X, in such a way that X(;) < X5y < --- < X,y. Note that this
ordering is unique with probability one as X has a density. We partition R into
N intervals Ay, ..., Ay, where N = [n/k],such thatfor j =1,...,N — 1, A;

satisfies

Xa(j—nrns -+ Xj) € Ay,

and the rightmost cell Ay satisfies
X—=1y+1)s > Xy € Ap.

We have not specified the endpoints of each cell of the partition. For simplicity,
let the borders between A; and A;,; be put halfway between the rightmost data
point in A; and leftmost data pointin A, j=1,..., N ~ 1.

The classification rule g, is defined in the usual way:

gy =1 L D Ixeaco.ven > 20 lixeaw.vi—0
" 0 otherwise.

Theorem 20.1. Let g, be the k-spacing classifier given above. Assume that the
distribution of X has a density f on R. Then the classification rule g, is consistent,
that is, lim, o E{L,} = L*, ifk — oo and k/n — 0 as n tends to infinity.
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ReEMARK. We discuss various generalizations of this rule in Chapter 21. O

proor. We check the conditions of Theorem 6.1, as the partition has the X -property.
Condition (2) is obvious from k — oo.

To establish condition (1), fix ¢ > 0. Note that by the invariance of the rule
under monotone transformations, we may assume without loss of generality that
f is the uniform density on [0, 1]. Among the intervals Ay, ..., Ay, there are at
most 1/€ disjoint intervals of length greater than € in [0, 1]. Thus,

P{diam(A(X)) > €}

IA

1
;E {(lrsnjanN Hn(A;) + Ir_<nja§XN [(A;) — un(Aj)I)}

1 /k
1 (- +E {sup |u(A) Mn(A)[}) :
€ n A

where the supremum is taken over all intervals in R. The first term within the
parentheses converges to zero by the second condition of the theorem, while the
second term goes to zero by an obvious extension of the classical Glivenko-Cantelli
theorem (Theorem 12.4). This completes the proof. O

A

We will encounter several trees in which the partition is determined by a small
fraction of the data, such as binary k-d trees and quadtrees. In these cases, condition
(2) of Theorem 6.1 may be verified with the help of the following lemma:

Lemma 20.1. Let py, ..., py be a probability vector. Let Ny, . .., Ny be multino-
mially distributed random variables with parameters n and py, ..., px. Then if
the random variable X is independent of N1, ..., Ny, and P{X =i} = p;, we have
forany M,
2M +4)k

- .
(Note: this probability goes to 0 ifk/n — O uniformly over all probability vectors
with k components!)

P{Nx = M} <

PROOF. Let Z; be binomial with parameters n and p;. Then

PNy <M} < Y pi+ ) pPZ <M

n

inpi<2M inpi>2M
2Mk
< + Y pP{Zi—EZ < M —np;)
h immp;>2M
2Mk EZ;
< + P1Z, —EZ; < ——
= S el 7

inp;>2M
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Var{Z;
2Mk+ Z Ap; ar{Z;}

= 2
n inpr=2M (E{Z:})
(by Chebyshev’s inequality)
2Mk 1
S + Z 4pl E—
L Y S &
M +4)k e
n

The previous lemma implies that for any binary tree classifier constructed on
the basis of X1, ..., X; with k + 1 regions, N(X) — co in probability whenever
k/(n —k) — 0 (ie., k/n — 0). It suffices to note that we may take M arbitrarily
large but fixed in Lemma 20.1. This remark saves us the trouble of having to
verify just how large or small the probability mass of the region is. In fact, it also
implies that we should not worry so much about regions with few data points.
What matters more than anything else is the number of regions. Stopping rules
based upon cardinalities of regions can effectively be dropped in many cases!

20.3 Balanced Search Trees

Balanced multidimensional search trees are computationally attractive. Binary
trees with n leaves have O(log n) height, for example, when at each node, the size
of every subtree is at least « times the size of the other subtree rooted at the parent,
for some constant & > 0. It is thus important to verify the consistency of balanced
search trees used in classification. We again consider binary classification trees
with the X -property and majority votes over the leaf regions. Take for example a
tree in which we split every node perfectly, that is, if there are n points, we find the
median according to one coordinate, and create two subtrees of sizes [(n — 1)/2]
and [(n—1)/27. The median itself stays behind and is not sent down to the subtrees.
Repeat this for k levels of nodes, at each level cutting along the next coordinate axe
in a rotational manner. This leads to 2 leaf regions, each having at least n/2%F — k
points and at most n/2¥ points. Such a tree will be called a median tree.

FIGURE 20.10. Median tree with four leaf regions in R>.

Setting up such a tree is very easy, and hence such trees may appeal to certain pro-
grammers. In hypothesis testing, median trees were studied by Anderson (1966).
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Theorem 20.2. Natural classifiers based upon median trees with k levels ( 2% leaf
,,egions) are consistent (E{L,} — L*)whenever X has a density, if

kn?aoo and k — o0.

(Note: the condi;ions of k are fulfilled if k < log, n — 2log, log, n, k — o0.)

‘We may prove the theorem by checking the conditions of Theorem 6.1. Condition.
(2) follows trivially by the fact that each leaf region contains at least n /2% — k points
and the condition n/(k2¥) — oo. Thus, we need only verify the first condition of
Theorem 6.1. To make the proof more transparent, we first analyze a closely related
hypothetical tree, the theoretical median tree. Also, we restrict the analysis to
4 = 2. The multidimensional extension is straightforward. The theoretical median
tree rotates through the coordinates and cuts each hyperrectangle precisely so that
the two new hyperrectangles have equal p-measure.

P FIGURE 20.11. Theoretical median tree with three
18 levels of cuts.

118

178

1/8 1/8

118 178

Observe that the rule is invariant under monotone transformations of the coordinate
axes. Recall that in such cases there is no harm in assuming that the marginal
distributions are all uniform on [0, 1]. We let {H;, V;} denote the horizontal and
vertical sizes of the rectangles after k levels of cuts. Of course, we begin with
H; = Vi = 1 when k = 0. We now show that, for the theoretical median tree,
diam(A(X)) — 0 in probability, as k — oco. Note that diam(A(X)) < H(X) +
V(X), where H(X) and V(X) are the horizontal and vertical sizes of the rectangle
A(X). We show that if k is even,

E(H(X)+ V(X)) = 775,
from which the claim follows. After the k-th round of splits, since all 2% rectangles
have equal probability measure, we have

2k
1
E(H(X)+ VOO =} (i + Vo).

i=1

-Apply another round of splits, all vertical. Then each term %;(Hi + V;) spawns,
s0 to speak, two new rectangles with horizontal and vertical sizes (H;, V;) and
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(H!", V;) with H; = H/ + H/” that contribute

"oy 1 1
H" + Vi) = ooy Hi + 3 Vi

—(H/ + V) + il T

2k+1 2k+1

The next round yields horizontal splits, with total contribution now (see Figure
20.12)

—(H +V/+H +V'+H"+V" +H"+V/") = —QH;+2V})

2k+2 2k+2

= 2k+1 (H + V)

Thus, over two iterations of splits, we see that E{H (X) + V(X)} is halved, and the
claim follows by simple induction.

We show now what happens in the real median tree when cuts are based upon
a random sample. We deviate of course from the theoretical median tree, but
consistency is preserved. The reason, seen intuitively, is that if the number of
points in a cell is large, then the sample median will be close to the theoretical
median, so that the shrinking-diameter property is preserved. The methodology
followed here shows how one may approach the analysis in general by separating
the theoretical model from the sample-based model.

Proor or THEOREM 20.2. As we noted before, all we have to show is that
diam(A(X)) — 0 in probability. Again, we assume without loss of generality
that the marginals of X are uniform [0, 1], and that d = 2. Again, we show that
E{H(X)+V(X)} = O.

Hi _ FIGURE 20.12. Arectangle after two rounds
m of splits.
p' \V;,r - A f P
i o Pi Vriu
v Hf' L - .
! ot By
P, 1% e 1
B i z= I;z A 7 N
iy H"

If arectangle of probability mass p; and sizes H, , Vi is split into four rectangles

as in Figure 20.12, with probability masses p;, p!’, pi”, p!”, then the contribution
pi(H; + V;) to E{H(X) + V(X)} becomes

p:(Hl/_*_ ‘/l/)+p’l/(H//+ V )+ p://(HN/ + VII/)+p////(H////+ V////)
after two levels of cuts. This does not exceed

%(1 +e)(H; + Vi),
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if
max(p; + p/, p/" + p!") < «/1 +ep;,
max(p!, p{) < «/1 +e(pl + pl),
and

max(pl///, p;///) < m(p:// +pl////

that is, when all three cuts are within (1/2)+/1 + € of the true median. We call such
“(1/2)»/'1 +€” cuts good. If all cuts are good, we thus note that in two levels of
cuts, E{ H(X)+V(X)}isreduced by (1+¢€)/2. Also, all p;’s decrease at a controlled
rate. Let G be the event thatall 1 +2 +- - - + 25! cuts in a median tree with k levels

k
are good. Then, at level k, all p;’s are at most («/ l+e/ 2) . Thus,

Zk
S pH 4V < ( “6) >+ v
i=1

k
1+e€
k/2+1
(3+2 )(—2 ) ,

since Z?;(Hi +V)<4+2+4+8+.- +2K2 < 2K L 3if [ is even. Hence,
after k levels of cuts,

IA

k

The last term tends to zero if € is small enough. We bound P{G*} by 2* times
the probability that one cut is bad. Let us cut a cell with N points and probability
content p in a given direction. A quick check of the median tree shows that given
the position and size of the cell, the N points inside the cell are distributed in an
ii.d. manner according to the restriction of w to the cell. After the cut, we have
(N —1)/2] and [(N — 1)/27 points in the new cells, and probability contents
p and p”. It is clear that we may assume without loss of generality that p = 1.
Thus, if all points are projected down in the direction of the cut, and F and Fy
denote the distribution function and empirical distribution function of the obtained
one-dimensional data, then
d

A1+
< P{for some x, F(x) > —26—, and Fy(x) < —

1 }
N
2

P {cut is not good| N}
, Al+e , ~Nl+4e
< Pip > 5 3

or p”’ >
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< P { sup(F(x) — Fy(x)) > % (¢1 Te— 1)’ N}
1 2
< 2exp <—§N (Vl +¢e— I) )
(by Theorem 12.9)
<

2exp (__ (5_ - g) (Vive- 1)2)

(as N > n/(2%) — k).
Hence, for n large enough,

P{GC} < 2k+le“(”/2k+2)( 1+€*‘1>2

and 2¥2P{G°} — 0 if n/(k2*) — oco. O

20.4 Binary Search Trees

The simplest trees to analyze are those whose structure depends in a straightforward
way on the data. To make this point, we begin with the binary search tree and its
multivariate extension, the k-d tree (see Cormen, Leiserson, and Rivest (1990) for
the binary search tree; for multivariate binary trees, we refer to Samet (1990b)).
A full-fledged k-d tree is defined as follows: we promote the first data point X
to the root and partition { X5, ..., X,,} into two sets: those whose first coordinate
exceeds that of X1, and the remaining points. Within each set, points are ordered
by original index. The former set is used to build the right subtree of X; and the
latter to construct the left subtree of X . For each subtree, the same construction is
applied recursively with only one variant: at depth [ in the tree, the (/ mod d +1)-st
coordinate is used to split the data. In this manner, we rotate through the coordinate
axes periodically.

Attach to each leaf two new nodes, and to each node with one child a sec-
ond child. Call these new nodes external nodes. Each of the n + 1 external nodes
correspond to a region of R¥, and collectively the external nodes define a parti-
tion of R? (if we define exactly what happens on the boundaries between regions).
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FIGURE 20.13. A k-dtree of 15 random points on the plane and the induced

partition.

Put differently, we may look at the external nodes as the leaves of a new tree
with 2n + 1 nodes and declare this new tree to be our new binary classification
tree. As there are n + 1 leaf regions and n data points, the natural binary tree
classifier it induces is degenerate—indeed, all external regions contain very few
points. Clearly, we must have a mechanism for trimming the tree to insure better
populated leaves. Let us look at just three naive strategies. For convenience, we
assume that the data points determining the tree are not counted when taking
a majority vote over the cells. As the number of these points is typically much
smaller than #, this restriction does not make a significant difference.

)

@)

€)

Fix k < n, and construct a k-d tree with k internal nodes and k + 1 external
nodes, based on the first & data points Xj, ..., X;. Classify by majority
vote over all k + 1 regions as in natural classification tees (taking the data

pairs (Xg+1, Yee1)s - - -, (Xy, ¥y) into account). Call this the chronological
k-d tree.
Fix k and truncate the k-d tree to k levels. All nodes at level k are declared

leaves and classification is again by majority vote over the leaf regions. Call
this the deep k-d tree.

Fix k and trim the tree so that each node represents at least k points in
the original construction. Consider the maximal such tree. The number of
regions here is random, with between 1 and n/k regions. Call this the well-
populated k-d tree.
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Let the leaf regions be {Aq, ..., Ay} (with N possibly random), and denote the
leaf nodes by uy, ..., uy. The strict descendants of u; in the full k-d tree have
indices that we will collect in an index set ;. Define |I;| = N;. As the leaf regions
form a partition, we have

because the leaf nodes themselves are not counted in /;. Voting is by majority vote,
so the rule is

1ty %> (1-Y).x €4,

gn(x) = iel; iel;
0 otherwise.

20.5 The Chronological k-d Tree

Here we have N = k + 1. Also, (u(Ay), ..., u(Ags1)) are distributed as uniform

spacings. That is, if Uy, ..., Uy are ii.d. uniform [0, 1] random variables defin-
ing k+1 spacings U(l), U(z) - U(l), P U(k) — U(k»l)’ 1 - U(k) by their order
statistics Uy < Upy < --+ < Uy, then these spacings are jointly distributed as

((A1), ..., t(Ags1)). This can be shown by induction. When Uy, is added, Uy,
first picks a spacing with probability equal to the size of the spacing. Then it cuts
that spacing in a uniform manner. As the same is true when the chronological k-d
tree grows by one leaf, the property follows by induction on k.

Theorem 20.3. We have E{L,} — L* for all distributions of X with a density for
the chronological k-d tree classifier whenever

k — o0, and k/n — 0.

Proor. We verify the conditions of Theorem 6.1. As the number of regions is k+1,
and the partition is determined by the first k data points, condition (2) immediately
follows from Lemma 20.1 and the remark following it.

Condition (1) of Theorem 6.1 requires significantly more work. We verify con-
dition (1) for d = 2, leaving the straightforward extension to R¢, d > 2, to the
reader. Throughout, we assume without loss of generality that the marginal distri-
butions are uniform [0, 1]. We may do so by the invariance properties discussed
earlier. Fix a point x € Re. We insert points X, ..., Xj into an initially empty
k-d tree and let Ry, ..., R, be the rectangles containing x just after these points
were inserted. Note that Ry 2 Ry 2 --- D Ry. Assume for simplicity that the
integer k is a perfect cube and set/ = k'/3, m = k*/3. Define the distances from x
to the sides of R; by H;, H!, V;, V/ (see Figure 20.14).
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FIGURE 20.14. A rectangle R; containing x
with its distances to the sides.

We construct a sequence of events that forces the diameter of R; to be small
with high probability. Let € be a small positive number to be specified later.

Denote the four squares with opposite vertices x, x + (€, +€) by Cy, Cs, C3,
C. Then define the following events:

4
(VC:N{Xy,.... X1} 8},

E =
i=1
E, = {max(V,,V/,H, H)<e},
E; = {min(max(V;, V), max(H;, H))) <€ < max(V;, V/, H, H)},
Es = f{atleastthree of V,,, V,, H,, H, are <€},
Es = {max(V,,V,, H,, H,) <€},

E¢ = {max(Vi,V,, H, Hy) <¢€}.

If E,, Es, or Eg hold, then diam(Ry) < €+/8. Assume that we find a set B ¢ R?
such that P{X € B} = 1, and for all x € B, and sufficiently small € > O,
P{E;UEsUEg} — 1ask — oo. Then, by the Lebesgue dominated convergence
theorem, diam(A(X)) — 0 in probability, and condition (1) of Theorem 6.1 would
follow. In the remaining part of the proof we define such a set B, and show that
P{E; U Es U E¢} — 1. This will require some work.

We define the set B in terms cf the density f of X.x € B if and only if

(1) minj<i<4 fC, f(z)dz > 0 for all € > 0 small enough;
d
2 inf [ f@dz _ f(x)

rectangles R containing x, A(R) 2
of diameter < €+/8

3 f(x)=0.

That P{X € B} = 1 follows from a property of the support (Problem 20.6),
a corollary of the Jessen-Marcinkiewicz-Zygmund theorem (Corollary A.2; this
implies (2) for almost all x), and the fact that for p-almost all x, f(x) > 0.

It is easy to verify the following:

v

for all € > 0 small enough;

P{Eg} = P{E}}
+P(E, N ES N ES)
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+P{E; N E; NEsN EZ}
+P{E1 N E; NE;NELN E; N Eé}

We show that each term tends to 0 at x € B.

TerM 1. By the union bound,

4
PES} < Y PXi¢Ci... X ¢C)

=1

4
D= pcyy
i=1

=<
< exp (~l lm.in4u(C,-))
— 0,

by part (1) of the definition of B.
Term 2. E; C E; by a simple geometric argument. Hence P{E; N E5} = 0.

Term 3. To show that P{E; N ES N E3 N Ef} — 0, we assume without loss
of generality that max(V;, V/) < € while max(H;, H/) = a > €. Let {X]} be a
subset of {X;,/ < i < m} consisting of those X;’s that fall in R;. We introduce
three notions in this sequence: first, Z; is the absolute value of the difference of
the x®-coordinates of x and X|. Let W; be the absolute value of the difference of
the x(V-coordinates of x and X|. We re-index the sequence X/ (and W; and Z;) so
that i runs from 1 to N, where

m

N = Z I{X,eRl}-

i=l+1

To avoid trivialities, assume that N > 1 (this will be shown to happen with prob-
ability tending to one). Call X; a record if Z; = min(Zy, ..., Z;). Call X] a good
point if W; < €. An X| causes min(H,,, H, ) < € if that X| is a good point and a
record, and if it defines a vertical cut. The alternating nature of the cuts makes our
analysis a bit heavier than needed. We show here what happens when all directions
are picked independently of each other, leaving the rotating-cuts case to the reader

(Problem 20.8). Thus, if we set

S = I{X{’ is arecord, X/ defines a vertical cut} > ‘

we have,

=

EtNESNE;NE; C{N=0}U Siliw<ey =0 N{N =0} ¢ .
2 4 {Wi<e}

i=1
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Re-index again and let X7, X7, ... all be records. Note that given X[, X/, is
distributed according to f restricted to the rectangle R’ of

height min(V;, Z;) above x,
height min(V/, Z;) below x,
width Hj to the left of x,
width H; to the right of x.

Call these four quantities v, v', h, ', respectively. Then

(w+vef(x)/2 _ ef(x)

v+ v 2

P{Wi <e€lX]} >

because the marginal distribution of an independent X; is uniform and thus, P{X; €
R'|R'} < v+, while, by property (2) of B, P{X; € R', W), < €|R'} > (v +

v)ef(x)/2.
Recall the re-indexing. Let M be the number of records (thus, M is the length
of our sequence X!). Then

M
EINESNEsNE{N{N >0} C {Z Tiw, <y I(x) is a vertical cutp = 0} .
i=1
But as cuts have independently picked directions, and since P{W;,; < €[X!} >
ef(x)/2, we see that

‘ c ef @\
P{E10E20E3QE4,N>O}§E 1——4— I{N>0} .

We rewrite M = Zf\il I X! is a record} and recall that the indicator variables in this
sum are independent and are of mean 1/i (Problem 20.9). Hence, for ¢ > 0,

elf1(51-2)

Efe0-oZhil use 1 —x <o)

E{c}

A

1 -
= B {W} (use ZJN=1 1/i = log(N + 1)).

The latter formula remains valid even if N = 0. Thus, with ¢ = 1 — €f(x)/4,
ef (0"
Ef{l—
{0-2)]

1
< B{Gm=)

P{E\ N E{N E; N ES)

IA
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N is binomial with parameters (m — [, i(R;)). We know from the introduction
of this section that 1(R;) is distributed as the minimum of / i.i.d. uniform [0, 1]
random variables. Thus, for § > 0, E{i.(R;)} = 1/(I+1),and P{u(R;) < 8/1} < 8,
Hence,

e
(N + D)i-e

P{(R) < 8/1) +E[ ! }

IA

(Binomial(m — [, /1) + 1)1—¢

IA

I I—c ] . (m —1)s
S+ <m) +P {Bmomlal(m _ l, 5/1) < 2l } .

The first term is small by choice of 8. The second one is O (k='=/%). The third
one is bounded from above, by Chebyshev’s inequality, by

(m—DE/D1A =8/ _ 4l

D2 = moip "

TerRM 4. This term is handled exactly as Term 3. Note, however, that [ and m now
become m and k respectively. The convergence to O requires now m /(k —m) — 0,
which is still the case.

This concludes the proof of Theorem 20.3. O

20.6 The Deep k-d Tree

Theorem 20.4. The deep k-d tree classifier is consistent (i.e., E{L,} — L*) for
all distributions such that X has a density, whenever

< 2.

lim k=00 and limsup
—>00 n—soco 1081

ProoF. In Problem 20.10, you are asked to show that k — oo implies diam(A (X))
— 0 in probability. Theorem 20.3 may be invoked here. We now show that the
assumption limsup, _,  k/logn < 2 implies that N(X) — oo in probability. Let
D be the depth (distance from the root) of X when X is inserted into a k-d tree
having n elements. Clearly, N(X) > D —k, so it suffices to show that D —k — o0
in probability. We know that D /(2logn) — 1 in probability (see, e.g., Devroye
(1988a) and Problem 20.10). This concludes the proof of the theorem. O
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20.7 Quadtrees

Quadtrees or hyperquadtrees are unquestionably the most prominent trees in com-
puter graphics. Easy to manipulate and-compact to store, they have found their
way into mainstream computer science. Discovered by Finkel and Bentley (1974)
and surveyed by Samet (1984), (1990a), they take several forms. We are given d-
dimensional data X, ..., X,,. The tree is constructed as the k-d tree. In particular,
X, becomes the root of the tree. It partitions X», ..., X, into 24 (possibly empty)
sets according to membership in one of the 2¢ (hyper-) quadrants centered at X;
(see Figure 20.15).

.|

T:J
FIGURE 20.15. Quadiree and the induced partition of R>. The
points on the right are shown in the position in space. The root is

s T .

specially marked.

The partitioning process is repeated at the 2¢ child nodes until a certain stopping
rule is satisfied. In analogy with the k-d tree, we may define the chronological
quadtree (only k splits are allowed, defined by the first k points X7, ..., X;), and
the deep quadtree (k levels of splits are allowed). Other, more balanced versions
may also be introduced. Classification is by majority vote over all (X;, Y;)’s—with
k < i < n in the chronological quadtree—that fall in the same region as x. Ties
are broken in favor of class 0. We will refer to this as the (chronological, deep)
quadtree classifier.

Theorem 20.5. Whenever X has a density, the chronological quadtree classifier
is consistent (E{L,} — L*) provided that k — oo and k/n — 0.

PROOE. Assume without loss of generality that all marginal distributions are uni-
form [0, 1]. As the X-property holds, Theorem 6.1 applies. By Lemma 20.1, since
we have k(24 — 1) + 1 external regions,

QM +dHk2? - 1D +1)
-9
n—=k

0

P{N(X) = M} =

forall M > 0, provided that k/n — 0. Hence, we need only verify the condition
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diam(A(X)) — 0 in probability. This is a bit easier than in the proof of Theorem
20.3 for the k-d tree and is thus left to the reader (Problem 20.18). O

ReEmaRK. Full-fledged random quadtrees with n nodes have expected height
O(logn) whenever X has a density (see, e.g., Devroye and Laforest (1990)). With
k nodes, every region is thus reached in only O(logk) steps on the average. Fur-
thermore, quadtrees enjoy the same monotone transformation invariance that we
observed for k-d trees and median trees. O

20.8 Best Possible Perpendicular Splits

For computational reasons, classification trees are most often produced by deter-
mining the splits recursively. At a given stage of the tree-growing algorithm, some
criterion is used to determine which node of the tree should be split next, and where
the split should be made. As these criteria typically use all the data, the resulting
trees no longer have the X-property. In this section we examine perhaps the most
natural criterion. In the following sections we introduce some alternative splitting
criteria.

A binary classification tree can be obtained by associating with each node a
splitting function ¢(x) obtained in a top-down fashion from the data. For example,
at the root, we may select the function

P(x)=sx" —q,

where i, the component cut, ¢ € R, the threshold, and s € {—1,+1}, a po-
larization, are all dependent upon the data. The root then splits the data D, =
{((X1, Y1), ..., (X, Yy)}intotwossets, D, , D), with D/ UD) = D,,|D,|+|D,| =n,
such that

il

/
Dn
"
Dn

{(x,y) € D, : ¢(x) = 0},
{(x,y) € D, : ¢(x) < 0}.

A decision is made whether to split a node or not, and the procedure is applied
recursively to the subtrees. Natural majority vote decisions are taken at the leaf
level. All such trees will be called perpendicular splitting trees.

In Chapter 4, we introduced univariate Stoller splits, that is, splits that minimize
the empirical error. This could be at the basis of a perpendicular splitting tree. One
realizes immediately that the number of possibilities for stopping is endless. To
name two, we could stop after k splitting nodes have been defined, or we could
make a tree with & full levels of splits (so that all leaves are at distance k from the
root). We first show that for d > 1, any such strategy is virtually doomed to fail.
To make this case, we will argue on the basis of distribution functions only. For
convenience, we consider a two-dimensional problem. Given a rectangle R now
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assigned to one class y € {0, 1}, we see that the current probability of error in R,
pefore splitting is P{X € R, Y # y}. Let R’ range over all rectangles of the form
RN((—00, ] x R), RN ([a, 00) x R), RN(R x (=00, &), or RN (R X [ex, 00)),
and let R” = R — R’. Then after a split based upon (R’, R"), the probability of
error over the rectangle R is

P{XcR.,Y=1}+P{X e R",Y =0}

as we assign class 0 to R’ and class 1 to R”. Call A(R) the decrease in probability
of error if we minimize over all R'. Compute A(R) for all leaf rectangles and then
proceed to split that rectangle (or leaf) for which A(R) is maximal. The data-based
rule based upon this would proceed similarly, if P{A} is replaced everywhere by
the empirical estimate (1/n) Y ", (x, v,)ca), Where A is of the form R’ x {1},
R” x {0}, or R x {1 — y}, as the case may be.

Letusdenoteby Ly, L1, Ly, . .. the sequence of the overall probabilities of error
for the theoretically optimal sequence of cuts described above. Here we start with
R = R? and y = 0, for example. For fixed € > 0, we now construct a simple
example in which

L* =0,

and
1—¢
as k — oo.

Lyl

Thus, applying the best split incrementally, even if we use the true probability of
error as our criterion for splitting, is not advisable.

The example is very simple: X has uniform distribution on [0, 1]* with proba-
bility € and on [1, 21% with probability 1 — €. Also, Y is a deterministic function
of X, so that L* = 0.

FIGURE 20.16. Repeated Stoller splits are not
consistent in this two-dimensional example.

probability
€

Cuts will always be made in the leftmost square.

Lprobability

1-¢

The way Y depends on X is shown in Figure 20.16: ¥ = 1 if

X e[1,3/27U[3/2,2P U(A, U A, U Ag..) x [0, 11,
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where
Ay = [0, 1/4),
Ay = [1/4,1/4+3/8),
Ay = [1/4+3/8,1/4+3/8+3/16),
A = [1/4+3/8+--+3/2K 1/4+3/8+ ... +3/2K1),

and so forth. We verify easily that P{Y = 1} = 1/2. Also, the error probability
before any cut is made is Ly = 1/2. The best split has R’ = (=00, 1/4) X R 50
that Ay is cut off. Therefore, L; = €/4 + (1 — €)/2. We continue and split off 4,
and so forth, leading to the tree of Figure 20.17.

FIGURE 20.17. The tree obtained by
repeated Stoller splits.

x<l1/4
+3/8+3/16

Verify that L, = €/8 + (1 — €)/2 and in general that

€ 1—¢€ I —¢
\

Lk=2k+1+ 2 2 ’

as claimed.

20.9 Splitting Criteria Based on Impurity Functions

In 1984, Breiman, Friedman, Olshen, and Stone presented their CART program for
constructing classification trees with perpendicular splits. One of the key ideas in
their approach is the notion that trees should be constructed from the bottom up,
by combining small subtrees. The starting point is a tree with n + 1 leaf regions-
defined by a partition of the space based on the n data points. Such a tree is much
too large and is pruned by some methods that will not be explored here. When
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constructing a starting tree, a certain splitting criterion is applied recursively. The
criterion determines which rectangle should be split, and where the cut should

pe made. To keep the classifier invariant under monotone transformation of the

coordinate axes, the criterion should only depend on the coordinatewise ranks of

the points, and their labels. Typlcally the criterion is a function of the numbers of

pomts labeled by 0 and 1 in the rectangles after the cut is made. One such class of
criteria is described here.

Leta € R,andleti beagivencoordinate (1 < i < d).Let R be ahyperrectangle
to be cut. Define the following quantities for a split at «, perpendicular to the i-th
coordinate: .

MR, o) ={(X;, 1) X; e R XD <o,

KR ={(X), ¥ X, € R XD = o}
are the sets of pairs falling to the left and to the right of the cut, respectively.
Ni(R, o) = |X;(R, )|,  N{(R,a) = |X (R, )|

are the numbers of such pairs. Finally, the numbers of points with label O and label
1 in these sets are denoted, respectively, by

Nio(R,a) = |X(R.a)N{(X;,Y)):Y; =0},
Nii(R,a) = |X(R,o)N{(X;,Y):Y, =1},
Nlo(R,a) = |X{(R,a)N{(X;,Y;):Y;=0}],
N (Roa) = |X(R.a)N{(X;,Y):Y;=1}.

Following Breiman, Friedman, Olshen, and Stone (1984), we define an impurity
function for a possible split (i, o) by

Nio Niy N, N, ,

LR, a)=19¢ > Ni+'§[f s a7t 7 Nl’
Nio + N;i1 Nig+ Ny N .+ N/ N+ N
i0 i1 i0 il

where we dropped the argument (R, «) throughout. Here 9 is a nonnegative func-
tion with the following properties:

11 .
a ¥ (57 5) > Y(p, | — p)forany p € [0, 1];

@ ¥vO,H=y(1,00=0
(3) ¥(p, 1 — p)increases in p on [0, 1/2] and decreases in p on [1/2, 1].

A rectangle R is split at o along the i-th coordinate if /;(R, «) is minimal. J;
penalizes splits in which the subregions have about equal proportions from both
classes. Examples of such functions v include

(1) The entropy function ¥(p, 1—p) = —plog p—(1— p)log(1 — p) (Breiman
et al. (1984, pp.25,103)).
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(2) The Gini function ¥(p, 1 — p) = 2p(1 — p), leading to the Gini index of
diversity I;. (Breiman et al. (1984, pp.38,103)).

(3) The probability of misclassification ¥ (p, 1 — p) = min(p, 1 — p). In this
case the splitting criterion leads to the empirical Stoller splits studied in the
previous section.

We have two kinds of splits:

(A) The forced split: force a splitalong the i-th coordinate, but minimize ; (e, R)
over all o and rectangles R.

(B) The free split: choose the most advantageous coordinate for splitting, that
is, minimize I;(c«, R) over all «, i, and R.

Unfortunately, regardless of which kind of policy we choose, there are distributions
for which no splitting based on an impurity function leads to a consistent classifier,
To see this, note that the two-dimensional example of the previous section applies
to all impurity functions. Assume that we had infinite sample size. Then I;(«, R)
would approach ayr(p, 1 — p)+byr(g, 1 —g), where p is the probability content of
R’ (one of the rectangles obtained after the cut is made), b is that of R” (the other
rectangle), p = P{Y = 1]X € R’} and ¢ = P{Y = 1|X € R"}. If X is uniformly -
distributed on the checkerboard shown in Figure 20.18, regardless where we try
to cut, p = ¢ = 1/2, and every cut seems to be undesirable.

FIGURE 20.18. No cut decreases the value of the impurity
Sfunction.

This simple example may be made more interesting by mixing it with a distribu-
tion with much less weight in which x"- and x®-direction splits are alternatingly
encouraged all the time. Therefore, impurity functions should be avoided in their
raw form for splitting. This may explain partially why in CART, the original tree is
undesirable and must be pruned from the bottom up. See Problems 20.22 to 20.24
for more information. In the next section and in the last section of this chapter we
propose other ways of growing trees with much more desirable properties.

The derivation shown above does not indicate that the empirical version will not
work properly, but simple versions of it will certainly not. See Problem 20.22.

REMARK. MALICIOUS SPLITTING. The impurity functions suggested above all avoid
leaving the proportions of zeros and ones intact through splitting. They push to-
wards more homogeneous regions. Assume now that we do the opposite. Through
such splits, we can in fact create hyperplane classification trees that are globally
poor, that is, that are such that every trimmed version of the tree is also a poolf
classifier. Such splitting methods must of course use the Y;’s. Our example shows
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that any general consistency theorem for hyperplane classification trees must come
with certain restrictions on the splitting process—the X property is good; some-
times it is necessary to force cells to shrink; sometimes the position of the split is
restricted by empirical error minimization or some other criterion.

The ham-sandwich theorem (see Edelsbrunner (1987)) states that given 2 class-
0 points and 2Zm class-1 points in R4, d > 1, there exists a hyperplane cut that
leaves n class-0 points and m class-1 points in each halfspace. So, assume that X
has a density and that p = P{Y = 1} = 1/2. In a sample of size n, let y be the
majority class (ties are broken in favor of class 0).

FIGURE 20.19. Ham-sandwich cut: Each halfspace
contains exactly half the points from each class.

Regardless of the sample make-up, if y = 0, we may construct a hyperplane-tree
classifier in which, during the construction, every node represents a region in which
the majority vote would be 0. This property has nothing to do with the distribution
of (X, Y), and therefore, for any trimmed version of the tree classifier,

Ly = pliy-g

and P{L, > p} > P{y =0} = 1/2if p = 1/2. Obviously, as we may take L* =0,
these classifiers are hopeless. O

BIBLIOGRAPHIC REMARKS. Empirical Stoller splits without forced rotation were rec-
ommended by Payne and Meisel (1977) and Rounds (1980), but their failure to
be universally good was noted by Gordon and Olshen (1978). The last two au-
thors recommended a splitting scheme that combined several ideas, but roughly
speaking, they perform empirical Stoller splits with forced rotation through the co-
ordinate axes (Gordon and Olshen (1978), (1980)). Other splitting criteria include
the AID criterion of Morgan and Sonquist (1963), which is a predecessor of the Gini
index of diversity used in CART (Breiman, Friedman, Olshen, and Stone (1984), see
also Gelfand and Delp (1991), Guo and Gelfand (1992) Gelfand, Ravishankar, and
Delp (1989), (1991), and Ciampi (1991)). Michel-Briand and Milhaud (1994) also
observed the failure of multivariate classification trees based on the AID criterion.

The Shannon entropy or modifications of it are recommended by Talmon (1986),
Sethi and Sarvarayudu (1982), Wang and Suen (1984), Goodman and Smyth
(1988), and Chou (1991). Permutation statistics are used in Li and Dubes (1986),
still without forced rotations through the coordinate axes. Quinlan (1993) has a
more involved splitting criterion. A general discussion on tree splitting may be
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found in the paper by Sethi (1991). A class of impurity functions is studied in
Burshtein, Della Pietra, Kanevsky, and Nadas (1992). Among the pioneers of tree
splitting (with perpendicular cuts) are Sebestyen (1962), and Henrichon and Fy
(1969). For related work, we refer to Stoffel (1974), Sethi and Chatterjee (1977),
Argentiero, Chin and Beaudet (1982), You and Fu (1976), Anderson and Fu (1979),
Qing-Yun and Fu (1983), Hartmann, Varshney, Mehrotra, and Gerberich (1982),
and Casey and Nagy (1984). References on nonperpendicular splitting methods
are given below in the section on BSP trees.

20.10 A Consistent Splitting Criterion

There is no reason for pessimism after the previous sections. Rest assured, there
are several consistent splitting strategies that are fully automatic and depend only
upon the populations of the regions. In this section we provide a solution for the
simple case when X is univariate and nonatomic. It is possible to generalize the
method for d > 1 if we force cuts to alternate directions. We omit here the detailed
analysis for muitidimensional cases for two reasons. First, itis significantly heavier
than for d = 1. Secondly, in the last section of this chapter we introduce a fully
automatic way of building up consistent trees, that is, without forcing the directions

of the splits.
To a partition Ay, ..., Ay of R, we assign the quantity
N
Q=) No(A)Ni(A)),
i=1
where

n n
No(A) = Z Iix,ea,v,=0}, Ni(A) = Z lix;ea.v;=1)
j=1 =1
are the respective numbers of points labeled with 0 and 1 falling in the region A.
The tree-growing algorithm starts with the trivial partition {R}, and at each step it
makes a cut that yields the minimal value of Q. It proceeds recursively until the
improvement in the value of Q falls below a threshold A,,.

REMARK. Notice that this criterion always splits a cell that has many points from
both classes (see the proof of the theorem below). Thus, it avoids the anomalies
of impurity-function criteria described in the previous section. On the other hand,
it does not necessarily split large cells, if they are almost homogeneous. For a
comparison, recall that the Gini criterion minimizes the quantity

_ g _No(ADNi(A)
T & No(A) + Ni(A)

7

thus favoring cutting cells with very few points. We realize that the criterion ¢
introduced here is just one of many with similarly good properties, and albeit
probably imperfect, it is certainly one of the simplest. O
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Theorem 20.6. Let X have anonatomic distribution on the real line, and consider
the tree classifier obtained by the algorithm described above. If the threshold

satisfies
A, n
— >0 and — — 0,
n n?

then the classification rule is strongly consistent.

proor. There are two key properties of the algorithm that we exploit:

ProPERTY 1. If min(No(A), N1(A)) > +/2A, for acell A, then A gets cut by the
algorithm. To see this, observe that (dropping the argument A from the notation)
if Np = Ny, and we cut A so that the number of 0-labeled points in the two child
regions differ by at most one, then the contribution of these two new regions to Q

is

[No/21N7y + [No/2]N{ < [NoN/27,
where N{ and N{ are the numbers of class-1 points in the two child regions. Thus,
the decrease of Q if A is splitis atleast [ NoN;/2]. If min(Nyp, Ni) > +/24,, then
A, < [ NoN1/2], and a cut is made.

PrROPERTY 2. No leaf node has less than A, /n points. Assume that after a region
is cut, in one of the child regions, the total number of points is Ny + N{ < k. Then
the improvement in Q caused by the split is bounded by

NoNy — (NGN + Ny NY) < NoNy — (Np — k)(Ny — k) < (No + Nk < nk.

Therefore, if k < A,/n, then the improvement is smaller than A,,. Thus, no cut is
made that leaves behind a child region with fewer than A, /n points.

It follows from Property 1 that if a leaf region has more than 44/2A,, points,
then since the class in minority has less than 4/2A,, points in it, it may be cut
into intervals containing between 2+/2A, and 44/2A,, points without altering the
decision, since the majority vote within each region remains the same.

Summarizing, we see that the tree classifier is equivalent to a classifier that
partitions the real line into intervals, each containing at least A, /n, and at most
44/2A, data points. Thus, in this partition, each interval has a number of points
growing to infinity as o(n). We emphasize that the number of points in a region of
the studied tree classifier may be large, but such regions are almost homogeneous,
and therefore the classifier is equivalent to another classifier which has o(n) points
in each region. Consistency of such partitioning classifiers is proved in the next
chapter—see Theorem 21.3. O

20.11 BSP Trees

Binary space partition trees (or BSP trees) partition R¢ by hyperplanes. Trees of
this nature have evolved in the computer graphics literature via the work of Fuchs,
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Kedem, and Naylor (1980) and Fuchs, Abram, and Grant (1983) (see also Samet
(1990b), Kaplan (1985), and Sung and Shirley (1992)). In discrimination they are
at the same time generalizations of linear discriminants, of histograms, and of
binary tree classifiers. BSP trees were recommended for use in discrimination by
Henrichon and Fu (1969), Mizoguchi, Kizawa, and Shimura (1977) and Friedmap
(1977). Further studies include Sklansky and Michelotti (1980), Argentiero, Chin,
and Beaudet (1982), Qing-Yun and Fu (1983), Breiman, Friedman, Olshen, ang
Stone (1984), Loh and Vanichsetakul (1988), and Park and Sklansky (1990).
There are numerous ways of constructing BSP trees. Most methods of course
use the Y-values to determine good splits. Nevertheless, we should mention first
simple splits with the X-property, if only to better understand the BSP trees.

FIGURE 20.20. A raw BSP tree and its induced partition in the plane. Every

region is split by a line determined by the two data points with smallest index
in the region.

We call the raw BSP tree the tree obtained by letting X1, ..., X; determine the
first hyperplane. The d data points remain associated with the root, and the others
(X441, - - ., Xz) are sent down to the subtrees, where the process is repeated as far
as possible. The remaining points X1, . . ., X, are used in a majority vote in the
external regions. Note that the number of regions is not more than k/d. Thus, by
Lemma 20.1, if k/n — 0, we have N(X) — oo in probability. Combining this-
with Problem 20.25, we have our first result:

Theorem 20.7. The natural binary tree classifier based upon a raw BSP tree with
k — oo and k/n — 0 is consistent whenever X has a density.

Hyperplanes may also be selected by optimization of a criterion. Typically, this
would involve separating the classes in some way. All that was said for perpen-
dicular splitting remains valid here. It is worthwhile recalling therefore that there
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are distributions for which the best empirical Stoller split does not improve the
pmbability of error. Take for example the uniform distribution in the unit ball of
R4 in which

yo [ L itlxi=12
=1 o0 if|x|<1/2.

FIGURE 20.21. No single split improves on the error prob-
ability for this distribution.

Here, no linear split would be helpful as the 1’s would always hold a strong
majority. Minimizing other impurity functions such as the Gini criterion may be
helpful, however (Problem 20.27).

BIBLIOGRAPHIC REMARKS. Hyperplane splits may be generalized to include quadratic
splits (Henrichon and Fu (1969)). For example, Mui and Fu (1980) suggest taking
d’' < d and forming quadratic classifiers as in normal discrimination (see Chapter
4) based upon vectors in R¥. The cuts are thus perpendicular to d — d’ axes but
quadratic in the subspace R?. Lin and Fu (1983) employ the Bhattacharyya dis-
tance or 2-means clustering for determining splits. As a novelty, within each leaf
region, the decision is not by majority vote, but rather by a slightly more sophisti-
cated rule such as the k-NN rule or linear discrimination. Here, no optimization is
required along the way. Loh and Vanichsetakul (1988) allow linear splits but use
F ratios to select desirable hyperplanes.

20.12 Primitive Selection

There are two reasons for optimizing a tree configuration. First of all, it just does
not make sense to ignore the class labels when constructing a tree classifier, so
the ¥;’s must be used to help in the selection of a best tree. Secondly, some trees
may not be consistent (or provably consistent), yet when optimized over a family
of trees, consistency drops out. We take the following example: let G be a class
of binary tree classifiers with the X-property, with the space partitioned into k + 1
regions determined by X1, ..., X; only. Examples include the chronological k-d
tree and some kinds of Bsp trees. We estimate the error for g € Gy by

~ 1 &
La(®)=— > ligxomm,
(s

realizing the danger of using the same data that were used to obtain majority votes
to estimate the error. An optimistic bias will be introduced. (For more on such
error estimates, see Chapter 23.) Let g be the classifier (or one of the classifiers)
in Gy for which L,, is minimum. Assume that |G| < oco—for example, G; could
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be all k! chronological k-d trees obtained by permuting X1, ..., X;. We call g
then the permutation-optimized chronological k-d classifier. When &k = L\/@ 1,
one can verify that k! = o(n€) for any € > 0, so that the computational burden—g¢
least on paper—is not out of sight. We assume that G, has a consistent classifier
sequence, that is, as n — 00, k usually grows unbounded, and E{L,(gt)} — L*
for a sequence g, € Gi.

ExampPLE. Among the chronological k-d trees modulo permutations, the first one
(i.e., the one corresponding to the identity permutation) was shown to be consistent
in Theorem 20.3, if X has a density, k — oo, and k/n — 0. O

ExAMPLE. Let Gy be the class of BSP trees in which we take as possible hyperplanes
for splitting the root:
(1) the hyperplane through X, ..., X4;
(2) the d hyperplanes through X, ..., X that are parallel to one axis;
(3) the (‘;) hyperplanes through X, ..., X;_> that are parallel to two axes;

(d) the ( dfl) = d hyperplanes through X that are parallel to d — 1 axes.
Thus, conservatively estimated, |G| < k124 because there are at most 2¢ possible
choices at each node and there are k! permutations of X1, ..., X;. Granted, the
number of external regions is very variable, but it remains bounded by £ + 1 in
any case. As Gy contains the chronological k-d tree, it has a consistent sequence
of classifiers when k — oo and n/(klogk) = o0. O

Theorem 20.8. Let g, = argmin, g, L.(2). Then, if Gy has a consistent sequence
of classifiers, if the number of regions in the partitions for all g € Gy are at most
k+1, andifk — oo and n/log |Gy — oo, then E{L,(g})} — L*, where L,(g%)
is the conditional probability of error of g.

In the examples cited above, we must take k — oo, n/k — oco. Furthermore,
log|Gx| = O(logk!) = O(klogk) in both cases. Thus, g, is consistent whenever
X has a density, k — 0o and k& = o(n/ logn). This is a simple way of constructing
a basically universally consistent BSP tree.

PrOOF. Let g* = argmin, g, L,(g).
Lu(g) — L* = Ly(g") — La(g))
+Lu(g)) — La(gh)
+La(g") ~ La(g")
+L"(g+) - L*
Clearly,
La(g) =L = La(g")~L"+2max|La(g) = L.(g)l

oI
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Obviously, I — 0 in the mean by our assumption, and for € > 0,
- -~ €
P {2max|L,(g) — L.(g)| > 6} < |G| max P {an(g) = L,(8)] > —} :
g€Gk g€bi 2
Next we bound the probabilities on the right-hand side. Let p;o, p;| denote P{X €

region i, ¥ = 0} and P{X e region i, Y = 1} respectively, with regions determined
byg,1§i§k+1.Let

n n
Nio = Z I(xeregion i,y,=0y and  Nj; = Z Iix; eregion i,v;=1}-

Jj=k+1 Jj=k+1
Then k+1 k+1
L,(g)= szll 0>N11}+ZPZOIN10<N11}7
i=1 i=1
and
N k+1 N k+1
L,(g)= {No=Ni} T Z N10<N[1}‘
Thus,
k+1 k+1
~ Nil Ni()
L, - L, =< i1— — |+ i0 — ;
[Ln(g) @l ;le n_k{ ;pzo p—

Introduce the notation Z for the random variable on the right-hand side of the
above inequality. By the Cauchy-Schwarz inequality,

E{Z|X1, ..., X}

k+l Niy 2
< Z E[(pil"n_lk) 1X1,~~~an}

i=1

k+1 Ny 2
1
+Z {(on—n_k) lX1s~-~an}

(as given X1, ..., Xk, Njj is binomial (n — k, p;1))

=
2k +2 1 &
< —— | 5= 2 i1 + pio)
Jn—ka| 2k+2 ZZ:;
(by another use of the Cauchy-Schwarz inequality)
2k +2

n—k’
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Thus, E{Z| X4, ..., X} — 0as k/n — 0. Note that

P{Z > €]X1, ,Xk}

< P[Z——E{Z|X1,...,Xk}>%!Xl,...,Xk}
2k +2
GEE{Z|X,, ..., X} < €/2, which happens when = %)
n.—
< exp(—< ) /2(n k) k)2>

(by McDiarmid’s mequahty, as changing the value of an X ;, j > k,
changes Z by at most 2/(n — k); see Theorem 9.2)

(n — k)e?
exp (—T) .

Thus, taking expected values, we see that

Il

P{I] > e} < ng1e‘('1*k)éz/64

if /2k+2)/(n—k) < €/2. This tends to O for all ¢ > 0 if k/n — 0 and
n/log [Gy| — o0. O

20.13 Constructing Consistent Tree Classifiers

Thus far, we have taken you through a forest of beautiful trees and we have shown
you a few tricks of the trade. When you read (or write) a research paper on tree
classifiers, and try to directly apply a consistency theorem, you will get frustrated
however—most real-life tree classifiers use the data in intricate ways to suit a
certain application. It really helps to have a few truly general results that have
universal impact. In this section we will point you to three different places in
the book where you may find useful results in this respect. First of all, there is a
consistency theorem—Theorem 21.2—that applies to rules that partition the space
and decide by majority vote. The partition is arbitrary and may thus be generated by
using some orallof X1, Y7, ..., X,, ¥,. If arule satisfies the two (weak) conditions
of Theorem 21.2, it must be universally consistent. To put it differently, even the
worst rule within the boundaries of the theorem’s conditions must perform well
asymptotically.

Second, we will briefly discuss the design of tree classifiers obtained by mini-
mizing the empirical error estimate (L, ) over possibly infinite classes of classifiers.
Such classifiers, however hard to find by an algorithm, have asymptotic properties
that are related to the vC dimension of the class of rules. Consistency follows al-
most without work if one can calculate or bound the vc dimension appropriately.
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while Chapters 13 and 21 deal in more detail with the vc dimension, it is necessary
to give a few examples here.

Third, we point the reader to Chapter 22 on data splitting, where the previous
approach is applied to the minimization of the holdout estimate, obtained by trees
pased upon part of the sample, and using another part to select the best tree in the
punch. Here too the v dimension plays a crucial role.

Theorem 21.2 allows space partitions that depend quite arbitrarily on a// the data
and extends earlier universally applicable results of Gordon and Olshen (1978),
(1980), (1984), and Breiman, Friedman, Olshen, and Stone (1984). A particularly
useful format is given in Theorem 21.8. If the partition is by recursive hyperplane
splits as in Bsp trees and the number of splits is at most m,, if m, logn/n — 0,
and if

diam(A(X)N Sg) = 0

with probability one for all S (where Sp is the ball of radius B centered at the
origin), then the classification rule is strongly consistent. The last condition forces
arandomly picked region in the partition to be small. However, m, logn/n — 0
guarantees that no devilish partition can be inconsistent. The latter condition is
certainly satisfied if each region contains at least k,, points, where k,/logn — oc.

Next we take a look at full-fledged minimization of Z,,, the empirical error,
over certain classes of tree classifiers. Here we are not concerned with the (often
unacceptable) computational effort. For example, let G; be the class of all binary
tree classifiers based upon a tree consisting of & internal nodes, each representing
a hyperplane cut (as in the Bsp tree), and all possible 25*! labelings of the k + 1
leaf regions. Pick such a classifier for which

~ 1
Lu(e) =~ D lgxom
i=1

is minimal. Observe that the chosen tree is always natural; that is, it takes majority
votes over the leaf regions. Thus, the minimization is equivalent to the minimization
of the resubstitution error estimate (defined in Chapter 23) over the corresponding
class of natural tree classifiers. We say that a sequence {G;} of classes is rich if
we can find a sequence g € Ui such that L(gg) — L*. For hyperplanes, this
is the case if k — 00 as n — oco—just make the hyperplane cuts form a regular
histogram grid and recall Theorem 9.4. Let S(Gy, n) be the shatter coefficient of Gy
(for a definition, see Chapter 12, Definition 12.3). For example, for the hyperplane
family,

S(Gr,n) < nHHY,

Then by Corollary 12.1 we have E{L,(g)} — L* for the selected classifier g
when Gy is rich (k — oo here) and log S(Gy, ) = o(n), that is,

k=0< " )
logn
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Observe that no conditions are placed on the distribution of (X, Y) here! Consis-
tency follows from basic notions—one combinatorial to keep us from overfitting,
and one approximation-theoretical (the richness).

The above result remains valid under the same conditions on  in the following
classes:

(1) Alltrees based upon & internal nodes each representing a perpendicular split,
(Note: S(Gx, n) < ((n+ 1d))

(2) All trees based upon k internal nodes, each representing a quadtree split,
(Note: S(Gi, n) < (4 + Dr)

20.14 A Greedy Classifier

In this section, we define simply a binary tree classifier that is grown via optimiza-
tion of a simple criterion. It has the remarkable property that it does not require
a forced rotation through the coordinate axes or special safeguards against smail
or large regions or the like. It remains entirely parameter-free (nothing is picked
by the user), is monotone transformation invariant, and fully automatic. We show
that in R¢ it is always consistent. It serves as a prototype for teaching about such
rules and should not be considered as more than that. For fully practical methods,
we believe, one will have to tinker with the approach.
The space is partitioned into rectangles as shown below:

FIGURE 20.22. A tree based on partitioning the plane into rectangles. The
right subtree of each internal node belongs to the inside of a rectangle, and
the left subtree belongs to the complement of the same rectangle (i€ denotes
the complement of i ). Rectangles are not allowed to overlap.

A hyperrectangle defines a split in a natural way. The theory presented here

applies for many other types of cuts. These will be discussed after the main con-
sistency theorem is stated.
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A partition is denoted by P, and a decision on a set A € P is by majority vote.
We write gp for such a rule:

1 if Z Y, > Z(l—yi),xeA

gp(x) = i-X;€A i:X,€A
0 otherwise.

Given a partition P, a legal rectangle A is one for which AN B =@ or A C B for
all sets B € P. If we refine P by adding a legal rectangle T somewhere, then we
obtain the partition 7. The decision g7 agrees with gp except on the set B € P
that contains 7.

We introduce the convenient notation

v;(A) P{X e A Y=j}, je{0.1}

Il

Vj,n(A)

1 <& .
- ZI{XZ-GA,Y,:j}, J €{0,1}.

i=1
An estimate of the quality of gp is
~ def ~
L(P)= ) Lu(R),
ReP

where

1

n
=Y ixicR g
n i=1

= min(v,(R), V1 .(R)).

L.(R)

Here we use two different arguments for f,, (R and P), but the distinction should
be clear. We may similarly define L,(7). ‘Given a partition P, the greedy classifier
selects that legal rectangle T for which L,(7) is minimal (with any appropriate
policy for breaking ties). Let R be the set of P containing 7. Then the greedy
classifier picks that 7' for which

Lo(T)+L,(R = T) — Ly(R)

is minimal. Starting with the trivial partition Py = {R?}, we repeat the previous
step k times, leading thus to £ + 1 regions. The sequence of partitions is denoted
by 'Po, ’Pl, ey Pk.

We put no safeguards in place—the rectangles are not forced to shrink. And in
fact, it is easy to construct examples in which most rectangles do not shrink. The
main result of the section, and indeed of this chapter, is that the obtained classifier
is consistent:

Theorem 20.9. For the greedy classifier with k — 00 and k = o (,3/n/ log n),

assuming that X has nonatomic marginals, we have L, — L* with probability
one.
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REMARK. We note that with techniques presented in the next chapter, it is possible

to improve the second condition on k to k = o (,/n/ log n) (see Problem 20.31),
O

Before proving the theorem, we mention that the same argument may be used
to establish consistency of greedily grown trees with many other types of cuts. We
have seen in Section 20.8 that repeated Stoller splits do notresultin good classifiers,
The reason is that optimization is over a collection of sets (halfspaces) that is
not guaranteed to improve matters—witness the examples provided in previous
sections. A good cutting method is one that includes somehow many (but not too
many) small sets. For example, let us split at the root making d + 1 hyperplane cuts
at once, that is, by finding the d + 1 cuts that together produce the largest decrease
in the empirical error probability. Then repeat this step recursively in each region
k times. The procedure is consistent under the same conditions on k as in Theorem
6.1, whenever X has a density (see Problem 20.30). The d + 1 hyperplane cuts
may be considered as an elementary cut which is repeated in a greedy manner,
In Figures 20.23 to 20.25 we show a few elementary cuts that may be repeated
greedily for a consistent classifier. The straightforward proofs of consistency are
left to the reader in Problem 20.30.

PrROOF OF THEOREM 20.9. We restrict ourselves to R?, but the proof remains
similar in R¢ (Problem 20.29). The notation L,(-) was introduced above, where
the argument is allowed to be a partition or a set in a partition. We similarly define

L(R) = min P{Xe€R Y Fy}
ye{0,1}

Il

min(ve(R), vi(R)),

> L(R).

ReP

L(P)

FIGURE 20.23. An elementary cut here  FIGURE 20.24. 2d rectangular cuts de-

is composed of d + 1 hyperplane cuts.  termine an elementary cut. All 2d cuts.

They are jointly optimized. have arbitrary directions; there are no
forced directions.



FIGURE 20.25. Simplex cuts. A cut is
determined by a polyhedron with d + 1
vertices. The simplices are not allowed
to overlap, just as for rectangular cuts

in the greedy classifier. Three consecu-
tive simplex cuts in R? are shown here.
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FIGURE 20.26. At every iteration we re-
fine the partition by selecting that rect-
angle R in the partition and that 3 X
3% -
for which the empirical error is mini-

X 3 rectangular grid cut of R

mal. Two consecutive rectangular grid

cuts are shown.

For example, let G; denote a partition of R? into a rectangular [ x [ grid.

L] FiGURE 20.27. G;: Anl x 1 grid (withl =7 here).

Itis clear that for all € > 0, there exists an/ = [(¢) and an ]/ x [ grid G; such that

L(G) < L" +e.

If @ is another finer partition into rectangles (i.e., each set of Q is a rectangle and
intersects at most one rectangle of G;), then necessarily

L(Q) <= L(G) = L" +e.

We will call Q a refinement of G,. The next lemma is a key property of partitioning
classifiers. In our eyes, it is the main technical property of this entire chapter. We
say that the partition 7 is an extension of P by a set Q—where Q C R € P—if
T contains all cells of P other than R, plus Q and R — Q.
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Lemma 20.2. Let G; be a finite partition with L(G;) < L* + €. Let P be a finite
partition of R¢, and let Q be a refinement of both P and G;. Then there exists q
set Q € Q (note: Q is contained in one set of P only) and an extension of P by Q
to Ty such that, if L(P) > L* +¢,

L(Tp) —(L*+¢€) = (1 - é) (L(P)— (L* + ).

PrRoOF. Firstfix R € P andlet Qy, ..., Oy be the sets of O contained in R. Define

pi = vo(Q), qi = vi(Q), L(Q;) = min(p;, g;),

N N
P=Y_pi  4=)_q»  L(R)=min(p,q),
i=1 =1

L(R — Qi) =min(p = pi, q — q).
First we show that there exists an integer i such that

LR -3 L(0)

L(R) — L(Qi) — L(R — 0)) = N

or equivalently,

. N .

min - > i qi
max A, > (p.q) — ) ;- min(p q),
1<i<N N :

where A; = min(p, g) — min(p;, ¢;) — min(p — p;, ¢ — q;). To see this, assume
without loss of generality that p < q. If p; < g, for all i, then
N N
min(p.q) = »_min(pi,q)=p—y_ p; =0,
i=1 i=1

so we are done. Assume therefore that p; > ¢; fori € A, where A is a set of
indices with |A| > 1. For such i,

Ai=p—q,—(p—pi)=pi — 4,

and thus,
N
A=) (pi—ad=p—Y pi—Y di=p— py_ min(pi, g)
€A icA i¢A icA i=1
But then, \

N . N .
ZAZ‘ Z P~ Zi:l Imn(pi: ql) - pP— Zi:l mln(p,-, ql)

[A] B N

1
max A; > —
I<i<N [A]

icA
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and the claim follows. To prove the lemma, notice that since L(Q) < L* + ¢, it
suffices to show that

L(P) - L(Q)

max(L(P) — L(Tp)) > T T

or equivalently, that

L(P)— L(Q)

glgg(L(RQ) —L(Q)—L(Ro — Q) = 0] ,

where Ry is the unique cell of P containing Q. However,

rgélé(L(RQ) — L(Q)— L(Rg — Q)

> max (L(R)—L(Q)— LR - Q)

ReP,QC

L(R) = Y gck L(Q)
-~ max
ReP IR|

(by the inequality shown above, where |R| denotes

the number of sets of Q contained in R)

ZRGP (L(R) - ZQQR L(Q))

= Y rer IRI
 Yrep LR = Yo L(O)
- 19|

L(P) — L(Q)

1<Ql ’

and the lemma is proved. O

Let us return to the proof of Theorem 20.9. The previous lemma applied to our
situation (P = P;) shows that we may extend P; by a rectangle Q € Q (as Q will
be a collection of rectangles refining both G; and P;) such that L(7) — (L* +€) is
smaller by a guaranteed amount than L(P;).— (L*+¢€). (7 is the partition obtained
by extending P;.) To describe Q, we do the following (note that Q must consist
entirely of rectangles for otherwise the lemma is useless): take the rectangles of
P; and extend all four sides (in the order of birth of the rectangles) until they hit a
side of another rectangle or an extended border of a previous rectangle if they hit
anything at all. Figure 20.28 illustrates the partition into rectangles. Note that this
partition consists of 4i line segments, and at most 9i rectangles (this can be seen
by noting that we can write in each nonoriginal rectangle of P; the number of an
original neighboring rectangle, each number appearing at most 8 times).
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FiGure 20.28. Extensions of rectangles
to get a rectangular grid.

The rectangular grid partition thus obtained is intersected with G; to yield Q. To
apply Lemma 20.2, we only need a bound on | Q)|. To the rectangular partition just
created, we add each of the 2/ — 2 lines of the grid G; one by one. Start with the
horizontal lines. Each time one is added, it creates at most 9/ new rectangles. Then,
each vertical line adds at most 9i + [ new rectangles for a total of not more than
9% +9%(—-1D+U—-DOi+]) < 1?+ 181§ (assuming [ > 1). Hence,

Q| < I+ 18li.

Apply the lemma, and observe that there is a rectangle Q € Q such that the
extension of P; by @ to P; would yield

/ * * :
L(P) = (L™ +€) < (L(P) ~ (L +€)) (“m)

At this point in the proof, the reader can safely forget Q. It has done what it was
supposed to do.

Of course, we cannot hope to find 73{ because we do not know the distribution.
Let us denote the actual new partition by P;,; and let R;,; be the selected rectangle
by the empirical minimization. Observe that

L(Pis) = L(P))
(L(Pit) = Lu(Pin)) + (Lu(Pit) = Lu(P)) + (La(P)) — L(PD)
(L(Pit) = La(Pian) + (Lu(P) = L(P) .

IA

As Pyy1 and R have most sets in common, many terms cancel in the last dou-
ble sum. We are left with just L(-) and L,(-) terms for sets of the form R —
Rii1, Riv1, R — Q, O with R € P;. Thus,

L(Pi1) — L(P}) < 2sup|L,(R") — L(R")|,
R/

where the supremum is taken over all rectangles of the above described form.
These are sets of the form obtainable in P;,;. Every such set can be written as
the difference of a (possibly infinite) rectangle and at most i + 1 nonoverlapping
contained rectangles. As i + 1 < k in our analysis, we call Z; the class of all sets
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that may be described in this form: Zg — Z; — - -- — Z;, where Zy, Z, ..., Z;
are rectangles, each Z; € Zy, Zy, ..., Z; are mutually disjoint. Rectangles may
be infinite or half infinite. Hence, fori < &,

L(Pi1) — L(P}) < 2 sup |Lu(Z) — L(Z).
ZeZ,

Forafixed Z € Z,

L) =L@ = [ min(vo,(Z), vi.4(Z)) = min(so(Z), vi(Z))
< 190a(2) = (D)l + v1a(Z) = (2],
Thus,
L(Put) = L(P) = Vu 2 2 sup (1004(2) = 00(2)] + 01a(2) = 01(2)] ).
ZeZy
Define the (good) event
G =1{V, < §},

where 8 > 0 will be picked later. On G, we see that for all i < k,
L(Piy1) — (L™ +€)
L(P)—(L*+€)+38

IA

IA

. 1

We now introduce a convenient lemma.

Lemma 20.3. Let a,, b, be sequences of positive numbers with b, | 0, by < 1,
and let 8 > 0 be fixed. If ay+1 < ay(1 — by) + 8, then

Ayl < apge” iwobi 4 é(n+1).

ProoOF. We have

IA

n n=1 n
s aon(l—bj)+8<21_[(1—bj))+8
j=0

m=1 j=m

IT+II+11I1.
Clearly, I < agexp (— Z?:o bj). A trivial bound for 77 + [T is6(n+ 1). O

Conclude that on G,

L(PY) — (L* +¢) (L(Po) — (L* + €)) e~ Zim V18 | 53

IA

< e_jg‘“l L@ +18lwdu | sp
< o los(P+18IG—1)/() | 5k

1

18(k—1)
(1 =T

Ok.

)1/(181) +
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Thus,
P{L(Py) > L* +2¢} < P{G°} =P{V, > §}

when §k < €/2 and

1 €
< —_—

1/(180) 7"

18(k—1)
(1 + = )

Finally, introduce the notation

Ln(R)
Ln(P)

i

P{X e R, Y #gp(X)},

> Lu(R).

ReP

As L(P;) takes the partition into account, but not the majority vote, and L,(7;)
does, we need a small additional argument:

LiPo) = (La(Po) — La(Po) + (Lu(Py) — L(P) + L(Py)
< 23 (Ivo(R) = vou(R)| + [V1(R) = via(R)[) + L(Pe)
RePy
oW, + L(Py).

Putting things together,

P{L,(Py) > L* +4e}
< P{W, > ¢} +P{L(73’k) >L"+ 26}
< P{W,>¢e}+P{V, >4}

under the given conditions on & and k. Observe that if for a set Z,

Un(Z) € [06(Z) = vo0(Z)| + [V1(Z) — vi.n(Z)),

then
k
Vi = sup U@+ swp Y UnZ)
rectangles Z disjoint sets of k= j=1
rectangles Z,,...,Zy
< (k+1) sup U(2),
rectangles Z
W, < (k+1) sup Uy2).

rectangles Z

We may now use the Vapnik-Chervonenkis inequality (Theorems 12.5 and 13.8)
to conclude that for all ¢ > O,

P { sup  Un(Z) > 6} < 16n2de‘”€2/32‘

rectangles Z
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Armed with this, we have

2
P{W, > €} 16n2de_n(2"‘;“’) /32,

IA

. : . o 2
PV, =8 < 1en2e(wm) /2

Both terms tend to O with n if n/(k*logn) — oo and né8?/(k*logn) — oo.
Take 8§ = €/(3k) to satisfy our earlier side condition, and note that we need
n /(k3 logn) — oo. We, in fact, have strong convergence to 0 for L,,(Py) — L* by
the Borel-Cantelli lemma. O

The crucial element in the proof of Theorem 20.9 is the fact that the number
of sets in the partition Q grows at most linearly in i, the iteration number. Had it
grown quadratically, say, it would not have been good enough—we would not have
had guaranteed improvements of large enough sizes to push the error probability
towards L*. In the multidimensional version and in extension to other types of cuts
(Problems 20.29, 20.30) this is virtually the only thing that must be verified. For
hyperplane cuts, an additional inequality of the vC type is needed, extending that
for classes of hyperplanes.

Our proof is entirely combinatorial and geometric and comes with explicit
bounds. The only reference to the Bayes error we need is the quantity /(€), which
is the smallest value / for which

inf L(G) < L*+e.
all Ix/ grids G,

Itdepends heavily on the distribution of course. Call l(€) the grid complexity of the
distribution, for lack of a better term. For example, if X is discrete and takes values
on the hypercube {0, 1}¢, then [(¢) < 2¢. If X takes values on {ay, ..., ay}, then
I(e) < (M + 1)?. If X has an arbitrary distribution on the real line and n(x) is
monotone, then [(¢) < 2. However, if 1 is unimodal, /(¢) < 3. In one dimension,
I(e) is sensitive to the number of places where the Bayes decision changes. In two
dimensions, however, [(€) measures the complexity of the distribution, especially
near regions with 7(x) &~ 1/2. When X is uniform on [0, 1]*> and ¥ = 1 if and
only if the components of X sum to less than one, then I(¢) = O(1/ /€) ase | 0
(Problem 20.32), for example. The grid complexity is eminently suited to study
rates of convergence, as it is explicitly featured in the inequalities of our proof.
There is no room in this book for following this thread, however.

Problems and Exercises

ProBLEM 20.1. Let X be arandom vector with density f on R“. Show that each component
has a density as well.

PROBLEM 20.2. Show that both condition (1) and condition (2) of Theorem 6.1 are necessary
for consistency of trees with the X -property.



358 20.’ Tree Classifiers

PrOBLEM 20.3. For a theoretical median tree in R¢ with uniform marginals and k levels of
splitting, show that E{H (X) + V(X)} = 1/(2%/?) when k is a multiple of d.

PrROBLEM 20.4. «-BALANCED TREES. Consider the following generalization of the median
tree: at a node in the tree that represents z points, if a split occurs, both subtrees must be of
size at least a(n — 1) for some fixed o > 0. Repeat the splits for & levels, resulting in 2*
leaf regions. The tree has the X -property and the classifier is natural. However, the points
at which cuts are made are picked among the data points in an arbitrary fashion. The splits
rotate through the coordinate axes. Generalize the consistency theorem for median trees.

ProBLEM 20.5. Consider the following tree classifier. First we find the median according
to one coordinate, and create two subtrees of sizes [(n — 1)/2] and [(n — 1)/2]. Repeat
this at each level, cutting the next coordinate axis in a rotational manner. Do not cut a node
any further if either all data points in the corresponding region have identical ¥; values or
the region contains less than & points. Prove that the obtained natural classifier is consistent
whenever X has a density if £ — oo and logn/k — 0.

PROBLEM 20.6. Let p be a probability measure with a density f on R, and define
C={x=0", ... DY (e x P e x e x @, x9 +€]) > 0alle > 0}.
Show that «(C) = 1. HINT: Proceed as in the proof of Lemma A.1 in the Appendix.

ProBLEM 20.7. LetUqgy, .. ., Uy, be uniform order statistics defining spacings Sy, .. ., Sy
with S; = Ugy — Ug—1y if Uge1y = 1 and Uggy = 0. Show that

(1) Si,..., Sy are identically distributed;

2) P{S>x}=(1-x)xel0,1];

3) E{Si}=1/(n+1).

ProBLEM 20.8. In the proof of Theorem 20.3, we assumed in the second part that horizontal
and vertical cuts were meted out independently. Return to the proof and see how you can
modify it to take care of the forced alternating cuts.

PROBLEM 20.9. Let X, X5, ..., X, be i.i.d. with common density f on the real line. Call
X; arecord if X; = min(Xy, ..., X;). Let R; = Iix, is arecord)- Show that R;, ..., R, are
independent and that P{R; = 1} = 1/i. Conclude that the expected number of records is
~ logn.

PrROBLEM 20.10. THE DEEP K-D TREE. Assume that X has a density f and that all marginal
densities are uniform.

(1) Show that k — oo implies that diam(A(X)) — O in probability. Do this by
arguing that diam(A(X)) — 0 in probability for the chronological k-d tree with
the same parameter k.

(2) InarandomXk-dtree withn elements, show that the depth D of the last inserted node
satisfies D/(21logn) — 1 in probability. Argue first that you may restrict yourself
tod = 1. Then write D as a sum of indicators of records. Conclude by computing
E{D} and Var{D} or at least bounding these quantities in an appropriate manner.

(3) Improve the second condition of Theorem 20.4 to (k — 2logn)/\/logn — —o0.
(Note that it is possible that lim sup,_, . k/logn = 2.) HINT: Show that |D —

2logn| = O («/ log n) in probability by referring to the previous part of this

exercise.
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proBLEM 20.11. Consider a full-fledged k-d tree with n+1 external node regions. Let L, be
the probability of error if classification is based upon this tree and if external node regions
are assigned the labels (classes) of their immediate parents (see Figure 20.29).

FIGURE 20.29. The external nodes are as-

signed the classes of their parents.

Jeaf region

Show that whenever X has a density, E{L,} — Lyy < 2L* justas for the 1-nearest neighbor
rule.

PrOBLEM 20.12. CONTINUATION. Show that L, — Lyy in probability.

ProBLEM 20.13. Meisel and Michalopoulos (1973) propose a binary tree classifier with
perpendicular cuts in which all leaf regions are homogeneous, that is, all ¥;’s for the X;’s
in the same region are identical.

o © FiGURE 20.30. Example of a tree partition into homogeneous
° °

regions.

000..0

®| ol o ©

(1) If L* =0, give a stopping rule for constructing a consistent rule whenever X has
a density.

(2) If L* = 0, show that there exists a consistent homogeneous partition classifier
with o(n) expected number of cells.

(3) If L* > 0, show a (more complicated) way of constructing a homogeneous par-
tition that yields a tree classifier with E{L,} — L* whenever X has a density.
HiNnT: First make a consistent nonhomogeneous binary tree classifier, and refine
it to make it homogeneous.

(4) If L™ > 0, then show that the expected number of homogeneous regions is at
least cn for some ¢ > 0. Such rules are therefore not practical, unless L* = 0.
Overfitting will occur.

ProBLEM 20.14. Let X be uniform on [0, 1] and let Y be independent of X with P{Y =
1} = p. Find a tree classifier based upon simple interval splitting for which each region has

one data point, and

liminf,_, ELn
T e S
p—0 p
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We know that for the nearest neighbor rule,

limsup,_, . EL,
p—0 p

=2,

so that the given interval splitting method is worse than the nearest neighbor method. (This
provides a counterexample to a conjecture of Breiman, Friedman, Olshen, and Stone (1984,
pp-89-90).) HINT: Sort the points, and adjust the sizes of the intervals given to the class
and class 1 points in favor of the 1’s. By doing so, the asymptotic probability of error can
be made as close as desired to (p? +3p(1 — p))(1 — p).

PROBLEM 20.15. CONTINUATION. Let X be uniform on [0, 1]? and let ¥ be independent of
X with P{Y = 1} = p. Find a data-based tree classifier based upon perpendicular cuts for
which each region has one data point, diam(A(X)) — 0 in probability (recall Theorems

6.1 and 21.2), and
.. diminf, o EL,
lim inf —————— =o0.
p—0 p
Conclude that in R9, we can construct tree classifiers with one point per cell that are much
worse than the nearest neighbor rule. HINT: The next two problems may help you with the

construction and analysis.

PROBLEM 20.16. CONTINUATION. Draw an i.i.d. sample X1, . .., X,, from the uniform distri-
bution on [0, 1]?,andlet Y1, ..., ¥, bei.i.d. and independent of the X;’s with P{Y = 1} = p.
Construct a binary tree partition with perpendicular cuts for {X; : ¥; = 1} such that every
leaf region has one and only one point and diam(A(X)) — 0 in probability.

(1) How would you proceed, avoiding putting X;’s on borders of regions?

(2) Prove diam(A(X)) — 0 in probability.

(3) Add the (X;, Y;) pairs with ¥; = 0 to the leaf regions, so that every region has
one class-1 observation and zero or more class-0 observations. Give the class-1
observation the largest area containing no class-0 points, as shown in Figure 20.31.
Show that this can always be done by adding perpendicular cuts and keeping at
least one observation per region.

0 FiGurg 20.31.  Cutting a rectangle by giving

L 0 a large area to the single class-1 point.

o0 %

(4) Partition all rectangles with more than one point further to finally obtain a one-
point-per-leaf-region partition. If there are NV points in a region of the tree before
the class-1 and class-0 points are separated (thus, N — 1 class-O points and one
class-1 point), then show that the expected proportion of the region’s area given to
class 1, given N, times N tends to 0co. (An explicit lower bound will be helpful.)
HiNT: Use the next problem.

(5) Write the probability of error for the rule in terms of areas of rectangles, and use
part (4) to get an asymptotic lower bound.
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(6) Now let p tend to zero and get an asymptotic expression for your lower bound in
terms of p. Compare this with 2p(1 — p), the asymptotic error probability of the
1-nearest neighbor rule.

PrOBLEM 20.17. CONTINUATION. Draw a sample X, ..., X, of n i.i.d. observations uni-
formly distributed on [0, 11¢. The rectangles defined by the origin and X;, ..., X, as op-
osite vertices are denoted by Ry, ..., R,, respectively. The probability content of R; is

clearly (R = [Te, X;”. Study
M, = max{u(R;) : 1 <i < n, R; does not contain R; for any j #i},

the probability content of the largest empty rectangle with a vertex at the origin. Ford = 1,

M, is just the minimum of the X;’s, and thus nM, A &, where & is the exponential
distribution. Also E{M,,} = 1/(n +1). For d > 1, M, is larger. Show that nM, — oo in
probability and try obtaining the first term in the rate of increase.

ProBLEM 20.18. Show that diam(A(X)) — 0 in probability for the chronological quadtree
whenever k — 0 and X has a density. HINT: Mimic the proof for the chronological quadtree.

ProBLEM 20.19. Show that the deep quadtree is consistent if X has a density and & levels
of splits are applied, where kK — oo and k/logn — 0.

ProBLEM 20.20. Consider a full-fledged quadtree with # nodes (and thus n(2¢ — 1)+ 1 leaf
regions). Assign to each region the Y-label (class) of its parent in the quadtree. With this
simple classifier, show that whenever X has a density, E{L,} — 2E{n(X)(1—n(X))} = Ly.
In particular, lim sup, _, . E{L,} < 2L* and the classifier is consistent when L* = 0.

ProBLEM 20.21. InR?, partition the space as follows: X, X, define nine regions by vertical
and horizontal lines through them. X3, ..., X, are sent down to the appropriate subtrees
in the 9-ary tree, and within each subtree with at least two points, the process is repeated
recursively. A decision at x is by a majority vote (among (X+1, Yis1)s - - ., (X, ¥,)) among
those X;’s in the same rectangle of the partition as x Show that if k¥ — oo, k/n — 0, the
rule is consistent whenever X has a density.

PrOBLEM 20.22. On the two-dimensional counterexample shown in the text for multivariate
Stoller splits, prove that if splits are performed based upon a sample drawn from the distri-
bution, and if we stop after k splits with k depending on » in such a way that k/logn — 0,
then L,,, the conditional probability of error, satisfies lim inf,,_ o, E{L,} > (1 —¢)/2. HINT:
Bound the probability of ever splitting [1, 2]* anywhere by noting that the maximal differ-
ence between the empirical distribution functions for the first coordinate of X given Y =0
andY = 1is O (1//n) when restricted to [1, 2]%.

ProBLEM 20.23. Let X have the uniform distribution on [0, 5] and let ¥ = Ijp x.3), SO
that L* = 0. Construct a binary classification tree by selecting at each iteration the split
that minimizes the impurity function /, where ¥ is the Gini criterion. Consider just the
first three splits made in this manner. Let L,, be the probability of error with the given rule
(use a majority vote over the leaf regions). Show that L, — 0 in probability. Analyze the
algorithm when the Gini criterion is replaced by the probability-of-error criterion.

PrROBLEM 20.24. Let X be uniform on [0, 1] and let ¥ be independent of X, with P{Y =
1} = 2/3. Draw a sample of size n from this distribution. Investigate where the first cut
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might take place, based upon minimizing the impurity function with ¥ (p, 1 — p) (the Ginj
criterion). (Once this is established, you will have discovered the nature of the classification
tree, roughly speaking.)

ProBLEM 20.25. Complete the consistency proof of Theorem 20.7 for the raw BSP tree for
R? by showing that diam(A(X)) — 0 in probability.

PrROBLEM 20.26. BALANCED BSP TREES. We generalize median trees to allow splitting the
space along hyperplanes.

FiGure 20.32. A balanced BSP tree: Each hyperplane

50% cut splits a region into two cells of the same cardinality,

50%

Assume that X has a density and that the tree possesses the X -property. Keep splitting until
there are 2* leaf regions, as with median trees. Call the trees balanced BSP trees.

(1) Show that there are ways of splitting in R? that lead to nonconsistent rules, re-
gardless how k varies with 7.

(2) If every splitting hyperplane is forced to contain d data points (in R¢) and these
data points stay with the splitting node (they are not sent down to subtrees), then
show that once again, there exists a splitting method that leads to nonconsistent
rules, regardless of how k varies with n.

ProOBLEM 20.27. Let X have a uniform distribution on the unitball of R?. Let Y = Ijxs1/;,
so that L* = 0. Assume that we split the space by a hyperplane by minimizing an impurity
function based upon the Gini criterion. If z is very large, where approximately would the
cut take place (modulo a rotation, of course)?

ProBLEM 20.28. There exist singular continuous distributions that admit uniform [0, 1]
marginals in R¢. Show, for example, that if X is uniformly distributed on the surface of the
unit sphere of R?, then its three components are all uniformly distributed on [—1, 1].

PROBLEM 20.29. Verify that Theorem 20.9 remains valid in R¢.

ProBLEM 20.30. Prove that Theorem 20.9 remains valid if rectangular cuts are replaced by
any of the elementary cuts shown on Figures 20.23 to 20.25, and such cuts are performed
recursively k times, always by maximizing the decrease of the empirical error.

ProOBLEM 20.31. Show that Theorem 20.11 remains validifk — ocandk = o (, /n/log n)

HINT: In the proof of the theorem, the bound on V, and W, is loose. You may get more
efficient bounds by applying Theorem 21.1 from the next chapter.

ProBLEM 20.32. Study the behavior of the grid complexity as € | 0 for the following
cases:
(1) X is uniform on the perimeter of the unit circle of R? with probability 1/2 and X'
is uniform on [0, 1]% otherwise. Let ¥ = 1 if and only if X is on the perimeter of
that circle (so that L* = G).
(2) X =(X",X?) is uniform on [0, 1]* and ¥ = 1 if and only if X + X@ < 1.



21
Data-Dependent Partitioning

21.1 Introduction

In Chapter 9 we investigated properties of the regular histogram rule. Histogram
classifiers partition the observation space R“ and classify the input vector X ac-
cording to a majority vote among the ¥;’s whose corresponding X;’s fall in the
same cell of the partition as X. Partitions discussed in Chapter 9 could depend
on the sample size n, but were not allowed to depend on the data D, itself. We
dealt mostly with grid partitions, but will now allow other partitions as well. Just
consider clustered training observations X, . .., X,. Near the cluster’s center finer
partitions are called for. Similarly, when the components have different physical
dimensions, the scale of one coordinate axis is not related at all to the other scales,
and some data-adaptive stretching is necessary. Sometimes the data are concen-
trated on or around a hyperplane. In all these cases, although consistent, the regular
histogram method behaves rather poorly, especially if the dimension of the space
is large. Therefore, it is useful to allow data-dependent partitions, while keeping a
majority voting scheme within each cell.

The simplest data-dependent partitioning methods are based on statistically
equivalent blocks in which each cell contains the same number of points. In one-
dimensional problems statistically equivalent blocks reduce to k-spacing estimates
where the k-th, 2k-th, etc. order statistics determine the partition of the real line.

‘Sometimes, it makes sense to cluster the data points into groups such that points
in a group are close to each other, and define the partition so that each group is in
a different cell.

Many other data-dependent partitioning schemes have been introduced in the lit-
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erature. In most of these algorithms the cells of the partition correspond to the leaves
of a binary tree, which makes computation of the corresponding classification rule
fastand convenient. Tree classifiers were dealt with in Chapter 20. Analysis of uni-
versal consistency for these algorithms and corresponding density estimates was
begun by Abou-Jaoudé (1976b) and Gordon and Olshen (1984), (1978), (1980)
in a general framework, and was extended, for example, by Breiman, Friedman,
Olshen, and Stone (1984), Chen and Zhao (1987), Zhao, Krishnaiah, and Chen
(1990), Lugosi and Nobel (1996), and Nobel (1994).

This chapter is more general than the chapter on tree classifiers, as every partition
induced by a tree classifier is a valid partition of space, but not vice versa. The
example below shows a rectangular partition of the plane that cannot be obtained
by consecutive perpendicular cuts in a binary classification tree.

FIGURE 21.1. A rectangular partition of [0, 12
that cannot be achieved by a tree of consecutive

cuts.

In this chapter we first establish general sufficient conditions for the consistency
of data-dependent histogram classifiers. Because of the complicated dependence
of the partition on the data, methods useful for handling regular histograms have to
be significantly refined. The main tool is a large deviation inequality for families
of partitions that is related to the Vapnik-Chervonenkis inequality for families of
sets. The reader is asked for forgiveness—we want to present a very generally
applicable theorem and have to sacrifice (temporarily) by increasing the density
of the text. However, as you will discover, the rewards will be sweet.

21.2 A Vapnik-Chervonenkis Inequality for Partitions

This is a technical section. We will use its results in the next section to establish
a general consistency theorem for histogram rules with data-dependent partitions.
The main goal of this section is to extend the basic Vapnik-Chervonenkis inequality
(Theorem 12.5) to families of partitions from families of sets. The line of thought
followed here essentially appears in Zhao, Krishnaiah, and Chen (1990) for rect-
angular partitions, and more generally in Lugosi and Nobel (1996). A substantial
simplification in the proof was pointed out to us by Andrew Barron.

By a partition of R¢ we mean a countable collection P = {A;, A;,...} of
subsets of R¢ such that U4, = R¥and A; NA; =@ ifi # j. Bachset Aj is
called a cell of the partition P.
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Let M be a positive number. For each partition P, we define P™ as the restric-
tion of P to the ball Sy, (recall that Sy C R4 denotes the closed ball of radius M
centered at the origin). In other words, P™) is a partition of Sy, whose cells are
obtained by intersecting the cells of P with Sj;. We assume throughout that P is
such that [P™)] < oo for each M < co. We denote by B(P™) the collection of
all 271 sets obtained by unions of cells of P,

Just as we dealt with classes of sets in Chapter 12, here we introduce fami-
lies of partitions. Let F be a (possibly infinite) collection of partitions of RY.
FOD = (PM : P e F} denotes the family of partitions of Sy obtained by re-
stricting members of F to Sys. For each M, we will measure the complexity of a
family of partitions 7 by the shatter coefficients of the class of sets obtained as
unions of cells of partitions taken from the family F). Formally, we define the
combinatorial quantity A,(F®*) as follows: introduce the class A of subsets
of R¢ by

AM) = {A € B(P™)y for some PM e f(M)},
and define
A(FM) = s(AM p),

the shatter coefficient of A, A is thus the class of all sets that can be obtained
as unions of cells of some partition of Sy, in the collection F®*., For example, if
all members of 7™ partition Sy, into two sets, then A, (F®™) is just the shatter
coefficient of all sets in these partitions (with @ and S), included in the collection
of sets).

Let 1 be a probability measure on R and let X;, X5, . .. be i.i.d. random vectors
in R? with distribution . Forn = 1, 2, ... let i, denote the empirical distribution
of Xi, ..., X,, which places mass 1/n at each of X, ..., X,. To establish the
consistency of data-driven histogram methods, we require information about the
large deviations of random variables of the form

sup Y [wa(A) — u(A)l,

'P(M)Ef(M)AE'p(M)
where F is an appropriate family of partitions.

REMARK. Just as in Chapter 12, the supremum above is not guaranteed to be
measurable. In order to insure measurability, it is necessary to impose regularity
conditions on uncountable collections of partitions. It suffices to mention that in all
our applications, the measurability can be verified by checking conditions given,
e.g., in Dudley (1978), or Pollard (1984). O

The following theorem is a consequence of the Vapnik-Chervonenkis inequality:

Theorem 21.1. (LUGOSI AND NOBEL (1996)). Let X, ..., X, be iid. random
vectors in R? with measure y and empirical measure . Let F be a collection of
partitions of R¢. Then for each M < o0 and € > 0,

P{ sup Y |wa(A) — (Al > e} < 8A(FM)e /312 4 o€/,

PUOEeFM) 4 cpin



366 21. Data-Dependent Partitioning

Proor. For a fixed partition P, define A” as the set

A= U A.
APy, (A)=u(A)

Then

D la(A) — w(A)]

AePin

= Yo (ma(A) = (A

AP, (A)2 pu(A)

Y ) - Ay
AP 1, (A)<pu(A)

2 (a(A") = 1(AN)) + W(Sy) = 14, (Shr)

< 2 sup |ua(A) — u(A)+ u(Su) — 1alSu)-
AB(PUD)

It

Recall that the class of sets B(P%)) contains all 27"l sets obtained by unions of
cells of P Therefore,

sup Z |un(A) — u(A)|

P FM) ) D

< 2 sup sup lun(A) — (A + 1(Sp) — tn(Spr).
P e FM) AcB(PAD)U{Sy}

Observe that the first term on the right-hand side of the inequality is a uniform
deviation of the empirical measure 4, from @ over a specific class of sets. The
class contains all sets that can be written as unions of cells of a partition P®*)
in the class of partitions F™), This class of sets is just AM, defined above. The
theorem now follows from the Vapnik-Chervonenkis inequality (Theorem 12.5),
the definition of A, (F®™), and Hoeffding’s inequality (Theorem 8.1). O

We will use a special application of Theorem 21.1, summarized in the following
corollary:

CoOROLLARY 21.1. Let (X1, Y1), (X2, Y2) ... be a sequence of i.i.d. random pairs
inRY x {0, 1} and let Fy, F», ... be a sequence of families of partitions of R%. If
for M < oo

log (A (FM)
i g (A(FM)
n—0o0 n

=0,

then

1 n
sup Z ;ZYiI{X,-eA}"E{YI{XeA}} -0

PuneFM™ gepon |7 =1

with probability one as n tends to infinity.
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prooF. Let v be the measure of (X, ¥) on R% x {0, 1}, and let v, be the empirical
measure corresponding to the sequence (X1, Y1), ..., (Xy, Y,). Using FM we
define a family G of partitions of R? x {0, 1} by

GM = (P x {0} : PM e FMY U (P x (1) : PMD e FMY,
def

where P x {0} = {A;, As, ...} x {0} = {A; x {0}, A, x {0},...}. We apply
Theorem 21.1 for these families of partitions.

l n
sup Z _ZYiI[XieA}_E{Y[{XeA}}
Pner® qepon |1 o
= sup Y (A x (1) —v(A x (1)
PR gept)

< sup Y (A — ()]

Pneg™ 1 pun

It is easy to see that A,(GW)) = A,(FM). Therefore the stated convergence
follows from Theorem 21.1 and the Borel-Cantelli lemma.O

Lemma 21.1. Assume that the family F™ is such that the number of cells of the
partitions in the family are uniformly bounded, that is, there is a constant N such
that |[P™)| < N for each P e FM) . Then

An(FM) < 2N AFI),

where A*(FM)) is maximal number of different ways n points can be partitioned
by members of FM,

ExampPLE. FLEXIBLE GRIDS. As a first simple example, let us take in F, all partitions
into d-dimensional grids (called flexible grids as they may be visualized as chicken-
wire fences with unequally spaced vertical and horizontal wires) in which cells are
made up as Cartesian products of d intervals, and each coordinate axis contributes
one of m,, intervals to these products. Clearly, if P is a member partition of F,, then
[P| = md. Nevertheless, there are uncountably many P’s, as there are uncountably
many intervals of the real line. This is why the finite quantity A,, comes in so
handy. We will verify later that for each M,

d
sy <24
n — ’

n

so that the condition of Corollary 21.1 is fulfilled when

_ml
lim — =0. O

n—>00 N
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FiGure 21.2. A flexible grid partition.

21.3 Consistency

In this section we establish a general consistency theorem for a large class of
data-based partitioning rules. Using the training data D, we produce a partition
P, =, (X1, Y1, ..., X, Y,) according to a prescribed rule m,. We then use the
partition P, in conjunction with D, to produce a classification rule based on
a majority vote within the cells of the (random) partition. That is, the training
set is used twice and it is this feature of data-dependent histogram methods that
distinguishes them from regular histogram methods.

Formally, an n-sample partitioning rule for R? is a function 7, that associates
every n-tuple of pairs (x1, y1), ..., (Xn, Yn) € R4 x {0, 1} with a measurable
partition of R?. Associated with every partitioning rule 7, there is a fixed, non-
random family of partitions

‘7:71 = {ﬂn(xlvyly e Xns }’n) : (xla yl) "s(xlh Yn) € Rd X {Os 1}}

F, is the family of partitions produced by the partitioning rule 7, for all possiblek
realizations of the training sequence D,. When a partitioning rule r,, is applied
to the sequence D, = (X1, 11), ..., (X,, ¥y), it produces a random partition P, =
m.(D,) € F,. In what follows we suppress the dependence of P, on D, for
notational simplicity. For every x € R let A,(x) be the unique cell of P, that
contains the point x.

Now let {7y, 73, . . .} be a fixed sequence of partitioning rules. The classification
rule g,(:) = gu(:, D,) is defined by taking a majority vote among the classes
appearing in a given cell of P,, that is,

n n
0 Y Ixeacon=n £ ) Ixeaw.nm0)
8nlx) = i=1 i=1 -

1 otherwise.

We emphasize here that the partition P, can depend on the vectors X; and the
labels Y;. First we establish the strong consistency of the rules {g,} for a wide
class of partitioning rules. As always, diam(A) denotes the diameter of a set A,
that is, the maximum Euclidean distance between any two points of A:

diam(A) = sup |lx — y|.
Xx,yeA
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Theorem 21.2. (LUGOSIAND NOBEL (1996)). Let {rry, 7o, ...} be a fixed sequence

of partitioning rules, and for each n let F,, be the collection of partitions associated
with the n-sample partitioning rule m,. If

(i) foreach M < oo o

. log (AL (FM)

lim ————~~

n—o00 n

il

and
(i) forall balls Sg and all y > 0,

Jim p({x 2 diam(A, (x) 0 Sp) > ¥}) =0

with probability one,
then the classification rule {g,} corresponding to m, satisfies

L(g,) — L*

with probability one. In other words, the rule {g,} is strongly consistent.

ReMARK. In some applications we need a weaker condition to replace (ii) in the
theorem. The following condition will do: for every y > O and § € (0, 1)

lim inf p(fx : diam(A,(x) N T) > y}) =0 with probability one.
n—>00 TCRA:u(T)=1-6

The verification of this is left to the reader (Problem 21.2). O

The proof, given below, requires quite some effort. The utility of the theorem is
not immediately apparent. The length of the proof is indicative of the generality
of the conditions in the theorem. Given a data-dependent partitioning rule, we
must verify two things: condition (i) merely relates to the richness of the class
of partitions of R¢ that may possibly occur, such as flexible grids. Condition (ii)
tells us that the rule should eventually make local decisions. From examples in
earlier chapters, it should be obvious that (ii) is not necessary. Finite partitions
of R¥ necessarily have component sets with infinite diameter, hence we need a
condition that states that such sets have small p-measure. Condition (ii) requires
that a randomly chosen cell have a small diameter. Thus, it may be viewed as
the “with-probability-one” version of condition (1) of Theorem 6.1. However, the
weaker version of condition (ii) stated in the above remark is more subtle. By
considering examples in which p has bounded support, more than just balls Sy,
are needed, as the sets of the partition near the boundary of the support may all
have infinite diameter as well. Hence we introduced an infimum with respect to
sets T over all T with u(T) > 1 — 4.

It suffices to mention that (ii) is satisfied for all distributions in some of the
examples that follow. Theorem 21.2 then allows us to conclude that such rules
are strongly universally consistent. The theorem has done most of the digestion of
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such proofs, so we are left with virtually no work at all. Consistency results wiy
follow like dominos falling.

PrOOFOFTHEOREM 21.2. Observe that the partitioning classifier g, canbe rewritten
in the form

#(An(x)) - (A (x)

0 if T lenesnw) o 2o Ivi=0 Lo eaneon
gn(x) = :
1 otherwise.

Introduce the notation

>iet Yilixiean
n//“(An(x))

For any € > 0, there is an M € (0, co) such that P{X ¢ Sy} < €. Thus, by an
application of Theorem 2.3 we see that

Na(x) =

L(gn) - L*
< Plgu(X)FYV, X € SulD,} —P(g*(X) Y, X € Sy} +e
< /5 (n(x) — 0, (0| uldx) + f [(1 = n(x) — n@)|udx) +e,

S, M

where .,
Yo (U =Y ixea,000
nu(A,(x)) '

By symmetry, since € > 0 is arbitrary, it suffices to show that for each M < oo,

nOx) =

f In(x) — n,(x)|u(dx) — 0 with probability one.
Su

Fix € > Oand letr : RY — R be a continuous function with bounded support
such that fSM In(x) — r(x)|u(dx) < €. Such r exists by Theorem A.8. Now define
the auxiliary functions

E{Y Iixea, | Dn}
w(An(x))

Nn(x) =

and
E { r(X)ixea, } D"}

u(An(x))

Note that both 77, and 7, are piecewise constant on the cells of the random partition
P.. We may decompose the error as follows:

Fp(x) =

[n(x) — na(x)] (2L.1)
< n(x) =)+ [r(x) — Fa ()] + [Fa(x) = 5,(0)] + {17, (x) — 12 (X)]-
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The integral of the first term on the right-hand side is smaller than € by the definition
of r. For the third term we have

/ [7a(x) — 12 (X) | t(dx)
Su

> |E{YIixen)| Do} = E{r(X)Iixen| Da}|
AePMD

2

AEP,(,M)

/n(x)u(dx)—/r(x)u(dX)
A A

< [ o= i@ <
Sm
Consider the fourth term on the right-hand side of (21.1). Clearly,

/ ]ﬁn(x)" N ()| (dx)
Sm

2

AeP™

1 n
- Z Yilix,eay — E{YIixeay| Dn}

i=1

IA

sup
PN pepon

1 n
p Y Yilxea —E{YIxen)}

i=1

It follows from the first condition of the theorem and Corollary 21.1 of Theorem
21.1 that

[71n(x) — 7a(x)|(dx) — O with probability one.
NYS

Finally, we consider the second term on the right-hand side of (21.1). Using
Fubini’s theorem we have

[r(x) — Fp(x)|p(dx)

Su
E X)1 € Dn
-y oy - LT éi;”' H
APY (A0 A g
1
= X _(ZS/ [rou(A) = E{r(Olxen| Da}| u(dx)
AP (A0 H 4
1
- 3 o / r(x) / (dy) — / r(y)u(dy)lu(dX>
AePI:1u(A)70 H 4 A g
<

1
1(A) /A/A [r(x) = r(Y)u(dx)u(dy).

AePM:u(4)70
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Fix § € (0, 1). As r is uniformly continuous, there exists a number ¥ > 0 such
that if diam(A) < y, then |r(x) — r(y)| < § for every x, y € A. In addition, there
is a constant M < oc such that |r(x)] < M for every x € R?. Fix n now ang
consider the integrals

1
w(A)

/ / [r(x) = r(mlu(dx)u(dy)
AJa
appearing in the sum above. We always have the upper bound
1
— [ [ e = rmtanan < 2muca).
M(A) JaJa
Assume now that A € P{M) has diam(A) < y. Then we can write
1
—-“/ ] [r(x) — riN)uldx)puldy) < du(A).
u(A) Ja Ja
Summing over the cells A € P™ with (A) > 0, these bounds give

/ 7 (x) = 7 () u(dx)
Sm

< D 2MuA)+ Y A

AePM diam(A)>y AP diam(A)<y
2Mpu({x : diam(A,(x)}) > p)+ 6.

IA

Letting n tend to infinity gives

lim sup / [r(x) — ry(x)|u(dx) < § with probability one
N

n~>00

by the second condition of the theorem. Summarizing,

lim sup f [n(x) — n,(xX)|u(dx) < 2e¢ +§ with probability one.
Su

n—>00

Since € and § are arbitrary, the theorem is proved. O

21.4 Statistically Equivalent Blocks

In this section we apply Theorem 21.2 both to classifiers based on uniform spacings
in one dimension, and to their extension to multidimensional problems. We refer
to these as rules based on statistically equivalent blocks. The order statistics of the
components of the training data are used to construct a partition into rectangles. All



21.4 Statistically Equivalent Blocks 373

quch classifiers are invariant with respect to all strictly monotone transformations of
the coordinate axes. The simplest such rule is the k-spacing rule studied in Chapter
20 (see Theorem 20.1). Generalizations are possible in several ways. Theorem 21.2
allows us to handle partitions depending on the whole data sequence—and not only
on the X;’s. The next simple result is sometimes useful.

Theorem 21.3. Consider a data-dependent partitioning classifier on the real line
that partitions 'R info intervals in such a way that each interval contains at least
a, and at most b, points. Assume that X has a nonatomic distribution. Then the
classifier is strongly consistent whenever a, — 00 and b, /n — 0 as n — o0.

ProoE. We check the conditions of Theorem 21.2. Let F;, contain all partitions of
Rinto m = [n/a,] intervals. Since for each M, all partitions in ™) have at most
m cells, we can bound A, (F™) according to the Lemma 21.1. By the lemma,
A (FM) does not exceed 2™ times the number of different ways n points can be
partitioned into m intervals. A little thought confirms that this number is

n+m
(")
An(FMDY < o (’”’”)
n

Let H denote the binary entropy function, H(x) = —x log(x) — (1 — x) log(1 — x)
for x € (0, 1). Note that H is symmetric about 1/2 and that H is increasing for
0 < x < 1/2. By the inequality of Theorem 13.4, log (j) < sH(t/s). Therefore,
it is easy to see that

and therefore,

log Ag(FOD) < m+(n+m)7'[( - )
n m

nfa, +2nH(1/a,) + 1.

IA

As H(x) — 0 when x — O, the condition a,, — 00 implies that
1 (M)
—log A (F,") — 0,
n

which establishes condition (i).

To establish condition (ii) of Theorem 21.2, we proceed similarly to the proof
of Theorem 20.1. Fix y,e > 0. There exists an interval [—M, M] such that
w([-M, M]°) < e, and consequently

p({x : diam(A,(x)) > y}) < € + u({x : diam(A,(x)) > y} N [-M, M]),

where A,(x) denotes the cell of the partition 77, containing x. Among the intervals
of P, there can be at most 2 + 2M/y disjoint intervals of length greater than y in
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[—M, M]. Thus we may bound the second term on the right-hand side above by
w({x : diam(A4,(x)) > y}N[—-M, M})

2M
< (2 + ——-) max p(A)
Y AeP,

A

€P,

2M b,
< (2 + —‘—) (—‘ + sup [u(A) — Mn(A)I) )
14 n AecA

where A is the set of all intervals in R. The first term in the parenthesis converges
to zero by the second condition of the theorem, while the second term goes to zerg
with probability one by an obvious extension of the classical Glivenko-Cante]]j
theorem (Theorem 12.4). Summarizing, we have shown that for any y, € > 0

(2 + _2_)]}{) (gnax Un(A) + max “L(A) Mn(A)[)

lim sup u({x : diam(A,(x)) > y}) <€ with probability one.

n—-oo

This completes the proof. O

The d-dimensional generalizations of k-spacing rules include rules based upon
statistically equivalent blocks, that is, partitions with sets that contain & points
each. It is obvious that one can proceed in many ways, see, for example, Anderson
(1966), Patrick (1966), Patrick and Fisher (1967), Quesenberry and Gessaman
(1968) and Gessaman and Gessaman (1972).

As a first example, consider the following algorithm: the k-th smallest x1-
coordinate among the training data defines the first cut. The (infinite) rectangle
with n — k points is cut according to the x®-axis, isolating another k points. This
can be repeated on a rotational basis for all coordinate axes. Unfortunately, the
classifier obtained this way is not consistent. To see this, observe that if £ is much
smaller than n—a clearly necessary requirement for consistency—then almost all
cells produced by the cuts are long and thin. We sketched a distribution in Figure
21.3 for which the error probability of this classifier fails to converge to L*. The
details are left to the reader (Problem 21.3). This example highlights the importance
of condition (ii) of Theorem 21.2, that is, that the diameters of the cells should
shrink in some sense as n — 0.
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FIGURE 21.3. A nonconsistent k-block algo-
rithm (with k = 2 in the picture). n(x) = 1
_inthe shaded area and n(x) = 0 in the white

areq.

Rules have been developed in which the rectangular partition depends not only
upon the X;’s in the training sequence, but also upon the ¥;’s (see, e.g., Henrichon
and Fu (1969), Meisel and Michalopoulos (1973) and Friedman (1977)). For ex-
ample, Friedman cuts the axes at the places where the absolute differences between
the marginal empirical distribution functions are largest, to insure minimal empir-
ical error after the cut. His procedure is based upon Stoller splits (see Chapters 4
and 20).

Rules depending on the coordinatewise ranks of data points are interesting be-
cause they are invariant under monotone transformations of the coordinate axes.
This is particularly important in practice when the components are not physically
comparable. “Distribution-free” is an adjective often used to point out a property
that is universally valid. For such methods in statistics, see the survey of Das
Gupta (1964). Statistically equivalent sets in partitions are called “distribution-
free” because the measure (1(A) of a set in the partition does not depend upon the
distribution of X . We already noted a similar distribution-free behavior for k-d trees
and median trees (Chapter 20). There is no reason to stay with rectangular-shaped
sets (Anderson and Benning (1970), Beakley and Tuteur (1972)) but doing so
greatly simplifies the interpretation of a classifier. In this book, to avoid confusion,
we reserve the term “distribution-free” for consistency results or other theoretical
properties that hold for all distributions of (X, Y).

Itis possible to define consistent partitions that have statistically equivalent sets.
To fix the ideas, we take Gessaman’s rule (1970) as our prototype rule for further
study (note: for hypothesis testing, this partition was already noted by Anderson
(1966)). For each n, let m = [_(n/kn)l/d_]. Project the vectors X, ..., X,, onto
the first coordinate axis, and then partition the data into m sets using hyperplanes
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FIGURE 21.4. Gessaman’s partition
o © o with m = 3.
o}
®
®
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perpendicular to that axis, in such a way that each set contains an equal number of
points (except, possibly, the rightmost set, where fewer points may fall if # is not a
multiple of m). We obtain m cylindrical sets. In the same fashion, cut each of these
cylindrical sets, along the second axis, into 7 boxes such that each box contains
the same number of data points. Continuing in the same way along the remaining
coordinate axes, we obtain m¢ rectangular cells, each of which (with the exception
of those on the boundary) contains about &, points. The classification rule g, uses
a majority vote among those ¥;’s for which X; lies within a given cell. Consistency
of this classification rule can be established by an argument similar to that used
for the k,-spacing rule above. One needs to check that the conditions of Theorem
21.2 are satisfied. The only minor difference appears in the computation of A,

which in this case is bounded from above by 2™ )d. The following theorem
summarizes the result:

n+m
n

Theorem 21.4. Assume that the marginal distributions of X in R® are nonatomic.
Then the partitioning classification rule based on Gessaman’s rule is strongly
consistent if k, — co and k,/n — 0 as n tends to infinity.

To consider distributions with possibly atomic marginals, the partitioning algo--
rithm must be modified, since every atom has more than &, points falling on it for
large n. With a proper modification, a strongly universally consistent rule can be
obtained. We leave the details to the reader (Problem 21.4).

REMARK. Consistency of Gessaman’s classification scheme can also be derived
from the results of Gordon and Olshen (1978) under the additional condition
ky/+/n — o0. Results of Breiman, Friedman, Olshen, and Stone (1984) can be
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used to improve this condition to k,/ logn — oo. Theorem 21.4 guarantees con-
gistency under the weakest possible condition k, — oo. O

21.5 Partitioning Rules Based on Clustering

Clustering is one of the most widely used methods in statistical data analysis.
Typical clustering schemes divide the data into a finite number of disjoint groups
by minimizing some empirical error measure, such as the average squared distance
from cluster centers (see Hartigan (1975)). In this section we outline the application
of our results to classification rules based on k-means clustering of unlabeled

observations.
As a first step, we divide X1, ..., X, into k, disjoint groups having cluster
centers ai, ..., ag, € R4. The vectors aj, . . ., ay, are chosen to minimize the

empirical squared Euclidean distance ervor,
1 n
} : ; 2
enbr, ..., by)=— min || X; — b
n i =ik

over all the nearest-neighbor clustering rules having k,, representatives by, .. .,

by, € R4, where || - || denotes the usual Euclidean norm. Note that the choice of
cluster centers depends only on the vectors X;, not on their labels. For the behavior
of e,(ay, ..., ax,), see Problem 29.4.
The vectors ai, . . ., ax, give rise to a Voronoi partition P, = {A1, ..., A }ina
natural way: foreach j € {1, ..., k,}, let
Aj={x:lx —agjll <llx —agillforalli =1,..., k,}.

Ties are broken by assigning points on the boundaries to the vector that has the
smallest index.

The classification rule g, is defined in the usual way: g,(x) is a majority vote
among those Y;’s such that X ; falls in A, (x). If the measure p of X has a bounded
support, Theorem 21.2 shows that the classification rule {g,} is strongly consistent
if k, grows with n at an appropriate rate. Note that this rule is just another of the
prototype nearest neighbor rules that we discussed in Chapter 19.
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FIGURE 21.5. Example of partition.
ing based on clustering with k, =3
The criterion we minimize is the sum
of the squares of the distances of the
X’stothea;’s.

Theorem 21.5. (LuGos1 AND NOBEL (1996)). Assume that there is a bounded set
A C R? such that P{X € A} = 1. Let {k,} be a sequence of integers for which

K2 logn

k, = oo and —- 0 asn— .

n

Let g,(-, D) be the histogram classification rule based on the Voronoi partition
of ky, cluster centers minimizing the empirical squared Euclidean distance error.
Then

L(g,) = L*

with probability one as n tends to infinity. Ifd = 1 or 2, then the second condition
on k, can be relaxed to

k,logn o
n

PrROOF. Again, we check the conditions of Theorem 21.2. Let F, consist of all
Voronoi partitions of k, points in R?. As each partition consists of k, cells, we
may use Lemma 21.1 to bound A,(F®). Clearly, boundaries between cells are
subsets of hyperplanes. Since there are at most &, (k, — 1)/2 boundaries between
the k, Voronoi cells, each cell of a partition in F, is a polytope with at most
kytk, — 1)/2 < k,? faces. By Theorem 13.9, n fixed points in R?, d > 2, can.
be split by hyperplanes in at most n**! different ways. It follows that for each
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M < 00, Ag(FM) < 2kp@+Dk; and consequently

1 k d+ Dk?1
n n n

by the second condition on the sequence {k,}. Thus condition (i) of Theorem 21.2
is satisfied. 7

It remains to establish condition (ii) of Theorem 21.2. This time we need the
weaker condition mentioned in the remark after the theorem, that is, that for every
y>Oand8 e (0,1

inf  u({x :diam(A,(x) N T) > y}) — 0 with probability one.
Tu(T)>1—8
Clearly, we are done if we can prove that there is a sequence of subsets T;, of R4
(possibly depending on the data D,) such that u(7,) — 1 with probability one,
and
p({x : diam(A,(x)NT,) > y}) =0.
Tothisend, letay, . . ., ax, denote the optimal cluster centers corresponding to Dy,
and define )
Tn = U Saj,y/2 N Ajs
j=1

where Sy, is the ball of radius » around the vector x. Clearly, x € T, implies

that lx — a(x)]| < y/2, where a(x) denotes the closest cluster center to x among
ai, .- - a,. Butsince

Ap(x)NT, = Ap(x)N Sa(x),)//Z,

it follows that
diam(A,(x) N T,,) < diam(Saex),y/2) = ¥,

and
w({x : diam(A,(x) N T,) > v}) =0.

It remains to show that u(7,) — 1 with probability one as n — o0. Using
Markov’s inequality, we may write

01X —all? 1)2
P{é?;‘kn 1X —a;” > (5 {D}
< E{minlfjfkn D¢ _aj”2| D,,}
- v/2?
Using a large-deviation inequality for the empirical squared error of nearest-

neighbor clustering schemes, it can be shown (see Problem 29.4) that if X has
bounded support, then

IA

E { min [|[X —a; 12

<j<ka

Dn}— min E{ min |1X—bj[12}~>0
b 1<j=k,

1,..A,bk” ERd
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with probability one if k, logn/n — 0 asn — oc. Moreover, it is easy to see that

min E{ min || X —bjllz} — 0
brysbi €RE | 1= <hy
as k, — oo. It follows that u(7;,) — 1, as desired.

If d = 1, then the cells of the Voronoi partition are intervals on the real line, ang
therefore, A, (FM) < 2kpk . Similarly, if d = 2, then the number of hyperplaneg
defining the Voronoi partition increases linearly with k,. To see this, observe that
if we connect centers of neighboring clusters by edges, then we obtain a plangy
graph. From Euler’s theorem (see, e.g., Edelsbrunner (1987, p.242)), the number
of edges in a planar graph is bounded by 3N — 6, N > 3, where N is the number
of vertices. Thus, in order to satisfy condition (i), it suffices that k, logn/n — ¢
in both cases. O

REMARK. In the theorem above we assume that the cluster centers aj, .. ., a; are
empirically optimal in the sense that they are chosen to minimize the empirical
squared Euclidean distance error

Practically speaking, it is hard to determine minimum. To get around this difficulty,
several fast algorithms have been proposed that approximate the optimum (see
Hartigan (1975) for a survey). Perhaps the most popular algorithm is the so-called
k-means clustering method, also known in the theory of quantization as the Lloyd-
Max algorithm (Lloyd (1982), Max (1960), Linde, Buzo, and Gray (1980)). The
iterative method works as follows:

STEP 1. Take k initial centers a'”, ..., a\” € R% and seti = 0.
Step 2. Cluster the data points X, ..., X, around the centers ai’), ey a,(;)

into k sets such that the m-th set C{) contains the X ;’s that are closer
to a¥) than to any other center. Ties are broken in favor of smaller
indices.

STEP 3. Determine the new centers a
data points within the clusters:

(@D al™" as the averages of the

20D = 2 jixsecd X
G :
I

SteEP 4. Increase i by one, and repeat Steps 1 and 2 until there are no changes
in the cluster centers.

It is easy to see that each step of the algorithm decreases the empirical squared
Euclidean distance error. On the other hand, the empirical squared error can take
finitely many different values during the execution of the algorithm. Therefore
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the algorithm halts in finite time. By inspecting the proof of Theorem 21.5, it is
pot hard to see that consistency can also be proved for partitions given by the
suboptimal cluster centers obtained by the k-means method, provided that it is
initialized appropriately (see Problem 21.6). O-

21.6 Data-Based Scaling

We now choose the grid size /i in a cubic histogram rule in a data-dependent manner
and denote its value by H,,. Theorem 21.2 implies the following general result:

Theorem 21.6. Let g, be the cubic histogram classifier based on a partition into
cubes of size H,. If
(a) lim H, =0and
o]

(b) lim nH,‘f = 0o with probability one,
n—0o0

then the partitioning rule is strongly universally consistent.

To prove the theorem, we need the following auxiliary result:

Lemma 21.2. Let Z1, Z,, ... be a sequence of nonnegative random variables.
Iflim, .o Z,, = 0 with probability one, then there exists a sequence a, | 0 of
positive numbers such that lim,_, oo iz, >4,y = 0 with probability one.

ProoF. Define V,, = sup,,-,, Zn- Then clearly, V,, | O with probability one. We
can find a subsequence ni, na, . .. of positive integers such that for each k,

P{V,, > 1/k} <27%
Then the Borel-Cantelli lemma implies that
kgrgo Iy, >1/1y = 0 with probability one. (21.2)
Define a, = 1/k forny < n < ngy1. Then, forng < n < ngy,
I,2a,) = Iv,z1ymy = 1w, =170y

The fact that V,, > Z, and (21.2) imply the statement. O

PROOF o THEOREM 21.6. Let {a,} and {b,} be sequences of positive numbers
with a,, < b,,. Then

Lim Legn = L7} < { tim Lign = L%, H, € [ar. b1} [ (H, ¢ Lo, b1}
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It follows from Lemma 21.2 that there exist sequences of positive numbers {q,}
and {b,} satisfying a, < b,, b, — 0, and na,‘f — 00 as n — oo such that

lim /(g ¢(4,5,y =0 with probability one.
n—>00

Therefore we may assume that for each n, P{H, € [a,, b,]} = 1. Since b, — q,
condition (i1) of Theorem 21.2 holds trivially, as all diameters of all cells are
inferior to b,+/d. It remains to check condition (i). Clearly, for each M < 00,
each partition in ™ contains less than co(1/a,)? cells, where the constant ¢,
depends on M and d only. On the other hand, it is easy to see that n points can not
be partitioned more than ¢;n(1/a,)? different ways by cubic-grid partitions with
cube size h > a, for some other constant ¢;. Therefore, for each M < oo,

aC1Nn
An(]:'(M)) < pco(l/an) -a_a'—’

n

and condition (i) is satisfied. O

In many applications, different components of the feature vector X correspond
to different physical measurements. For example, in a medical application, the
first coordinate could represent blood pressure, the second cholesterol level, and
the third the weight of the patient. In such cases there is no reason to use cubic
histograms, because the resolution of the partition %, along the coordinate axes de-
pends on the apparent scaling of the measurements, which is rather arbitrary. Then
one can use scale-independent partitions such as methods based on order statistics
described earlier. Alternatively, one might use rectangular partitions instead of
cubic ones, and let the data decide the scaling along the different coordinate axes.
Again, Theorem 21.2 can be used to establish conditions of universal consistency
of the classification rule corresponding to data-based rectangular partitions:

Theorem 21.7. Consider a data-dependent histogram rule when the cells of the
partition are all rectangles of the form

[lenls (kl + 1)Hn1) X...X [dend’ (kd + 1)Hna'),

whereky, ..., kg runthrough the set of integers, and the edge sizes of the rectangles
H,1, ..., Hyy are determined from the data D,,. If asn — 00

H, — 0 foreachl <i <d,and nH,, --- H,y — oo with probability one,

then the data-dependent rectangular partitioning rule is strongly universally con-
sistent.

To prove this, just check the conditions of Theorem 21.2 (Problem 21.7). We
may pick, for example, H,1, .. ., H,4 to minimize the resubstitution estimate

n
D g
i=1

subject of course to certain conditions, so that Zﬁil H,; — O with probability one,
yetn ]_[f:1 H,; — oo with probability one. See Problem 21.8.
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21.7 Classification Trees

Consider a partition of the space obtained by a binary classification tree in which
eachnode dichotomizes its set by a hyperplane (see Chapter 20 for more on classifi-
cation trees). The construction of the tree is stopped according to some unspecified
rule, and classification is by majority vote over the convex polytopes of the parti-
tion.

The following corollary of Theorem 21.2 generalizes (somewhat) the consis-
tency results in the book by Breiman, Friedman, Olshen, and Stone (1984):

Theorem 21.8. (LuGost AND NOBEL (1996)). Let g, be a binary tree classifier
based upon at most m, — 1 hyperplane splits, where m, = o(n/logn). If, in
addition, condition (ii) of Theorem 21.2 is satisfied, then g, is strongly consistent.
In particular, the rule is strongly consistent if condition (ii) of Theorem 21.2 holds
and every cell of the partition contains at least k,, points, where k, [ logn — 00.

ProoF. To check condition (i) of Theorem 21.2, recall Theorem 13.9 which implies
that n > 2 points in a d-dimensional Euclidean space can be dichotomized by
hyperplanes in at most n**! different ways. From this, we see that the number of
different ways n points of R¢ can be partitioned by the rule g, can be bounded by

my
(nd+1) n 2(d+1)m,, logn,

as there are not more than m,, cells in the partition. Thus,
A, (fn) < QM 2(d+1)m,, logn .
By the assumption that m, logn/n — 0 we have

My . m,(d +1)logn

1
- 10g An(fn) =
n n n

- 0,

so that condition (i) of Theorem 21.2 is satisfied.

For the second part of the statement, observe that there are no more than n/k,
cells in any partition, and that the tree-structured nature of the partitions assures
that g, is based on at most n/k, hyperplane splits. This completes the proof. O

Problems and Exercises

PrOBLEM 21.1. Let P be a partition of R?. Prove that

> 11a(A) = u(A) =2 sup |u,(B) — u(B),
AeP BeB(P)

where the class of sets B(P) contains all sets obtained by unions of cells of P. This is
Scheffé’s (1947) theorem for partitions. See also Problem 12.13.
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ProBLEM 21.2. Show that condition (ii) of Theorem 21.2 may be replaced by the following:
forevery y > Oand § € (0, 1)

lim inf w({x : diam(A,(x)NT) > y}) =0 with probability one.

n—00 TeRAyy(T)>1-8
PrROBLEM 21.3. Let X be uniformly distributed on the unit square [0, 1]>. Let n(x) = 1 if
x® < 2/3, and n(x) = 0 otherwise (see Figure 21.3). Consider the algorithm when firg
the x(V-coordinate is cut at the k-th smallest x‘"-value among the training data. Next the
rectangle with 7 — k points is cut according to the x®-axis, isolating another k points. Thig
is repeated on a rotational basis for the two coordinate axes. Show that the error probability
of the obtained partitioning classifier does not tend to L* = 0. Can you determine the
asymptotic error probability?

PrOBLEM 21.4. Modify Gessaman’s rule based on statistically equivalent blocks so that the
rule is strongly universally consistent.

ProBLEM 21.5. Cut each axis independently into intervals containing exactly k of the (pro-
jected) data points. The i-th axis has intervals A, ;, Ay, .... Form a histogram rule that
takes a majority vote over the product sets A; 1 X -+ X A;, 4.

FIGURE 21.6. A partition based upon the

e ©O
® method obtained above with k = 6.
o
®
®
o) ® &
®
°e
e
(o] o o
° e

This rule does nor guarantee a minimal number of points in every cell. Nevertheless, if
k? = o(n), k — oo, show that this decision rule is consistent, i.e., that E{L,} — L*in
probability.

PrROBLEM 21.6. Show that each step of the k-means clustering algorithm decreases the
empirical squared error. Conclude that Theorem 21.5 is also true if the clusters are given
by the k-means algorithm. HINT: Observe that the only property of the clusters used in the
proof of Theorem 21.5 is that

E{ min || X —a;|? Dn} -0
I<j<kn

with probability one. This can be proven for clusters given by the k-means algorithm if it
is appropriately initialized. To this end, use the techniques of Problem 29.4.
PrOBLEM 21.7. Prove Theorem 21.7.

ProBLEM 21.8. Consider the H,,;’s in Theorem 21.7, the interval sizes for cubic histograms.
Let the H,;’s be found by minimizing

n
Z Tigaxpzry
=1
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subject to the condition that each marginal interval contain at least k data points (that is, at
feast k data points have that one coordinate in the interval). Under which condition on £ is
the rule consistent?

proBLEM 21.9. Take a histogram rule with data-dependent sizes H,, ..., H,; as in Theo-
rem 21.7, defined as follows:

1) Hy= <1max x® - 1min X;i) /v, 1 <i<d(where X; = (XE-I), . Xg-d));

=j=n =jsn
(2) Hyi = Wy — V,)/nl/@) 1 <i < d, where V,; and W,,; are 25 and 75 percentiles
of X0, .. X0,

Assume for convenience that X has nonatomic marginals. Show that (1) leads sometimes to
an inconsistent rule, even if d = 1. Show that (2) always yields a scale-invariant consistent

rule.






22
Splitting the Data

22.1 The Holdout Estimate

Universal consistency gives us a partial satisfaction—without knowing the under-
lying distribution, taking more samples is guaranteed to push us close to the Bayes
rule in the long run. Unfortunately, we will never know just how close we are to the
Bayes rule unless we are given more information about the unknown distribution
(see Chapter 7). A more modest goal is to do as well as possible within a given class
of rules. To fix the ideas, consider all nearest neighbor rules based upon metrics

of the form
d
)
el =" ax®,
i=1
where a; > O foralli and x = (xV, ..., x¥). Here the ;s are variable scale fac-
tors. Let ¢, be a particular nearest neighbor rule for a given choice of (ay, . . ., aq),

and let g, be a data-based rule chosen from this class. The best we can hope for
now is something like

L(gn)
inf¢n L(¢n)

for all distributions, where L(g,) = P{g,(X) # Y|D,} is the conditional probabil-
ity of error for g,. This sort of optimality-within-a-class is definitely achievable.
However, proving such optimality is generally not easy as g, depends on the data.
In this chapter we present one possible methodology for selecting provably good
rules from restricted classes. This is achieved by splitting the data into a training

— 1 in probability
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sequence and a testing sequence. This idea was explored and analyzed in depth iy
Devroye (1988b) and is now formalized.

The data sequence D, is split into a training sequence D, = (X1, Y7), .
(Xnu Ym) and a teSting sequence Tl = (Xm+1y Ym+1)v s (XWH-]? Ym+1), Where l-{:
m = n. The sequence D,, defines a class of classifiers C,, whose members are
denoted by ¢,,.(-) = ¢y, (-, D). The testing sequence is used to select a classifier
from C,, that minimizes the error count

~ 1
Lm,l((bm) = 7 Z I{¢171(Xm+i)'7’Ym+i}'
i=1

This error estimate is called the holdout estimate, as the testing sequence is “helq
out” of the design of ¢,,. Thus, the selected classifier g, € C, satisfies

7:m,l(gn) = Zm,l(¢1n)

for all ¢, € C,,. The subscript  in g, may be a little confusing, since g, is in C,,
aclass of classifiers depending on the first m pairs D, only. However, g, depends
on the entire data D, as the rest of the data is used for testing the classifiers in
C,. We are interested in the difference between the error probability

L(gn) = P{g,(X) 7 Y|Dnl,

and that of the best classifier in C,, infg, ¢, L(¢n). Note that L(¢,) = P{gn(X) #
Y|D,,} denotes the error probability conditioned on D,,. The conditional proba-

bility
Dm}

is small when most testing sequences 7; pick a rule g, whose error probability is
within ¢ of the best classifier in C,,. We have already addressed similar questions
in Chapters 8 and 12. There we have seen (Lemma 8.2), that

L(gy) — inf L(¢gm) <2 sup |Lui(dm) — L(dw)]-
& €Cn b€l

P [ L(gs) — inf L(¢n) > e

& €C

If C,, contains finitely many rules, then the bound of Theorem 8.3 may be useful:

& €Cn

P{ SUp (Lo i(pm) — L(@)| > € Dm} < 2(Cle €.

If we take m = = n/2, then Theorem 8.3 shows (see Problem 12.1) that on the
average we are within ,/log(2¢(C,,[)/n of the best possible error rate, whatever it
is.

If C,, is of infinite cardinality, then we can use the Vapnik-Chervonenkis theory
to get similar inequalities. For example, from Theorem 12.8 we get

P{ SUp |Ls (@) — L(gm)| > € Dm} < 46*S(Cp. 1), 221

m €lm
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and consequently,

P { L(gn) - ¢in£ L(¢m) > €

m€Cm

D,,,} < 4688(C,y, 1P)e €2 (22.2)

where S(C, 1) is the [-th shatter coefficient corresponding to the class of classifiers
(, (see Theorem 12.6 for the definition). Since C,, depends on the training data
D,., the shatter coefficients S(Cy,, [) may depend on D,,, too. However, usually it is
possible to find upper bounds on the random variable S(C,,, [) that depend on m and
] only, but not on the actual values of the random variables Xy, Y1, ..., Xp, Y.
Both upper bounds above are distribution-free, and the problem now is purely
combinatorial: count |C,,| (this is usually trivial), or compute S(Cy,, 1).

ReMARK. With much more effort it is possible to obtain performance bounds of
the holdout estimate in the form of bounds for

P(L1(bn) — L) > €}

for some special rules where ¢,,, and ¢, are carefully defined. For example, Devroye
and Wagner (1979a) give upper bounds when both ¢,, and ¢, are k-nearest neighbor
classifiers with the same & (but working with different sample size). O

REMARK. Minimizing the holdout estimate is not the only possibility. Other error
estimates that do not split the data may be used in classifier selection as well. Such
estimates are discussed in Chapters 23, 24, and 31. However, these estimates are
usually tailored to work well for specific discrimination rules. The most general
and robust method is certainly the data splitting described here. O

22.2 Consistency and Asymptotic Optimality

Typically, C,, becomes richer as m grows, and it is natural to ask whether the
empirically best classifier in C,, is consistent.

Theorem 22.1. Assume that from each C,, we can pick one ¢,, such that the
sequence of ¢y, ’s is consistent for a certain class of distributions. Then the auto-
matic rule g, defined above is consistent for the same class of distributions (i.e.,
EL(g,) - L*asn — o0) if

i 10SESCo DY _

n—00 l

PROOF. Decompose the difference between the actual error probability and the
Bayes error as

L(gn)—L" = <L(gn) - Jof L(¢m)) + (@iﬂggm L(pm) — L*> :

'm Elm
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The convergence of the first term on the right-hand side is a direct corollary of
(22.2). The second term converges to zero by assumption. [

Theorem 22.1 shows that a consistent rule is picked if the sequence of C,’
contains a consistent rule, even if we do not know which functions from C,, lead to
consistency. If we are just worried about consistency, Theorem 22.1 reassures yg
that nothing is lost as long as we take [ much larger than log(E{S(C,,, D)}). Often,
this reduces to a very weak condition on the size [ of the testing set.

Let us now introduce the notion of asymptotic optimality. A sequence of ruleg
g, is said to be asymptotically optimal for a given distribution of (X, Y) when

E{L(g,)} — L* _
m - =
n—oo E {infy, ec, L(¢m)} — L*

Our definition is not entirely fair, because g, uses n observations, whereas the
family of rules in the denominator is restricted to using m observations. If g, is
not taken from the same C,,, then it is possible to have a ratio which is smaller thag
one. Butif g, € C,,, then the ratio always is at least one. That is why the definition
makes sense in our setup.

When our selected rule is asymptotically optimal, we have achieved something
very strong: we have in effect picked arule (or better, a sequence of rules) which has
a probability of error converging at the optimal rate attainable within the sequence
of C,,’s. And we do not even have to know what the optimal rate of convergence
is. This is especially important in nonparametric rules, where some researchers
choose smoothing factors based on theoretical results about the optimal attainable
rate of convergence for certain classes of distributions. F

We are constantly faced with the problem of choosing between parametric and’
nonparametric discriminators. Parametric discriminators are based upon an under-
lying model in which a finite number of unknown parameters is estimated from
the data. A case in point is the multivariate normal distribution, which leads to.
linear or quadratic discriminators. If the model is wrong, parametric methods can
perform very poorly; when the model is right, their performance is difficult to
beat. The method based on splitting the data chooses among the best discriminator
depending upon which happens to be best for the given data. We can throw in C,
a variety of rules, including nearest neighbor rules, a few linear discriminators, a
couple of tree classifiers and perhaps a kernel rule. The probability bounds above
can be used when the complexity of C,, (measured by its shatter coefficients) does
not get out of hand.

The notion of asymptotic optimality can be too strong in many cases. The reason
for this is that in some rare lucky situations E {inf¢m ec, L(qﬁm)} — L* may be very
small. In these cases it is impossible to achieve asymptotic optimality. We can fix
this problem by introducing the notion of €,-optimality, where ¢,, is a positive
sequence decreasing to O with #. A rule is said to be €,,-optimal when

l. E{L(gn)} - L*
1m - =
n—oo E {infy, ¢, L(m)} — L*
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for all distributions of (X, ¥) for which

E {inf L(p,)t — L*
lim { G €C (¢ )} = 00
nM—00 € -

In what follows we apply the idea of data splitting to scaled nearest neighbor
sules and to rules closely related to the data-dependent partitioning classifiers
studied in Chapter 21. Many more examples are presented in Chapters 25 and 26.

22.3 Nearest Neighbor Rules with Automatic Scaling

Let us work out the simple example introduced above. The (ay, . . ., aq)-NN rule is
the nearest neighbor rule for the metric

d

2
E a?x®?,
i=1

llxll =
where x = (x, ..., x@). The class C,, is the class of all (ay, ..., as)-NN rules
for D, = (X1, Y1), ..., (X, Yn)). The testing sequence 7; is used to choose
(a1, - - -, aq) SO as to minimize the holdout error estimate. In order to have

L(g,)— inf L(¢,)— O in probability,

$n€C

it suffices that
m log E{S(Cyn, D}

n—00 [

=0.

This puts a lower bound on /. To get this lower bound, one must compute S(C,,, [).
Clearly, S(C,,, I) is bounded by the number of ways of classifying X1, ..., Xy
using rules picked from C,,, that is, the total number of different values for

{((bm(XmH)a ey ¢m(Xm+l)) s ¢m € Cm} .

We now show that regardless of D,, and X, ..., X+, for n > 4 we have

d
m
SCn.1) < (z(z)) .

This sort of result is typical-—the bound does not depend upon D, or 7;. When
plugged back into the condition of convergence, it yields the simple condition

logm
[

-

In fact, we may thus take [ slightly larger than log . It would plainly be silly to
take / = n/2, as we would thereby in fact throw away most of the data.
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Set
Am = {(¢in(X7n+1)’ e ¢m(Xm+Z)) , @m € Cm} .

To count the number of values in A4,,, note that all squared distances can be writtep

as
d

I1X: = X017 =) atpri s
=T
where o ; i a nonnegative number only depending upon X; and X;. Note
that each squared distance is linear in (a7, . .., a3). Now consider the space of
(a2, ...,a3). Observe that, in this space, ¢ (X,+1) is constant within each cell of
the partition determined by the (’;) hyperplanes

d d
Za]zpk,i,ma-l = Za;gpk,i',mﬂ, 1<i<i'zm.
k=1 k=1
To see this, note that within each set in the partition, ¢,,(X,,,1) keeps the same
nearest neighbor among X, ..., X,,. It is known that k > 2 hyperplanes in R¢
create partitions of cardinality not exceeding k¢ (see Problem 22.1). Now, overlay
the [ partitions obtained for ¢,,(X,n41), - - - » $m(Xm1) respectively. This yields at

()

sets, as the overlays are determined by l(’g) hyperplanes. But clearly, on each of
these sets, (¢ (Xns1), - - . » Om(Xiner)) is constant. Therefore,

d
SCos ) < 1A < (l(,;)) .

22.4 Classification Based on Clustering

Recall the classification rule based on clustering that was introduced in Chapter 21.
The data points X1, . .., X,; are grouped into k clusters, where k is a predetermined
integer, and a majority vote decides within the k clusters. If &k is chosen such
that k — oo and k*logn/n — 0, then the rule is consistent. For a given finite
n, however, these conditions give little guidance. Also, the choice of k could
dramatically affect the performance of the rule, as there may be a mismatch between
k and some unknown natural number of clusters. For example, one may construct
distributions in which the optimal number of clusters does not increase with 7.

Let us split the data and let the testing sequence decide the value of k. In the
framework of this chapter, C,, contains the classifiers based on the first m pairs
D,, of the data with all possible values of k. Clearly, C,, is a finite family with
|C| = m. In this case, by Problem 12.1, we have

Dm} < /210gl(2m) .

E [ Lgn) = inf L(gn)
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The consistency result Theorem 21.5 implies that

E{ inf L(¢m)} — L*

O €Cp

for all distributions, if the X;’s have bounded support. Thus, we see that our strategy
Jeads to a universally consistent rule whenever (logm)/l — 0. This is a very mild
condition, since we can take / equal to a small fraction of n, without sacrificing
consistency. If [ is small compared to n, then m is close to n, so infy, ec, L(¢m)
is likely to be close to infy ¢, L(¢,). Thus, we do not lose much by sacrificing
a part of the data for testing purposes, but the gain can be tremendous, as we are
guaranteed to be within /(logm)/l of the optimum in the class C,,.

That we cannot take [ = 1 and hope to obtain consistency should be obvious. It
should also be noted that for [ = m, we are roughly within /log(m)/m of the best
possible probability of error within the family. Also the empirical selection rule is

log(m)/ I-optimal.

22.5 Statistically Equivalent Blocks

Recall from Chapter 21 that classifiers based on statistically equivalent blocks
typically partition the feature space R4 into rectangles such that each rectangle
contains k points, where k is a certain positive integer, the parameter of the rule.
This may be done in several different ways. One of many such rules—the rule
introduced by Gessaman (1970)— is consistentif k — oo and k/n — 0 (Theorem
21.4). Again, we can let the data pick the value of k¥ by minimizing the holdout
estimate. Just as in the previous section, |C,;| = m, and every remark mentioned
there about consistency and asymptotic optimality remains true for this case as
well.

We can enlarge the family C,, by allowing partitions without restrictions on
cardinalities of cells. This leads very quickly to oversized families of rules, and
we have to impose reasonable restrictions. Consider cuts into at most k rectangles,
where k is a number picked beforehand. Recall that for a fixed partition, the class
assigned to every rectangle is decided upon by a majority vote among the training
points. On the real line, choosing a partition into at most & sets is equivalent to
choosing k — 1 cut positions from m +! + 1 = n + 1 spacings between all test and
training points. Hence,

n+1

SCu, 1) < ( 1) < (n+ 1.

k —

For consistency, & has to grow as n grows. It is easily seen that

E{ inf L(¢,,,)} — L*

m€Lm
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if ¥k — oo and m — oo. To achieve consistency of the selected rule, however, we
also need
logS(Cp,1) (k—~1)logn+1)
< —
l - l
Now consider d-dimensional partitions defined by at most £ — 1 consecutiye
orthogonal cuts, that is, the first cut divides R¢ into two halfspaces along a hyper.
plane perpendicular to one of the coordinate axes. The second cut splits one of the
halfspaces into two parts along another orthogonal hyperplane, and so forth. Thijg
procedure yields a partition of the space into k rectangles. We see that for the firgt
cut, there are at most 1 +dn possible combinations to choose from. This yields the
loose upper bound

0.

SCm, D) < (1 +dn) .

This bound is also valid for all grids defined by at most & — 1 cuts. The main
difference here is that every cut defines two halfspaces of R¢, and not two hyper.
rectangles of a cells, so that we usually end up with 2* rectangles in the partition,

Assume that C,, contains all histograms with partitions into at most & (possibly
infinite) rectangles. Then, considering that a rectangle in R¢ requires choosing 24
spacings between all test and training points, two per coordinate axis,

S(Cp, 1) < (n+ 1)2ED,

See Feinholz (1979) for more work on such partitions.

22.6 Binary Tree Classifiers

We can analyze binary tree classifiers from the same viewpoint. Recall that such
classifiers are represented by binary trees, where each internal node corresponds
to a split of a cell by a hyperplane, and the terminal nodes represent the cells of
the partition.

Assume that there are & cells (and therefore & — 1 splits leading to the partition).
If every split is perpendicular to one of the axes, then, the situation is the same as
in the previous section,

SCp, 1) < (1 +dn)* 1.

For smaller families of rules whose cuts depend upon the training sequence only;
the bound is pessimistic. Others have proposed generalizing orthogonal cuts by
using general hyperplane cuts. Recall that there are at most

d+1
Z (l’l) < nd-}-l +1

= N
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ways of dichotomizing n points in R¥ by hyperplanes (see Theorem 13.9). Thus,
if we allow up to k — 1 internal nodes (or hyperplane cuts),

SCu, ) < (14081

The number of internal nodes has to be restricted in order to obtain consistency
from this bound. Refer to Chapter 20 for more details.

Problems and Exercises

ProBLEM 22.1. Prove that n hyperplanes partition R4 into at most Z?:o (’:) contiguous
regions whend < n (Schliffli (1950), Cover (1965)). HINT: Proceed by induction.

PROBLEM 22.2. Assume that g, is selected so as to minimize the holdout error estimate
L; #(@m) over Cp, the class of rules based upon the first m data points. Assume furthermore
that we vary [ over [log? n, n/2], and that we pick the best [ (and m = n — [) by minimizing
the holdout error estimate again. Show that if S(C,,, [) = O(n?) for some y > 0, then the
obtained rule is strongly universally consistent.

ProBLEM 22.3. Let C,, be the class of (ay, . .., as)-NN rules based upon D,,. Show that if
m/n — 1, then
inf L(¢n) — mf L(¢,) — 0 in probability

$m€Cm

for all distributions of (X, Y) for which X has a density. Conclude that if [/ logn — oo,
m=n—1,1=o0(n), then

L(gn) — ¢in£ L(¢,) — 0 in probability.
n€ln

PROBLEM 22.4. FINDING THE BEST SPLIT. This exercise is concerned with the automatic
selection of m and [ = n — m. If g, is the selected rule minimizing the holdout estimate,
then

21og (48(C,, 1%)) + 16
1

E(L(g)|Dn) — L° 5\/ * (@igg Lgn) — L*). (22.3)
Since in most interesting cases S(C,,, 1) is bounded from above as a polynomial of m and [,
the estimation error typically decreases as / increases. On the other hand, the approximation
error infy, ¢, L(¢n) — L* typically decreases as m increases, as the class C,, gets richer.
Some kind of balance between the two terms is required to get optimum performance. We
may use the empirical estimates fm 1(¢) againto decide which value of m we wish to choose
(Problem 22.2). However, as m gets large—and therefore [ small—the class C,, will tend to
overfit the data 7;, providing strongly optimistically biased estimates for infy,,ec,, L(¢m)-
To prevent overfitting, we may apply the method of complexity regularization (Chapter 18).
By (22.1), we may define the penalty term by

8 2
o D) = \/ 2log (4e E{S(fm, ) +logn
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and minimize the penalized error estimate Zm, {P) = 'I':m, ({p)+r(m,)overall ¢ € U’,}lalcm_
Denote the selected rule by ¢ Prove that for every n and all distributions of (X, ¥),

2
Bl -1 < mip (3 \/ 2log (4E{S(C,r. 1)) +logn + 16

{

. AL 2
(el e -w)))

HinT: Proceed similarly to the proof of Theorem 18.2.
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The Resubstitution Estimate

Estimating the error probability is of primordial importance for classifier selection.
The method explored in the previous chapter attempts to solve this problem by
using a testing sequence to obtain a reliable holdout estimate. The independence
of testing and training sequences leads to a rather straightforward analysis. For
a good performance, the testing sequence has to be sufficiently large (although
we often get away with testing sequences as small as about log n). When data are
expensive, this constitutes a waste. Assume that we do not split the data and use the
same sequence for testing and training. Often dangerous, this strategy nevertheless
works if the class of rules from which we select is sufficiently restricted. The error
estimate in this case is appropriately called the resubstitution estimate and it will
be denoted by Lflm. This chapter explores its virtues and pitfalls. A third error
estimate, the deleted estimate, is discussed in the next chapter. Estimates based
upon other paradigms are treated briefly in Chapter 31.

23.1 The Resubstitution Estimate

The resubstitution estimate LX) counts the number of errors committed on the
training sequence by the classification rule. Expressed formally,

1 n
R
LP = - Z g, (x)#1)
i=1

Sometimes L{® is called the apparent error rate. It is usually strongly optimisti-
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cally biased. Since the classifier g, is tuned by D,, it is intuitively clear that &
may behave better on D, than on independent data.

The best way to demonstrate this biasedness is to consider the 1-nearest neigh.
bor rule. If X has a density, then the nearest neighbor of X; among X, ..., x
is X; itself with probability one. Therefore, L% = 0, regardless of the value 0;:
L, = L(gn)- In this case the resubstitution estimate is useless. For k-nearest neigh.
bor rules with large k, L{® is close to L,. This was demonstrated by Devroye ang
Wagner (1979a), who obtained upper bounds on the performance of the resubstj.
tution estimate for the k-nearest neighbor rule without posing any assumption op
the distribution.

Also, if the classifier whose error probability is to be estimated is a member of 5
class of classifiers with finite Vapnik-Chervonenkis dimension (see the definitiong
in Chapter 12), then we can get good performance bounds for the resubstitution
estimate. To see this, consider any generalized linear classification rule, that s,
any rule that can be put into the following form:

0 ifag,+ Y8 aiavi(x) <0
8n(x) _{ 1 otherwise,

where the ¢;’s are fixed functions, and the coefficients a; , depend on the data
D, in an arbitrary but measurable way. We have the following estimate for the
performance of the resubstitution estimate L{F.

Theorem 23.1. (DEVROYE AND WAGNER (19764)). For all n and € > 0, the re-
substitution estimate L' of the error probability L, of a generalized linear rule
satisfies

PlILE — L, > €} < 8n¥ e/,

PROOF. Define the set A, € R? x {0, 1} as the set of all pairs (x, y) € R x {0, 1},
on which g, errs:

An = {(x, Y) . gn(x) 7()7} .
Observe that
L,=P{(X,Y) € A,D,}

and

1 n
R _
L = - D Lix, v penns
j=1

or denoting the measure of (X, Y) by v, and the corresponding empirical measure
by vy,
L,= V(An)a

and
L;R) =v,(Ap).
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The set A, depends on the data D, so that, for example, E{v,(A,)} # E{v(A,)}.
Fortunately, the powerful Vapnik-Chervonenkis theory comes to the rescue via the
inequality
Ly — L] < sup [v,(C) = v(C)],
CeC

where C is the family of all sets of the form {(x, y) : ¢(x) # y}, where ¢ : RY —
0,1} is a generalized linear classifier based on the functions ¥, ..., ¥+ By
Theorems 12.6, 13.1, and 13.7 we have

ceC

Similar inequalities can be obtained for other classifiers. For example, for par-
titioning rules with fixed partitions we have the following:

Theorem 23.2. Let g, be a classifier whose value is constant over cells of a fixed
partition of R4 into k cells. Then

P{ILY — Ly| = e} <8257/,

The proof is left as an exercise (Problem 23.1). From Theorems 23.1 and 23.2
we get bounds for the expected difference between the resubstitution estimate and
the actual error probability L,. For example, Theorem 23.1 implies (via Problem

12.1) that
a1

E{L® — L} =0 <,/ Og”) .
n

In some special cases the expected behavior of the resubstitution estimate can
be analyzed in more detail. For example, McLachlan (1976) proved that if the
conditional distributions of X given ¥ = 0 and ¥ = 1 are both normal with
the same covariance matrices, and the rule is linear and based on the estimated
parameters, then the bias of the estimate is of the order 1/n:

[E{LP} ~E(L,)|= 0 (2) |

McLachlan also showed for this case that for large n the expected value of the re-
substitution estimate is smaller than that of L, that is, the estimate is optimistically
bigsed, as expected.

23.2 Histogram Rules

In this section, we explore the properties of the resubstitution estimate for his-
togram rules. Let P = {A}, As, ...} be a fixed partition of R¢, and let g, be the
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corresponding histogram classifier (see Chapters 6 and 9). Introduce the Notatioy
1L 1
vo,x(A) = p ; Ly=01lix,eny, and vy ,(A) = - ]Z:; Ly, =131x;e4).

The analysis is simplified if we rewrite the estimate L% in the following forp,
(see Problem 23.2):

L = " min{vgn(A:), via(A)}. (231
It is also interesting to observe that L® can be put in the following form:

L = / (Iinnr= o, 110 (6 + Ty (05 10,01 10,0 (X)) 12(d),

where

1
n lel':l 1y,20.%,€A) % Z?:l Liy;=1,x,eA0)
H(A(x)) #(A(x))

We can compare this form with the following expression of L,:

770,n(x) = and nl,n(x) =

Ly= f (L1200 1) + Ly 5mo 00 (1 = 1(2))) pe(dx)

(see Problem 23.3). We begin the analysis of performance of the estimate by
showing that its mean squared error is not larger than a constant times the number
of cells in the partition over 7.

Theorem 23.3. For any distribution of (X, Y) and for all n, the estimate L® of
the error probability of any histogram rule satisfies
1

Var(L ¥} < -
n

Also, the estimate is optimistically biased, that is,
E(L®} <E{L,}.

If in addition, the histogram rule is based on a partition P of R into at mostk
g D

cells, then : o
2
E{(L® -L)} ==

Proor. The first inequality is an immediate consequence of Theorem 9.3 and
(23.1). Introduce the auxiliary quantity

R* =7 min{vo(A), vi (4D},
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where vo(A) = P{Y = 0,X € A}, and v;(A) = P{Y = 1, X € A}. We use the
decomposition

E{P - L)'} =2 (B{P - &)+ E[(R - L)]). @32

First we bound the second term on the right-hand side of (23.2). Observe that R*
is just the Bayes error corresponding to the pair of random variables (T (X), Y),
where the function T' transforms X according to T'(x) = i if x € A;. Since the
histogram classification rule g,(x) can be written as a function of 7' (x), its error
probability L, cannot be smaller than R*. Furthermore, by the first identity of
Theorem 2.2, we have

0<L,—R"

1l

Z Tisign(vy (4 —vo,u(A)Fign(vi (A)—vo(A )} V1 (Ai) — vo(A7)]
i

IA

D viA) — vo(Ar) = (via(AD) = vou(AD) |-

If the partition has at most & cells, then by the Cauchy-Schwarz inequality,

E{(L, — R*?}

IA

2
E (Z V1(A) = vo(A) = (va(Ai) = vo.n(A)) ()

=< k Z Var {Vl.n(Ai) - VO,n(Ai)}

kZ u(A;) ___f.

n n
We bound the first term on the right-hand side of (23.2):
E{(L ~ &)} < Var(L{®) + (R - E{LF}).

As we have seen earlier, Var{L{®} < 1/n, so it suffices to bound |R* — E{L{®}|.
By Jensen’s inequality,

E(LP) = > E{min{vo.(A), via(A)}]

IA

Z min (E{vo,n(Ai)}, E{Vl,n(Ai)})

Z min(vo(A;), vi(A;))

= R*.
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So we bound R* — E{L!®} from above. By the inequality
min(a, b) — min(c, d)| <'la —c|+ |b — d],
we have

R* — E{L{)

IA

D E{Iw(A) = von(AD| + [11(A) — via(AD]}

IA

> (VVar{o, (4)) + /Var( ,(4)])

4

(by the Cauchy-Schwarz inequality)

Z \/VO(Ai)(I — V(A1) + \/Vl(Ai)(l —n(4))
7 n n

3 ( \/Z(Vo(Ai)(l —Vo(A) + v (A — v1<A,-)>))

7 n
21u(Ay)
Xy

where we used the elementary inequality \/a + /b < v/2(a + b). Therefore,

2
- (R)1\2 2u(A;)
(R —E{L)) =< <Z,/——~n :

To complete the proof of the third inequality, observe that if there are at most &
cells, then

R* —E{L®) < Z,/M
‘ n

1 20(A;) . .
< k z Z — (by Jensen’s inequality)

i

~ [2k
= —.
Therefore, (R* — E{L®})? < 2k/n. Finally,
E{L,} —E{L®} = (E{L,} - R)+(R* —E{LP}) > 0. O

We see that if the partition contains a small number of cells, then the resubsti-
tution estimate performs very nicely. However, if the partition has a large number
of cells, then the resubstitution estimate of L, can be very misleading, as the next
result indicates:
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Theorem 23.4. (DEVROYE AND WAGNER (1976B)). For every n there exists a par-
sitioning rule and a distribution such that

E {(Lyf) - L,,)2} > 1/4,

PROOF. Let Ay, ..., Ay, be 2n cells of the partition such that w(A;) = 1/(2n),
i =1,...,2n. Assume further that n(x) = 1 for every x € R, thatis, ¥ = 1
with probability one. Then clearly L{® = 0. On the other hand, if a cell does not
contain any of the data points X1, ..., X, then g,(x) = 0 in that cell. But since
the number of points is only half of the number of cells, at least half of the cells
are empty. Therefore L, > 1/2,and |L{®’ — L, | > 1/2. This concludes the proof.
O

23.3 Data-Based Histograms and Rule Selection

Theorem 23.3 demonstrates the usefulness of L for histogram rules with a fixed
partition, provided that the number of cells in the partition is not too large. If we
want to use L® to select a good classifier, the estimate should work uniformly
well over the class from which we select a rule. In this section we explore such
data-based histogram rules.

Let F be a class of partitions of R¢. We will assume that each member of F par-
titions R¥ into at most k cells. For each partition P € F, define the corresponding
histogram rule by

¢ Py = | O i It xieaw) < 3oy liv=oxieaco)
n 1 otherwise,

where A(x) is the cell of P that contains x. Denote the error probability of g (x)
by
L,(P)=P{g7(X)#Y|D,}.

The corresponding error estimate is denoted by

LPP) =" min{vg,,(A), via(A)}.

AeP

By analogy with Theorems 23.1 and 23.2, we can derive the following result,
which gives a useful bound for the largest difference between the estimate and
the error probability within the class of histogram classifiers defined by F. The
combinatorial coefficient A%(F) defined in Chapter 21 appears as a coefficient
in the upper bound. The computation of A*(F) for several different classes of
partitions is illustrated in Chapter 21.
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Theorem 23.5. (FEINHOLZ (1979)). Assume that each member of F partitions
R% into ar most k cells. For every n and € > 0,

P{Sup [LEP) — Lu(P)| > e} < 8. 2FAX(F)e 2,
PeF

PrOOF. We can proceed as in the proof of Theorem 23.1. The shatter coefficient
S(C, n) corresponding to the class of histogram classifiers defined by partitions i
F can clearly be bounded from above by the number of different ways in which
n points can be partitioned by members of F, times 2k as there are at most 2%
different ways to assign labels to cells of a partition of at most k cells. O

The theorem has two interesting implications. The error estimate L& can also
be used to estimate the performance of histogram rules based on data-dependent
partitions (see Chapter 21). The argument of the proof of Theorem 23.3 is not valid
for these rules. However, Theorem 23.5 provides performance guarantees for these
rules in the following corollaries:

COROLLARY 23.1. Let g,(x) be a histogram classifier based on a random partition
Py into at most k cells, which is determined by the data D,. Assume that for any
possible realization ot the training data Dy, the partition P, is a member of a class
of partitions F. If L, is the error probability of g,, then

P{ILISR) — Lnl > 6} < 8. 2kA;s;(]:)e_n€2/32’

and
32k +32log(AL(F)) + 128

n

E{(LP - 1,)"} =
ProoFr. The first inequality follows from Theorem 23.5 by the obvious inequality

P{L® —L,|>e€} <P {sup ILE(P) — L(P)| > e} .
PeF

The second inequality follows from the first one via Problem 12.1. O

Perhaps the most important application of Theorem 23.5 is in classifier selection.
LetC, beaclass of (possibly data-dependent) histogram rules. We may use the error
estimate LR to select a classifier that minimizes the estimated error probability.
Denote the selected histogram rule by ¢, that is,

n’

LB(pr) < LB(@,) forall ¢, € C,.

Here L%(¢,,) denotes the estimated error probability of the classification rule @y
The question is how well the selection method works, in other words, how close
the error probability of the selected classifier L(¢;) is to the error probability of
the best rule in the class, infy,c¢, L(¢y). It turns out that if the possible partitions
are not too complex, then the method works very well:
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COROLLARY 23.2. Assume that for any realization of the data D,, the possible
partitions that define the histogram classifiers in C, belong to a class of partitions
F, whose members partition R¢ into at most k cells. Then

P {L(¢:) - <2}I’lg L(¢y,) > E} <8- ZkAZ(}—)e"”eZ/US,
Yle n

PrOOF. By Lemma 8.2,
L) — inf L(¢,) <2 sup [L®(@,) — L(ga)| < 2 sup [LE(P) — L(P)).
¢n€Cy neC,y Per

Therefore, the statement follows from Theorem 23.5. O

Problems and Exercises

ProBLEM 23.1. Prove Theorem 23.2. HINT: Proceed as in the proof of Theorem 23.1.

PrROBLEM 23.2. Show that for histogram rules, the resubstitution estimate may be written

as
L® =" minfvo (A7), v1.a(A))}.

ProBLEM 23.3. Consider the resubstitution estimate L{® of the error probability L, of a
histogram rule based on a fixed sequence of partitions P,. Show that if the regression
function estimate |
7 2t lym1xea0)

M(A(x))
is consistent, that is, it satisfies E {f In(x) — nn(x)m(dx)} — Q0 asn — oo, then

lim E{|L{® — L,|} =0,

N (x) =

andalso E {L{®} — L~.

PrOBLEM 23.4. Let (X}, Y{), ..., (X}, Y,)beasequence that depends in an arbitrary fash-

m? - m

ion on the data D, and let g, be the nearest neighbor rule with (X}, Y)), ..., (X}, Y)),

where m is fixed. Let L§lR> denote the resubstitution estimate of L, = L(g,,). Show that for
all € > 0 and all distributions,

2
P {ILn _ L;R)I > 6} < 8ndm(m——l)e—ne /32.

ProBLEM 23.5. Find arule for (X, Y) € R x {0, 1} such that for all nonatomic distributions
with L* = O wehave E{L,} — 0, yetE {L®} > E{L,}. (Thus, L® may be pessimistically
biased even for a consistent rule.)

PROBLEM 23.6. For histogram rules on fixed partitions (partitions that do not change with
n and are independent of the data), show that E {Lff” } is monotonically nonincreasing.

PrOBLEM 23.7. Assume that X has a density, and investigate the resubstitution estimate of
the 3-NN rule. What is the limit of E {L{®} as n — co?
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Deleted Estimates of
the Error Probability

The deleted estimate (also called cross-validation, leave-one-out, or U-method)
attempts to avoid the bias present in the resubstitution estimate. Proposed and
developed by Lunts and Brailovsky (1967), Lachenbruch (1967), Cover (1969),
and Stone (1974), the method deletes the first pair (X1, Y1) from the training data
and makes a decision g,_1 using the remaining » — 1 pairs. It tests for an an error
on (X1, Y1), and repeats this procedure for all # pairs of the training data D,,. The
estimate LP) is the average the number of errors.
We formally denote the training set with (X;, ¥;) deleted by

Dn,i = ((Xh YI)’ ey (Xi—h Yi——l)s (Xi+19 Yi+1)7 ey (XI’H Yn))

Then we define .
L = % 21: Ligy1(X:, D )21 -
i=
Clearly, the deleted estimate is almost unbiased in the sense that
ELP =EL, ;.

Thus, L{? should be viewed as an estimator of L, 1, rather than of L, . In most
of the interesting cases L, converges with probability one so that the difference
between L,; and L, becomes negligible for large n.

The designer has the luxury of being able to pick the most convenient g, 1.
In some cases the choice is very natural, in other cases it is not. For example,
if g, is the 1-nearest neighbor rule, then letting g, be the 1-nearest neighbor
tule based on n — 1 data pairs seems to be an obvious choice. We will see later
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that this indeed yields an extremely good estimator. But what should g, _; be jf-
8n 1, for example, a k-NN rule? Should it be the k-nearest neighbor classifier, the-
k — 1-nearest neighbor classifier, or maybe something else? Well, the choice jg
typically nontrivial and needs careful attention if the designer wants a distributiog.
free performance guarantee for the resulting estimate. Because of the variety of
choices for g,_;, we should not speak of the deleted estimate, but rather of 4
deleted estimate.

In this chapter we analyze the performance of deleted estimates for a few proto.
type classifiers, such as the kernel, nearest neighbor, and histogram rules. In mogt
cases studied here, deleted estimates have good distribution-free properties.

24.1 A General Lower Bound

We begin by exploring general limitations of error estimates for some important
nonparametric rules. An error estimate L, is merely a function (R¢ x {0, 1})" -
[0, 11, which is applied to the data D, = (X1, Y1), . .., (X,, ¥,)).

Theorem 24.1. Let g, be one of the following classifiers:
(a) The kernel rule

_]0 i > y-0K (__xvhx,») > > Ly-nK (X"hXi)
gn(x) .
1 otherwise

with a nonnegative kernel K of compact support and smoothing factor
h > 0.
(b) The histogram rule

gn(x) = { 0 i > Iv=nIxieacn = iy T [ixieaw)
1 otherwise

based on a fixed partition P = {A1, Ay, ...} containing at least n cells.
(c) The lazy histogram rule

gl’l(x)=Yj> X EAiv

where X ; is the minimum-index point among X1, ..., X, for which X ; €

A;, where' P = {Ay, Az, ...} is afixed partition containing at least n cells.
Denote the probability of error for g, by L, = P{g,(X, D,) # Y|D,}. Then for
everyn > 10, and for every error estimator L, there exists a distribution of (X, Y)
with L* = 0 such that

_ !
E{|L.(Dy) — L,|} = —.
{Ea(Dn) = Lal} 2 7=

The theorem says that for any estimate Zn, there exists a distribution with the
property that E {|L,(D,) — L,|} = 1/+/32n. Forthe rules g, given in the theorem,
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noerror estimate can possibly give better distribution-free performance guarantees.
Frror estimates are necessarily going to perform at least this poorly for some
distributions.

PrOOF OF THEOREM 24.1. Let L, be an arbitrary fixed error estimate. The proof
relies on randomization ideas similar to those of the proofs of Theorems 7.1 and 7.2.
We construct a family of distributions for (X, ¥'). Forb € [0, 1)letb = 0.b1bybs . ..
pe its binary expansion. In all cases the distribution of X is uniform on » points

{x1, - , X }. For the histogram and lazy histogram rules choose x, ..., X, such
that they fall into different cells. For the kernel rule choose x1, . . ., x, so that they
are isolated from each other, that is, K(*-2) =0 forall i, j € {1,...,n},i # j.

To simplify the notation we will refer to these points by their indices, that is, we
will write X =i instead of X = x;. For a fixed b define

Y = by.

We may create infinitely many samples (one for each b € [0, 1)) drawn from the
distribution of (X, ¥) as follows. Let X1, . .., X, bei.i.d. and uniformly distributed
on{l,...,n}. All the samples share the same X1, ..., X, but differ in their ¥;’s.
For given X;, define ¥; = by,. Write Z,, = (X1, ..., X,,) and N; = Z’;‘:x Iix =iy
Observe that D,, is a function of Z,, and b. It is clear that for all classifiers covered
by our assumptions, for a fixed b,

1
Ly=— Z Ty,
nies
where S = {i : 1 <i < n, N; = 0} is the set of empty bins. We randomize the
distribution as follows. Let B = 0.B1 B, ... be a uniform [0, 1] random variable

independent of (X, Y). Then clearly By, B,, ... are independent uniform binary
random variables. Note that

Sng {[zn(Dn) — Ly }

IV

E {|En(Dn) - Lrl }

(where b is replaced by B)
E {E { ifn(Dn) - LnH Zn}} .

i

In what follows we bound the conditional e)@ectation within the brackets. To make
the dependence upon B explicit we write L,(Z,,, B) = L,(D,,) and L,(B) = L,,.
Thus,

E{ Izn(zna B) - LII(B)H Zn}
1 -~ ~
= SE{ |Li(Zy, B) = Ly(B)| + |Ln(Zy, B*) — Lo(B")|| Z,}

(where B = B; fori with N; > O and Bf = 1 — B; fori with N; =0)

v

1
EE { an(B) - Ln(B*)H Z"}

(since L,(Zy, B*) = L,(Z,, B))
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-1E1 Z
I "

(recall the expression for L, given above)

Z (Iz=1y — Ii=0})

ieS

1
= %EHZBUSH/Z)*IIIIS!}
(where B(]S|, 1/2) is a binomial (]S}, 1/2) random variable)

S
> T 1_2} (by Khintchine’s inequality, see Lemma A.5).
n

In summary, we have

- S
supE {|L,(Dy) = L, |} > ——E{ ‘2]}.
b

We have only to bound the right-hand side. We apply Lemma A.4 to the random
variable /|ST = /> 7| Iin,=0)- Clearly, E|S| = n(1 — 1/n)", and

{ZI{N'°}+Z’ —ON—O>}

7

E|S|+n(n—-1) <1 - %) )
n

(na-3)"

i

E{isP)

so that

EVISIt >
V1 Y= +n—1 (-2
(1-3)
2 e 1, a=2/nr
x F iy
_ 1y
2 \/Z ( 71)

> ﬁ(l—%) Je (use(l—%)”g%)
> %Jﬁ (forn > 10).

The proof is now complete. CI
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24.2 A General Upper Bound for Deleted Estimates

The following inequality is a general tool for obtaining distribution-free upper
pounds for the difference between the deleted estimate and the true error probability

Ln:

Theorem 24.2. (ROGERS AND WAGNER (1978); DEVROYE AND WAGNER (1976B)).
Assume that g, is a symmetric classifier, that is, gn(x, Dy) = gn(x, D}), where D,
is obtained by permuting the pairs of D,, arbitrarily. Then

2 1
E {(LSLD) - Ln) } < ; +6P {gn(Xa Dn) #gn—-l(Xa Dn—l)} .
Proor. First we express the three terms on the right-hand side of
E{(L — L)’} =E{LP?] — 2B {LPP L.} +E{L2}.

The first term can be bounded, by using symmetry of g,, by

E {L;D)z}

1 2
E (— {g,,‘l(xf,Dn_na!Y,r))
noo

1 n
= E 1 {gn1(X:, Dy )Y:}

I’l
1
o} Z Lig, (X0, Du )Y} (g1 (X5, D0 )77}
i#]
n

ELn 1

= " » P{gn (X1, Dy) # Y1, go—1(X2, Dy 2) # Yo}

i

IA

1
- +P{gn—1(X1, Du,1) # Y1, gu-1(X2, Dy 2) # Ya}.
The second term is written as

E{L,"L,}
1 n
E {Ln; Yo {g,,vmx,-,nn,,»)#m]
i=1

1
. Z E {Lnl{gnfl(XieDn,i)?{Yi)}
n i=1

i

1 n
=D E{P(gu(X, D) # Y D}P{y-1(Xe, D) # Vil Di}}
i=1
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l n
D E{P{gu(X, D) # Y, o1 (Xi, Do) 7 ¥;1Du}}
i=1

P{g,(X, D) #Y, gn1(X1, Dp 1) # 11}

For the third term, we introduce the pair (X', ¥”), independent of X, Y, and D,,
having the same distribution as (X, Y). Then

1

E{L})} = E{P{g.(X,D,)#Y|D,}}

= E{P{g.(X, Dn) # Y|D,}P{gn(X', Dy) # Y'| Dy} }
= E{[P{g.(X, D) #Y, g.(X', D) #Y'| D} }

= P{gu(X, D)) #Y, gu(X', D) # Y},

where we used independence of (X', Y').
We introduce the notation

D;l = (X37Y3)"--3(Xn, Yn),
Aviy = {8 (X (X0, Yp), (X5, Y)), D) # Y},
Bii = {gu-1(Xu:(Xi,Y), D)) # Vi),

and we formally replace (X, Y) and (X', Y') by (X4, Y,) and (Xg, Yp) so that we
may work with the indices ¢ and 8. With this notation, we have shown thus far
the following:

E {(LI(ID) - L")z} =

R -

+ P{Aq12,Ap12] — P{As 12, Bi2}
+ P{Bi2, B21} —P{As1,2, Bo1}

Note that
P{Ay 12, Ag12} — P{Ag 1,2, Bi2}
= PlAs12.Ap12} — P{As g2, Bgo}
(by symmetry)
= P{Ay 12, Ap 12} —PlAc g2, Ap 12}
+P{Aup2, Ap.1,2} — P{Asp2, B2}
= I+11
Also,

P(Bi3, By1} — P{Aq,12, B12}
= P{Boj, Bp.o} —P{Aup2, Bpo2}
(by symmetry)
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P{Ba,ﬁa Bﬁ,a} - P{Aa,ﬁ,Zs Bﬁ,a}
+P{Ay 2, Bg ot — P{Ag g2, Bp2}
I +1Vv.

Using the fact that for events {C;}, [P{C;, C;} — P{C;, Ci}| < P{C;ACy}, we
bound -

I < P{Ay120Aup2),
II < P{As120Bs} SV,
III < P{ByshAypa}=V,
IV < P{Bso,ABsa).

The upper bounds for II and III are identical by symmetry. Also,
I< P{Aa,I,ZABa,Z} + P{Ba,ZAAa,ﬁ,Z} =2V

and
1A% < P{Bﬁ,aAAlg’a,z} + P{Aﬁ,a’zABﬁ,z} =2V,

for a grand total of 6V. This concludes the proof. O

24.3 Nearest Neighbor Rules

Theorem 24.2 can be used to obtain distribution-free upper bounds for specific
rules. Here is the most important example.

Theorem 24.3. (ROGERS AND WAGNER (1978)). Let g, be the k-nearest neighbor
rule with randomized tie-breaking. If L(P ) is the deleted estimate with g, _; chosen
asthe k-NN rule (with the same k and with the same randomizing randomvariables),

ther 6k + 1
(D) _ 2} +
E{(LP - L.)} = =—.

PrOOF. Because of the randomized tie-breaking, the k-NN rule is symmetric, and
Theorem 24.2 is applicable. We only have to show that

El Ry

P {gn(Xa Dn) #gn—l(X, Dn—-l)} =

Clearly, g, (X, D,,) # g,—1(X, D,_1) can happen only if X, is among the k nearest
neighbors of X. But the probability of this event is just k/n, since by symmetry,
all points are equally likely to be among the k nearest neighbors. O
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ReMARK. If g, is the k-NN rule such that distance ties are broken by comparing
indices, then g, is not symmetric, and Theorem 24.2 is no longer applicable (unless,
e.g., X has a density). Another nonsymmetric classifier is the lazy histogram rule,
O

REMARK. Applying Theorem 24.3 to the 1-NN rule, the Cauchy-Schwarz inequality
implies E |L{”) — L, | < /7/n for all distributions. O

ReMaARK. Clearly, the inequality of Theorem 24.3 holds for any rule that is some
function of the k nearest points. For the k-nearest neighbor rule, with a more carefy]
analysis, Devroye and Wagner (1979a) improved Theorem 24.3 to

1 24k
E{(L” - L)) <1
(P - )} =

(see Problem 24.8). O

Probability inequalities for | L") — L, | can also be obtained with further work.
By Chebyshev’s inequality we immediately get

E{(” — L))

P{LP — L, > €} < .
€

3

so that the above bounds on the expected squared error can be used. Sharper
distribution-free inequalities were obtained by Devroye and Wagner (1979a; 1979b)
for several nonparametric rules. Here we present a result that follows immediately
from what we have already seen:

Theorem 24.4. Consider the k-nearest neighbor rule with randomized tie-break-
ing. If L'P) is the deleted estimate with g,y chosen as the k-NN rule with the same
tie-breaking, then

P{LP —EL, || > €} <2¢ /%),

ProOF. The result follows immediately from McDiarmid’s inequality by the fol-
lowing argument: from Lemma 11.1, given n points in R¢, a particular point can
be among the k nearest neighbors of at most ky; points. To see this, just set ; equal
to the empirical measure of the n points in Lemma 11.1. Therefore, changing the
value of one pair from the training data can change the value of the estimate by at
most 2ky,. Now, since EL(?) = EL,,_1, Theorem 9.1 yields the result. O

Exponential upper bounds for the probability P{|L{?) — L,| > €} are typically
much harder to obtain. We mention one result without proof.
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Theorem 24.5. (DEVROYE AND WAGNER (19794)). For the k-nearest neighbor

riile,
P{lLf,D) — L, >e€ < zeﬂzel/ls L 6e—ne3/(108k(y¢1+2)).

One of the drawbacks of the deleted estimate is that it requires much more
computation than the resubstitution estimate. If conditionalon Y =0 and ¥ =1,
X is gaussian, and the classification rule is the appropriate parametric rule, then the
estimate can be computed quickly. See Lachenbruch and Mickey (1968), Fukunaga
and Kessel (1971), and McLachlan (1992) for further references.

Another, and probably more serious, disadvantage of the deleted estimate is its
large variance. This fact can be illustrated by the following example from Devroye
and Wagner (1979b): let n be even, and let the distribution of (X, Y') be such that
v is independent of X with P{Y = 0} = P{Y = 1} = 1/2. Consider the k-nearest
neighbor rule with £ = n — 1. Then obviously, L, = 1/2. Clearly, if the number
of zeros and ones among the labels Y1, . .., Y;, are equal, then L{?) = 1. Thus, for
0<e<l1/2,

" 1/n
P{LL — L, >PIS Iy =t =— .
{I1L; nl > €} = ; w0 =51 = 50\ 2

By Stirling’s formula (Lemma A.3), we have
1
Lyl > €} 2 —— \/_~e1/12
Therefore, for this simple rule and certain distributions, the probability above can
not decrease to zero faster than 1/,/z. Note that in the example above, EL(P) =

EL,_; = 1/2, so the lower bound holds for P{|L?) — EL{)| > €} as well. Also,
in this example, we have

1
) _ ) 3
E {(L” —EL, } = P{ Tiv=0) = ] 4@ YivE

In Chapter 31 we describe other estimates with much smaller variances.

P(IL” —

24.4 Kernel Rules

Theorem 24.2 may also be used to obtain tight distribution-free upper bounds for
the performance of the deleted estimate of the error probability of kernel rules. We
have the following bound:

Theorem 24.6. Assume that K > 0 is a regular kernel of bounded support, that
is, it is a function satisfying

@O Kx) =8, lxl=<p,
(i)  K(x) < B,
(i)  K(x)=0, [x]|>R,
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for some positive finite constants B, p, B and R. Let the kernel rule be defined by

_]0 ifZ’i;l Iy, K (x — Xi) = Z?:} Iy-n K (x — X))
gn(x) = .
1 otherwise,

and define g,y similarly. Then there exist constants Cy(d) depending upon d only
and Cr(K) depending upon K only such that for all n,

E{(LSID) _ Ln)z} < %.,. .C.l(_%_%__@
n

One may take Co(K) = 6(1 + R/p)??> min(2, B/B).

REMARK. Since C»(K) is a scale-invariant factor, the theorem applies to the rule
with K (u) replaced by Kj,(u) = 4 K (%) for any smoothing factor. As it is, Co(K)
is minimal and equal to 12 if we let K be the uniform kernel on the unit bal]

(R = p, B = B). The assumptions of the theorem require that g, is defined with
the same kernel and smoothing factor as g,. O

REMARK. The theorem applies to virtually any kernel of compact support that is of
interest to the practitioners. Note, however, that the gaussian kernel is not covered
by the result. The theorem generalizes an earlier result of Devroye and Wagner
(1979b), in which a more restricted class of kernels was considered. They showed
that if K is the uniform kernel then

1
E {(Lff” - Ln)z} <+
See Problem 24.4. O

We need the following auxiliary inequality, which we quote without proof:

Lemma 24.1. (PETROV (1975),9.44). Let Z1, . .., Z, be real-valuedi.i.d. random
variables. For € > 0,

- Ce 1
sup P Zie[x,x+e]}§w ;
» {21 VI Jsupgzs < PRUZA = 3/2)

where C is a universal constant.

COROLLARY 24.1. Let Zy, ..., Z, be real-valued i.i.d. random variables. For € >

A >0,
z € C € 1
PIN zi| <ot —ce
{; 2} Vi A JPUZT = 1/2}

where C is a universal constant.
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PROOF OF THEOREM 24.6. We apply Theorem 24.2, by finding an upper bound for

P{gn(X9 Dn) #gnAI(Xa Dn—l)} -

For the kernel rule with kernel K >0, in which % is absorbed,

P {gn(Xs Dn) # gn-1(X, Dn-l)}

=

Define B’ = max(28, B). We have

|

< P

n—1

> @Y, — DK(X — X))

i=1

<KX-X,),KX-X,)> O} .

n—1

Y Q¥ = DK(X — X;)

i=1

n—1

> @Y, = DK(X = X))

i=1

<B.X,e€ SX,R}

(where Sy g is the ball of radius R centered at X)

2CB’
HeSenl 28 JnyPTIRY; — DK(X — X0l = BIX) }
(by Corollary 24.1, since 28 < B')

CB’
ESIix,esun 77—
g fn(Sx, )

(recall that K (u) > B for {ju]| < p,
so that P{|(2Y; — DK(x — X1)| = B} = P{X; = S, ,}D)

_ CB’// u(dy) 1(dx)
B ) s /1(Sx,0)

cet (., k)"

Bn o)

where we used Lemma 10.2. The constant ¢; depends upon the dimension only.
0O

= EjiI

IA

IA

245 Histogram Rules

In this section we discuss properties of the deleted estimate of the error probability
of histogram rules. Let P = {A}, A, ...} be a partition of R¢, and let g, be the
corresponding histogram classifier (see Chapters 6 and 9). To get a performance
bound for the deleted estimate, we can simply apply Theorem 24.2.
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Theorem 24.7. For the histogram rule g, corresponding to any partition P, ang
forall n,

pA)

E {(Lff’) - Ln)2} < % +6 Z 5" 6 ZMZ(Ai)e'”“(A",

and in particular,

1+6/ 6
E{(L;D)_Ln)z}g . e+«/ﬂ—(ﬁ——1).

PrOOF. The first inequality follows from Theorem 24.2 if we can find an upper
bound for P{g,(X) # g,-1(X)}. We introduce the notation

1 n
Vo.n(A) = " Z Liy,=01ix;ea}-
=

Clearly, g,—1(X) can differ from g,(X) only if both X, and X fall in the same cell
of the partition, and if the number of zeros in the cell is either equal, or less by one
than the number of ones. Therefore, by independence, we have

P{g,(X) # ga 1 (X))
= Y P{gu(X)# g1 (X)| X € A, X, € Ai} (A,

=< ZP { vo,n—1(A;) = LM;QJIX €A, X, € Ai} (A2

The terms in the sum above may be bounded as follows:

w—1(A
P { Von1(A) = Lf‘—zil}

Hn—1 (A)
2

XGA,XUGA}

= P {VO,n—I(A) = I_
< Plun-1(4)=0}

n—1(A)
+E {P { Vo,n—1(A) = I_M 21 “Xl ce Xn} I{u.n‘l(A)>0}}

J } (by independence)

1
< (1—-uA)y'+E I .
= (I —pa) {\/2”(" TR VRS 0}}
(by Lemma A.3)
I > .
< (1-pA))"+ ‘/;3 { a1 (4)>0) } (by Jensen’s inequality)

27 (n — Dpn-1(4)

< oA 4 1 ,
B n(n — DHu(A)
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where in the last step we use Lemma A.2. This concludes the proof of the first
inequality. The second one follows trivially by noting that xe™ < 1/e for all x.

O

REMARK. It is easy to see that the inequalities of Theorem 24.7 are tight, up to a
constant factor, in the sense that for any partition P, there exists a distribution such

that

1 1
(L] =
( " n) T 427 €V/12

(see Problem 24.5). O

ReMARK. The second inequality in Theorem 23.3 points out an important difference
between the behavior of the resubstitution and the deleted estimates for histogram
rules. As mentioned above, for some distributions the variance of L{?’ can be of
the order 1/./n. This should be contrasted with the much smaller variance of the
resubstitution estimate. The small variance of L% comes often with a larger bias.
Other types of error estimates with small variance are discussed in Chapter 31. O

ReMARK. Theorem 24.3 shows that for any partition,

appler 7)o

On the other hand, if £ = o(y/n), where k is the number of cells in the partition,
then for the resubstitution estimate we have a better guaranteed distribution-free

performance:
1
su E{ LB 2 =o<—).
(X,II/)) ( n ") } ﬁ

At first sight, the resubstitution estimate seems preferable to the deleted estimate.
However, if the partition has a large number of cells, L{®) may be off the mark;
see Theorem 23.4. O

Problems and Exercises

ProOBLEM 24.1. Show the following variant of Theorem 24.2: For all symmetric classifiers

1
E{LP - L) == + 2P D)7 g (X, D)

+ Plg.(X, Do) # g.(X, D))}
+ Plg, (X, D,_1) # guilX, D:_l)}a

=
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where D} and D}_, are just D, and D,_; with (X;, ¥;) replaced by an independent Ccopy
(Xo, Yo)-

PROBLEM 24.2. Let g, be the relabeling NN rule with the k-NN classifier as ancestral rule,
as defined in Chapter 11. Provide an upper bound for the squared error E {(L;D) - LH)Z],
of the deleted estimate.

PROBLEM 24.3. Let g, be the rule obtained by choosing the best k£ < k& in the k-NN rule (ko
is a constant) by minimizing the standard deleted estimate L?’ with respect to k. How would
you estimate the probability of error for this rule? Give the best possible distribution-free
performance guarantees you can find.

PrOBLEM 24.4. Consider the kernel rule with the window kernel K = S, ;. Show that

1+6/e . 6
n JTm =1

HmNT: Follow the line of the proof of Theorem 24.7.

E{LP - L)} <

PROBLEM 24.5. Show that for any partition P, there exists a distribution such that for the
deleted estimate of the error probability of the corresponding histogram rule,

11
> —
T 42mn e

HINT: Proceed as in the proof of the similar inequality for k-nearest neighbor rules.

fir 1]

PrOBLEM 24.6. Consider the k-spacings method (see Chapter 21). We estimate the proba-
bility of error (L,) by a modified deleted estimate L, as follows:

- 1
Ln=— Z It 41,001
i=1

where g, ; is a histogram rule based upon the same k-spacings partition used for g,—that
is, the partition determined by k-spacings of the data points X, ..., X,—but in which a
majority vote is based upon the ¥;’s in the same cell of the partition with Y; deleted. Show

that

Hint: Condition on the X;’s, and verify that the inequality of Theorem 24.2 remains valid:
PrROBLEM 24.7. Consider a rule in which we rank the real-valued observations X1, ..., Xs
from small to large, to obtain Xy, ..., X(». Assume that X; has a density. Derive an

inequality for the error |L{?’ — L, | for some deleted estimate L{” (of your choice), when
the rule is defined by a majority vote over the data-dependent partition

(=00, Xinl, Xy, Xl (X3, X1, Xg) Xl - -

defined by 1, 2, 3,4, ... points, respectively.
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PrROBLEM 24.8. Prove that for the k-nearest neighbor rule,

2 1 24k
e

(Devroye and Wagner (1979a)). HINT: Obtain a refined upper bound for
P{g.(X, D) # ga1(X, Dy},
using techniques not unlike those of the proof of Theorem 24.7.

PrOBLEM 24.9. OPEN-ENDED PROBLEM. Investigate if Theorem 24.6 can be extended to ker-
pels with unbounded support such as the gaussian kernel.
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Automatic Kernel Rules

We saw in Chapter 10 that for a large class of kernels, if the smoothing parameter 4
converges to zero such that nh goes to infinity asn — 0o, then the kernel classifi-
catjon rule is universally consistent. For a particular r, asymptotic results provide
little guidance in the selection of . On the other hand, selecting the wrong value
of h may lead to catastrophic error rates—in fact, the crux of every nonparametric
estimation problem is the choice of an appropriate smoothing factor. It tells us
how far we generalize each data point X; in the space. Purely atomic distributions
require little smoothing (A = O will generally be fine), while distributions with
densities require a lot of smoothing. As there are no simple tests for verifying
whether the data are drawn from an absolutely continuous distribution—Iet alone
a distribution with a Lipschitz density—it is important to let the data D, deter-
mine /. A data-dependent smoothing factor is merely a mathematical function
H,: (R? x {0, 1})" — [0, 00). For brevity, we will simply write H, to denote the
random variable H,(D,). This chapter develops results regarding such functions
H,.

This chapter is not a luxury but a necessity. Anybody developing software for
pattern recognition must necessarily let the data do the talking—in fact, good
universally applicable programs can have only data-dependent parameters.

Consider the family of kernel decision rules g, and let the smoothing factor &
play the role of parameter. The best parameter ( Hepr) is the one that minimizes L,,.
Unfortunately, it is unknown, as is Loy, the corresponding minimal probability
of error. The first goal of any data-dependent smoothing factor H, should be to
approach the performance of H.;. We are careful here to avoid saying that H,
should be close to Hegr, as closeness of smoothing factors does not necessarily
imply closeness of error probabilities and vice versa. Guarantees one might want
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in this respect are
E{L, — Lo} < oy

for some suitable sequence o, — 0, or better still,
E{L, — L*} < (1 + B)E{Leyr — L*},

for another sequence 8, — 0. But before one even attempts to develop such data-
dependent smoothing factors, one’s first concern should be with consistency: is it
true that with the given H,, L,, — L* in probability or with probability one? Thig
question is dealt with in the next section. In subsequent sections, we give various
examples of data-dependent smoothing factors.

25.1 Consistency

We start with consistency results that generalize Theorem 10.1. The first result
assumes that the value of the smoothing parameter is picked from a discrete set.

Theorem 25.1. Assume that the random variable H, takes its values from the set
of real numbers of the form f1_+%37)_’“ where k is a nonnegative integer and 8, > 0,
Let K be a regular kernel function. (Recall Definition 10.1.) Define the kernel
classification rule corresponding to the random smoothing parameter H, by

. ) X—X,‘ "Xf
gu(x) = { 0 if X lv=0K (—H—) > Y in lv=y K (x-H—)

1 otherwise.

If
. o)
—=¢
3]‘1
and
H, - 0 and an — 0o with probability one as n — o,

then L(g,) —> L* with probability one, that is, g, is strongly universally consistent.

PrOOF. The theorem is a straightforward extension of Theorem 10.1. Clearly,
L{g,) — L* with probability one if and only if forevery € > 0, Ji1(o, )~} = 0
with probability one. Now, for any § > 0,

Lo -1r>ey < I/, pnHi >, Lg)~Lo=¢} + 10 /0,<p) + Tinbg <py-

We have to show that the random variables on the right-hand side converge to zero
with probability one. The convergence of the second and third terms follows from
the conditions on H,. The convergence of the first term follows from Theorem
10.1, since it states that for any € > 0, there exist 8 > 0 and n¢ such that for the
error probability L, ; of the kernel rule with smoothing parameter /& = <_1+—15,5’?’

P{L,;— L* > ¢} < de™ "¢
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for some constant ¢ depending on the dimension only, provided that n > ny,

h < 1/B and nh® > B. Now clearly,

P{L,—L*> ¢ 1/H, > B,nH' > B}

= P sup Loy —L* > ¢
k148, > B.n/(1+8,) > B
=< Cn sup P{Ln,k —L* > 6}5

k:(14+8) > B,n/(1+8)d > B

by the union bound, where C, is the number of possible values of H, in the given

range. As
. n 1/d
B<+68) < (—) ,
B

we note that

C, <2+ élog (%) —loef
n

20 l 82 — 0(11)
= log(1 +6,) (logn/s;) = e

by the condition on the sequence {§,}. Combining this with Theorem 10.1, for

n > ng, we get

P{L,—L*> ¢ 1/H, > ,nH! > B} <4C,e™,

which is summable in n. The Borel-Cantelli lemma implies that

l/8,>pnHg>p.Lg)-Lo>e) = O

with probability one, and the theorem is proved. O

For weak consistency, it suffices to require convergence of H, and nH;f in

probability (Problem 25.1):

Theorem 25.2. Assume that the random variable H,, takes its values from the set
of real numbers of the form fﬂ%_)—"’ where k is a nonnegative integer and 8, > 0.

Let K be a regular kernel. If

= eo(n)
h

and

H, -0 and an — 00 in probability asn — oo,

then the kernel classification rule corresponding to the random smoothing param-

eter H, is universally consistent, that is, L(g,) — L* in probability.

We are now prepared to prove a result similar to Theorem 25.1 without restricting
the possible values of the random smoothing parameter H, . For technical reasons,
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we need to assume some additional regularity conditions on the kernel function: g
must be decreasing along rays starting from the origin, but it should not decrease
too rapidly. Rapidly decreasing functions such as the Gaussian kernel, or functiong
of bounded support, such as the window kernel are excluded.

Theorem 25.3. Let K be a regular kernel that is monotone decreasing along rays,
that is, for any x € R¢ and a > 1, K(ax) < K(x). Assume in addition that there
exists a constant ¢ > 0 such that for every sufficiently small § > 0, and x € RY,
K((1+68)x) = (1—c8)K(x). Let {Hy} be a sequence of randomvariables satisfying

H, -0 and an’ — o0 with probability one, as n — 00.

Then the error probability L(g,) of the kernel classification rule with kernel K ang
smoothing parameter H,, converges to L* with probability one, that is, the rule iy
strongly universally consistent.

ReMARK. The technical condition on K is needed to ensure that small changes in
h do not cause dramatic changes in L(g,). We expect some smooth behavior of
L(g,) as a function of &. The conditions are rather restrictive, as the kernels must
have infinite support and decrease slower than at a polynomial rate. An example
satisfying the conditions is

_J1 if x| <1
K(x)'{ 1/lxll otherwise,

where r > 0 (see Problem 25.2). The conditions on H, are by no means necessary.
We have already seen that consistency occurs for atomic distributions if K(0) > 0
and H, = 0, or for distributions with L* = 1/2 when H,, takes any value. However,
Theorem 25.3 provides us with a simple collection of sufficient conditions. O

Proor or THEOREM 25.3. First we discretize H,. Define a sequence 5, — 0
satisfying the condition in Theorem 25.1, and introduce the random variables H A
and H, as follows: H 0 = fﬂf{j"?’ where K, is the smallest integer such that
H, > (—1:51’1—),(—”, and let H, = (1+68,)H,. Thus, H, < H, < H,. Note that both H,
and H,, satisfy the conditions of Theorem 25.1. As usual, the consistency proof is
based on Theorem 2.3. Here, however, we need a somewhat tricky choice of the
denominator of the functions that approximate n(x). Introduce

% S Iy=n K (x;ffl)
[ (5 )uda

Clearly, the value of the classification rule g, (x) equals one if and only if 1, (%)
is greater than the function defined similarly, with the I;y,=1;’s replaced with Ji=0}-
Then by Theorem 2.3 it suffices to show that

M1, (X) =

/ [, 1, (x) — n(x)|p(dx) — 0
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with probability one. We use the following decomposition:
/ (T, 1, (x) — ()| (dx)

/ |71, 1, (%) = 7, 77, ()| e (dx) + / 7,7, (X) — n(x)|w(dx). (25.1)
The second term on the right-hand side converges to zero with probability one,
which can be seen by repeating the argument of the proof of Theorem 25.1, using

the observation that in the proof of Theorem 10.1 we proved consistency via an
exponential probability inequality for

/ 1,1, () — (X)) pu(dx).

The first term may be bounded as the following simple chain of inequalities indi-
cates:

/mmm—mﬁumum
Ly vk () - Lo vk (

= f [k ( )/,L(dZ)
/ o (K () -5 (422)

x—X;
H,

wu(dx)

: u(dx)
J & (%) niaz)
(by the monotonicity of K)
1 n =X
Ly (1= (1 — e ))K (52
< [ (2)

e (7)o

(from H, = (1 +8,)H,,, and the condition on K, if # is large enough)

o /E__Q_) o

fK( )M(dz)

Since H,, satisfies the conditions of Theorem 25.1, the integral on the right-hand
side converges to one with probability one, just as we argued for the second term
on the right-hand side of (25.1). But §,, converges to zero. Therefore, the first term
on the right-hand side of (25.1) tends to zero with probability one. O

REMARK. A quick inspection of the proof above shows that if {a,} and {b,} are
deterministic sequences with the property that a, < b,, b, — 0, and na — oo,
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then for the kernel estimate with kernel as in Theorem 25.3, we have

sup L,(h) — L* with probability one
a, <h<b,
for all distributions. One would never use the worst smoothing factor over the
range [a,, b, ], but this corollary points out just how powerful Theorem 25.3 is. O

25.2 Data Splitting

Our first example of a data-dependent H, is based upon the minimization of g
suitable error estimate. You should have read Chapter 22 on data splitting if you
want to understand the remainder of this section.

The data sequence D, = (X1, Y1), ..., (X,,Y,) is divided into two parts. The
first part D,,, = (X1, Y1), ..., (X, Yy) is used for training, while the remaining
[ = n — m pairs constitute the testing sequence:

1 = (Xinsts Yiit), oo (X, Yini1).

The training sequence D,, is used to design a class of classifiers C,,, which, in our
case is the class of kernel rules based on D,,, with all possible values of & > 0,
for fixed kernel K. Note that the value of the kernel rule g,,(x) with smoothing
parameter 4 is zero if and only if

il X —Xi
Fnx) = ;(Yi -1/2K ( - ) <0.

Classifiers in C,, are denoted by ¢,,. A classifier is selected from C,, that minimizes
the holdout estimate of the error probability:

T~ ]

i
Lm,l(¢m) = Z I{¢m (Xm—H')#Ym-(»i } :
i=1

The particular rule selected in this manner is called g,. The question is how far the
error probability L(g,) of the obtained rule is from that of the optimal rule in Cp.

FINITE COLLECTIONS. Itis computationally attractive to restrict the possible values
of & to a finite set of real numbers. For example, C,, could consist of all kernel rules
withh e {27%n 270+l 1/2,1,2, ..., 2k} for some positive integer k,. The
advantage of this choice of C,, is that the best % in this class is within a factor of
two of the best & among all possible real smoothing factors, unless the best 7 is
smaller than 27%~1 or larger than 2**!. Clearly, |C,,| = 2k, + 1, and as pointed
out in Chapter 22, for the selected rule g, Hoeffding’s inequality and the union
bound imply that

P { L(g) — ¢in£ L($m) > € Dm} < (4ky, +2)€"162/2.
IITe

"
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If k,, = €@, then the upper bound decreases exponentially in [, and, in fact,

B{Lt) - it L) - 0( k’g(”).

¢77l € C l

By Theorem 10.1, C,, contains a subsequence of consistent rules if m — oo, and
kn, — o0 asn — oo. To make sure that g, is strongly universally consistent as
well, we only need that lim,,_, o, [ = 00, and k,, = ¢°?® (see Theorem 22.1). Under
these conditions, the rule is ,/log(k,,)/ [-optimal (see Chapter 22).

The discussion above does little to help us with the selection of m, [, and k,,.
Safe, but possibly suboptimal, choices mightbe! =n/10,m =n—1,k,, = 2log, n.
Note that the argument above is valid for any regular kernel K.

INFINITE COLLECTIONS. If we do not want to exclude any value of the smoothing
parameter, and pick £ from [0, c0), then C,, is of infinite cardinality. Here, we
need something stronger, like the Vapnik-Chervonenkis theory. For example, from
Chapter 22, we have

P{L(gll) — inf L(¢m) > €

n €Crn

Dm} < 4e88(C,,, 12)e €2,

where S(C,,,, 1) 18 the /-th shatter coefficient corresponding to the class of classifiers
C,.. We now obtain upper bounds for S(C,,, ) for different choices of K.
Define the function

z 1 )C—Xi
Su(x) = fun(x, Dm)=Z(Yi—E)K( A )

i=1

Recall that for the kernel rule based on D,,,

10 if fiulx, Dy) <0
gm(x) _—{ 1 otherwise.

We introduce the kernel complexity k,,:

Kp = sup {Number of sign changes of
X, (X151 Kt Yim)

Jn(x, (e, ¥1), + oy (X, Ym)) @s A varies from O to infinity}.

Suppose we have a kernel with kernel complexity «,,. Then, as 4 varies from 0 to
infinity, the binary /-vector

(sign(fin(Xme1)), - - ., sig0(fin(Xins))

changes at most I«,, times. It can thus take at most Ik, + 1 different values. There-
fore,

SCu, 1) <liky + 1.
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We postpone the issue of computing kernel complexities until the next section,
It suffices to note that if g, is obtained by minimizing the holdout error estimate
L. 1(¢,) by varying h, then

E{L(gn)—¢ig£ L(¢m) Dm} (252)

log(8eS(Cy, 1))
- 21

Various probability bounds may also be derived from the results of Chapter 12,
For example, we have

(Corollary 12.1)

P { L(gn) — ¢in£ L(pn) > € Dm} < 488(C,, 12)e 2
me m

468 (i + D712 (254

IA

Theorem 25.4. Assume that g, minimizes the holdout estimate Em 1(Pm) over all
kernel rules with fixed kernel K of kernel complexity k,,, and over all (unrestricted)
smoothing factors h > 0. Then g, is strongly universally consistent if

(i) im0 m = 00;

lo
(i) lim —2X7 _q;
n—>00
(iit) lim =00,
n—00 logn
(iv) K is a regular kernel.

For weak universal consistency, (iii) may be replaced by (v): lim,_, o 1 = c0.

Proor. Note that C,, contains a strongly universally consistent subsequence—
take & = m~ '/ for example, and apply Theorem 10.1, noting that # — 0, yet
mh? — oo. Thus,

lim inf L(¢,)=L* with probability one.

n—00 ¢, €Cpy
It suffices to apply Theorem 22.1 and to note that the bound in (25.4) is summable
in n when [/logn — oo and logk,, = o(l). For weak universal consistency, a

simple application of (25.2) suffices to note that we only need [ — oo instead of
I/logn — co. O

Approximation errors decrease with m. For example, if class densities exist, we
may combine the inequality of Problem 2.10 with bounds from Devroye and Gyorfi
(1985) and Holmstrom and Klemeld (1992) to conclude that E {inf,, <, Ln)}—
L* is of the order of m—2*/*® with o € [1, 2], under suitable conditions on X
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and the densitics. By (25.2), the estimation error is O (/log(7k,)/1 ). requiring
instead large values for /. Clearly, some sort of balance is called for. Ignoring the
jogarithmic term for now, we see that / should be roughly m*/®*+4) if we are to
palance errors of both kinds. Unfortunately, all of this is ad hoc and based upon
pnverifiable distributional conditions. Ideally, one should let the data select [ and
m. See Problem 25.3, and Problem 22.4 on optimal data splitting.

For some distributions, the estimation error is just too large to obtain asymp-
totic optimality as defined in Chapter 22. For example, the best bound on the

estimation error is O (,/10g n/ n), attained when «,, = 1, [ = n. If the distribu-

tion of X is atomic with finitely many atoms, then the expected approximation
error is O(1/+/m). Hence the error introduced by the selection process smothers
the approximation error when m is linear in n. Similar conclusions may even be
drawn when X has a density: consider the uniform distribution on [0, 1] U [3, 4]
with n(x) = 1'if x € [0, 1] and n(x) = 0 if x € [3, 4]. For the kernel rule with
h =1, K = I;_; 17, the expected approximation error tends to L* = 0 exponentially
quickly in m, and this is always far better than the estimation error which at best

is 0 (W)

25.3 Kernel Complexity

We now turn to the kernel complexity k,,. The following lemmas are useful in our
computations. If // logn — oo, we note that for strong consistency it suffices that
ky = O (m?) for some finite y (just verify the proof again). This, as it turns out,
is satisfied for nearly all practical kernels.

Lemma 25.1. Let 0 < by < .- < by, be fixed numbers, andleta; e R, 1 <i <
m, be fixed, with the restriction that a,, # 0. Then the function f(x) =Y i, a;x"
has at most m — 1 nonzero positive roots.

PROOF. Note first that f cannot be identically zero on any interval of nonzero
length. Let Z(g) denote the number of nonzero positive roots of a function g. We
have

Z (i aixb")
i=1

= Z (Z aixc") (where ¢; = b; — by, all i; thus, ¢; = 0)
i=1
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Z (iaicixc‘"l) +1

i=2

IA

(for a continuously differentiable g, we have Z(g) < 1 + Z(g"))

13
= Z (Zal{xb;) +1
=2

(where a! = a;¢;, b = c¢; — ¢, alli > 2).

Note that the b! are increasing, by = 0, and a; #0. As Z (amxb’”) =0 for a,, #0,
we derive our claim by simple induction on m. O

Lemma 25.2. Letay, ..., a, befixed real numbers, andlet by, . . . , by, be different
nonnegative reals. Then if « # 0, the function

m

fx) =) ae™™, x>0,

i=1

is either identically zero, or takes the value 0 at most m times.

PROOF. Define y = e ™. If « # 0, y ranges from 0 to 1. By Lemma 25.1, g(y) =
> a y takes the value 0 at at most m —1 positive y-values, unless itis identically
zero everywhere. This concludes the proof of the lemma. O

A star-shaped kernel is one of the form K (x) = I{ec4), where A is a star-shaped
set of unit Lebesgue measure, that is, x ¢ A implies cx ¢ A forallc > 1. Itis
clear that «,, = m — 1 by a simple thresholding argument. On the real line, the
kernel K(x) = ij,oo a;i Iixepi 2ivtyy for a; > 0 oscillates infinitely often, and has
K, = oo for all values of m > 2. We must therefore disallow such kernels. For the
same reason, kernels such as K (x) = (sinx/x)" on the real line are not good:(see
Problem 25.4).

K = Zf:z a; 14, for some finite k, some numbers g; and some star-shaped sets
A;,then k,, < k(m — 1).

Consider next kernels of the form

K@) = llxl™ Tveay

where A is star-shaped, and » > 0 is a constant (see Sebestyen (1962)). We see
that

m

>~ DK (x - Xi)
) h

i=1

1l

Jm(x)

m
1 -
Wy (¥~ PIx = Xil ™ Lia-xo/hea).
i1
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which changes sign at most as often as f,,,(x)/h”". From our earlier remarks, it is
easy to see that k,, = m — 1, as «,, is the same as for the kemnel K = I4. If A is
replaced by R4, then the kernel is not integrable, but clearly, k;,, = 0. Assume next

that we have i
1 if [x]] <1

1/llx|I” otherwise,

K(x):{

where r > 0. For r > d, these kernels are integrable and thus regular. Note that

I

} .
flxl”

X

K (Z) = Liegsm + T

As h increases, f(x), which is of the form

1) ) 1 1
Y (r-Hew ¥ (yi_~)_~__,
it =X | <h ( 2 X=X >k 2) llx = X:ll

transfers an X; from one sum to the other at most m times. On an interval on which

no such transfer occurs, f,, varies as « + fh" and has at most one sign change.

Therefore, k,, cannot be more than m + 1 (one for each A-interval) plus m (one for

each transfer), so that «,,, < 2m + 1. For more practice with such computations, we

refer to the exercises. We now continue with a few important classes of kernels.
Consider next exponential kernels such as

K(x)= e IxI®
for some « > 0, where || - || is any norm on R¢. These kernels include the popular
gaussian kernels. As the decision rule based on D, is of the form
eexp

. m ai?
an(x) = 1 if Zi.—:l(ZYl De="# >0
0 otherwise,

asimple application of Lemma 25.2 shows that «,, < m. The entire class of kernels
behaves nicely.
Among compact support kernels, kernels of the form

k
K(x)= <Z a; H)dl"") L=y

i=1

for real numbers g;, and b; > 1, are important. A particularly popular kernel in
d-dimensional density estimation is Deheuvels’ (1977) kernel

K@) = (1= [1x)%) Ijep<a)-

If the kernel was K(x) = (Zle a; ||x|]b">, without the indicator function, then

Lemma 25.1 would immediately yield the estimate k,, < k, uniformly over all
m. Such kernels would be particularly interesting. With the indicator function
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multiplied in, we have «,, < km, simply because f,,(x) at each £ is based upen
subsetof the X ;’s, 1 < j < m, with the subset growing monotonically with 7. Fop
each subset, the function f,,(x) is a polynomial in ||x|| with powers by, .. ., by, and
changes sign at most & times. Therefore, polynomial kernels of compact support
also have small complexities. Observe that the “k” in the bound «,, < km referg
to the number of terms in the polynomial and not the maximal power.

A large class of kernels of finite complexity may be obtained by applying the
rich theory of total positivity. See Karlin (1968) for a thorough treatment. A real-
valued function L of two real variables is said to be totally positiveon A x B C R?
ifforallm,andalls; < --- < s,,8 € A, 1] < --- <1, 1; € B, the determinant of
the matrix with elements L(s;, ;) isnonnegative. A key property of such functions
is the following result, which we cite without proof:

Theorem 25.5. (SCHOENBERG (1950)). Let L be a totally positive function on
A x B € R? and let a : B — R be a bounded function. Define the function

Bls) = f Lis, D)o (dD),
B

on A, where o is a finite measure on B. Then (s) changes sign at most as many
times as «(s) does. (The number of sign changes of a function B is defined as the
supremum of sign changes of sequences of the form B(sy), ..., B(sn), where n is
arbitrary, and sy < -+- < 5,,.)

COROLLARY 25.1. Assume that the kernel K is such that the function L(s,t) =
K (st) is totally positive for s > 0 and t € RY. Then the kernel complexity of K
satisfies Ky <m — 1.

PrOOFR. We apply Theorem 25.5. We are interested in the number of sign changes-

of the function
m

B(s) =D 2% — DK((X; — x)s)

i=1
ons € (0, o0) (s plays the role of 1/h). But 8(s) may be written as

B(s) =/ L(s, a(t)o (dr),
B

where L(s, t) = K(st), the measure o putsmass L oneacht = X;—x,i =1, ..., m,
and «(r) is defined at these points as

at)y=2Y;—1 if t=X; —x.

Other values of a(t) are irrelevant for the integral above. Clearly, a(r) can be
defined such that it changes sign at most m — 1 times. Then Theorem 25.5 implies
that 8(s) changes sign at most m — 1 times, as desired. O

This corollary equips us with a whole army of kernels with small complexity.
For examples, refer to the monograph of Karlin (1968).
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25.4 Multiparameter Kernel Rules

Assume that in the kernel rules considered in C,,, we perform an optimization with
respect to more than one parameter. Collect these parameters in 6, and write the
discrimination function as

m 1
fu)=> (Yi - -2-) Ko(x — X;).
=1
EXAMPLES:
(i) Product kernels. Take

d
Ko =] (%)

where 6 = (h(l) R h(d)) is a vector of smoothing factors—one per dimen-
sion—and K is a fixed one-dimensional kernel.

(ii) Kernels of variable form. Define
Ko(x) = e—HXIIL’/h‘”’

where « > 0 is a shape parameter, and 4 > 0 is the standard smoothing

parameter. Here 6 = (¢, £) is two-dimensional.
(iii) Define

1 _ 1

1+xTRRTx ~ 1+ ||Rx|?’
where x7 is the transpose of x, and R is an orthogonal transformation matrix,
all of whose free components taken together are collected in #. Kernels of

this kind may be used to adjust automatically to a certain variance-covariance
structure in the data.

Ko(x) =

We will not spend a lot of time on these cases. Clearly, one route is to properly
generalize the definition of kernel complexity. In some cases, it is more convenient
to directly find upper bounds for S(C,,, {). In the product kernel case, with one-
dimensional kernel /;_; 13, we claim for example that

SCp, D) < (Im)? +1.

The corresponding rule takes a majority vote over centered rectangles with sides
equal to 22D 2hP | .. 2h“) . To see why the inequality is true, consider the d-
dimensional quadrant of {m points obtained by taking the absolute values of the
vectors X; — X;,m < j <m+1=mn,1 <i < m, where the absolute value of
a vector is a vector whose components are the absolute values of the components
of the vector. To compute S(C,,, I), it suffices to count how many different subsets
can be obtained from these /m points by considering all possible rectangles with
one vertex at the origin, and the diagonally opposite vertex in the quadrant. This is
1+ (Im)?. The strong universal consistency of the latter family C,, is insured when
m— oo and/logn — oo.
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25.5 Kernels of Infinite Complexity

In this section we demonstrate that not every kernel function supports smoothing
factor selection based on data splitting. These kernels have infinite kernel com-
plexity, or even worse, infinite vC dimension. Some of the examples may appear
rather artificial, but some “nice” kernels will surprise us by misbehaving.

We begin with a kernel K having the property that the class of sets

el (52 ]

has vc dimension V4 = oo for any fixed value of X (i.e., using the notation of the
previous sections, Vg, = 00). Hence, with one sample point, all hope is lost to use
the Vapnik-Chervonenkis inequality in any meaningful way. Unfortunately, the
kernel K takes alternately positive and negative values. In the second part of this
section, a kernel is constructed that is unimodal and symmetric and has V;, = oo
for m = 4 when Dy = (X4, Y1), (X3, Y2), (X3, Y3), (X4, Yy)) takes certain values.
Finally, in the last part, we construct a positive kernel with the property that for
any n and any nondegenerate nonatomic distribution, lim,,_, . P {ch = oo} =1
We return to A. Our function is picked as follows:

K@) =a()gl), 2/ <x<2™ ix>1,

where g(i) € {—1,1} for all i, w(x) > O for all x, a(x) | O as x 1 oo,
x > 0,and a(x) §{ Oasx | —o0, x < 0 (the monotonicity is not essential
and may be dropped but the resulting class of kernels will be even less inter-
esting). We enumerate all binary strings in lexicographical order, replace all 0’s
by —1’s, and map the bit sequence to g(1), g(2), .... Hence, the bit sequence
0, 1,00, 01, 10, 11, 000, 001, 010, . .. becomes

-1,1,-1,-1,-1,1,1,~-1,1, 1, -1, -1, -1, -1, -1, 1, -1, 1, -1, ...

Call this sequence S. Forevery n, we can find a set {xy, . . ., x,} that can be shattered
by sets from A. Take {x1,...,x,} = X; + {21, ..., 2"}. A subset of this may be
characterized by a string s, from {—1, 1}", 1’s denoting membership, and —1’s
denoting absence. We find the first occurrence of s, in S and let the starting point
be g(k). Take & = 217, Observe that

(r(457) e (=57)

- . -

(kK (24),....K (2"*7"))

((2Mgk), @ Mgk + 1), ..., @ gk +n — 1)),

1l

1]

which agrees in sign with s, as desired. Hence, the vC dimension is infinite.
The next kernel is symmetric, unimodal, and piecewise quadratic. The intervals
into which [0, co) is divided are denoted by Ag, A1, Az, ..., from left to right,
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where

Y

Ai:{ [:2.32) iz1
i =0.

3
[0.3)
On each A;, K is of the form ax? + bx + ¢. Observe that K = 2a takes the sign
of a. Also, any finite symmetric difference of order 2 has the sign of a, as

KGx+8)+K(x —8) —2K(x)=2a8%, x —8,x,x+8 € A;.

We take four points and construct the class

4
m:{{x:ZK<x—hXi)(2Yi—l)>O}:h>0},
i=1

whereX1 = —5, X2 =5, X3 = X4 =0> Y1 = Y2 =O,Y3 = Y4 = 1 are fixed for
now. On A;, we let the “a” coefficient have the same sign as g(7), known from the
previous example. All three quadratic coefficients are picked so that K > 0 and
K is unimodal. For each n, we show that the set {2!, ..., 2"} can be shattered by
intersecting with sets from A4. A subset is again identified by a {—1, 1}"-valued
string s,,, and its first match in S is g(k), . .., g(k +n — 1). We take & = 2! 7% Note
thatfor 1 <i < n,

i (K (——-—T "8)+K(2i+5) —2K 2

sign P - .

sign (K (257 = 02571) 4 K (241 + 52471) 2K (2471))
sign (K” (2k+i—l))

(if § < 1/4, by the finite-difference property of quadratics)
glk+i—1),

as desired. Hence, any subset of {2, ..., 2"} can be picked out.

The previous example works whenever § < 1/4. It takes just a little thought
to see that if (X1, Y1), ..., (X4, Y4) are i.i.d. and drawn from the distribution of
(X,7), then

P{Vy =00} >P{X1 =X, X3=X4=0,Y,=Y,=0,Y3=Y, =1},

and this is positive if given ¥ = 0, X has atoms at § and —§ for some § > 0; and
given Y = 1, X has an atom at 0. However, with some work, we may even remove
these restrictions (see Problem 25.12).
We also draw the reader’s attention to an 8-point example in which K is sym-
metric, unimodal, and convex on [0, 00), yet V¢, = co. (See Problem 25.11.)
Next we turn to our general m-point example. Let the class of rules be given by

1if 7Y — DK (%) >0
0 otherwise,

gm,h(x) = {
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h > 0, where the data (Xy, Y1), ..., (X, Y,) are fixed for now. We exhibit 3
nonnegative kernel such that if the X,’s are different and not all the Y;’s are the
same, V¢, = oo. This situation occurs with probability tending to one whenever
X is nonatomic and P{Y = 1} € (0, 1). It is stressed here that the same kernel K
is used regardless of the data.

The kernel is of the form K (x) = Ko(x)14(x), where Ko(x) = e, and A C R
will be specially picked. Order Xy, ..., X, into Xy < --- < Xy and find
the first pair X(;), X(;+1) with opposite values for Y(;). Without loss of generality,
assume that X(,‘) =—1, X(i+1) =1, 2Y(i) —1=-1,and 2Y(l'+1) —-1=1 (Y(,-) is the
Y-value that corresponds to X(;)). Let the smallest value of | Xy, j #i, j #Fi+1
be denoted by 8 > 1. The contribution of all such X;y’s for x € [~§/3,5/3] is
not more than (m — 2)Ko((1 +258/3)/h) < mKy((1 +258/3)/ h). The contribution
of either X ;) or X is at least Ko((1+6/3)/ h). For fixed § and m (after all, they
are given), we first find #* such that 2 < A* implies

1+6/3 1+26/3
Ky o/ > mKy +29/ .
h h

For h < h*, the rule, forx € [—§/3, §/3], is equivalent to a 2-point rule based on

Ui —k(E)+k(5) >0
&) = { 0 otherwise.
We define the set A by
oo 261 .
A= U U 32 +lAk,lv
k=1 1=0

where the sets Ay are specified later. (Forc # 0and B C R, ¢B = {x € R:
x/c € B}.) Here k represents the length of a bit string, and / cycles through all 2¢
bit strings of length k. For a particular such bit string, b1, .. ., b, represented by
I, we define Ay as follows. First of all, Az; < [1/2, 3/2], so that all sets 32+ Ay
are nonoverlapping. Ax; consists of the sets

1 1
(igo [1 G+ D2 1- g +2)2k))
1 1
U(igl <1+ Gt (i+1)2k]>‘

Ay is completed by symmetry.

We now exhibit for each integer k a set of that size that can be shattered. These
sets will be positioned in [—§/3, 0] at coordinate values —1/(2 - 2°), —1/(3 -
2°), ..., —1/((k+1)-2°), where p is a suitable large integer such that 1/(2°*!) <
8/3. Assume that we wish to extract the set indexed by the bit vector (by, . .., b
(b; = 1 means that —1/(i + 1)2” must be extracted). To do so, we are only allowed
to vary k. First, we find a pair (k', [), where k' is at least k and 1/(2*!) < §/3.
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3‘2k/ < h*isneeded too. Also, [ is such that it matches by, . . ., by inits firstk <k’
bits. Take 72 = 372 ' and p = &’ and observe that

1
8n,h <_ G+ 1)2"’)
—L 1 ——L 41
if K( (x+1)':k ) - K( Gi+1)2F )
32k 4 32K 41

0 otherwise

-

: 1
1 if 1+ (z+1)2"/ S Ak 51— (1+1)2"/ ¢ Ak[
= 0 if 1+ (z+1)2"’ ¢ Ak,l, (+1)2k, (S Akl
unimportant otherwise
_ 1 if b =1
B 0 if b; =0,

1 < i < k. Thus, we pick the desired set. This construction may be repeated for
all values of [ of course. We have shown the following:

Theorem 25.6. If X is nonatomic, P{Y = 1} € (0, 1), and if V¢, denotes the
vc dimension of the class of kernel rules based on m i.i.d. data drawn from the
distribution of (X, Y), and with the kernel specified above, then

lim P{Vy =o0}=1.

m—o0

25.6 On Minimizing the Apparent Error Rate

In this section, we look more closely at kernel rules that are picked by minimizing
the resubstitution estimate L® over kernel rules with smoothing factor 1 > 0. We
make two remarks in this respect:

(1) The procedure is generally inconsistent if X is nonatomic.

(i) The method is consistent if X is purely atomic.
To see (i), take K = Ij5,,;. We note that L = 0 if 2 < min,; [|X; — X;| as
&.(X;) = Y; for such 4. In fact, if H, is the minimizing %, it may take any value on

i,j:Yi=1,

[O, mmy X — X; H] .
If X is independent of ¥, P{Y = 1} = 2/3, and X has a density, then,
L I e
(Problem 25.13). Thus, nH d 5 0in probability, and therefore, in this case,

E{L(g)} — 2/3 (since ties are broken by favoring the “0” class). Hence the
inconsistency.
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Consider next X purely atomic. Fix (X1, Y1), ..., (X,, ¥,,), the data; and cop-
sider the class C, of kernel rules in which & > 0 is a free parameter. If a typica]
rule is g, i, let A, be the class of sets {x : g, ,(x) = 1}, i > 0. If g, is the rule
that minimizes L{®(g, ), we have

L(glz)_' ll’lf L(gn h)

81 €Cx

< 2 sup |LP(gan) — L(gnn)| (Theorem 8.4)
8nn€Cy
< 2 sup |un(A) — (A +2 sup |un(A) — n(A))
AcAy, Ac A
(AS denotes the collection of sets {x : g, 4(x) = 0})
< 4sup |pa(B) — u(B)l,

BeB

where B is the collection of all Borel sets. However, the latter quantity tends to
zero with probability one—as denoting the set of the atoms of X by 7', we have

sup |n(B) — p(B)|
BelBB

= 3 Z |t ({x]) = (x|

xET

S }: [ ({x]) = (D] + 1n(A) + (A%

xeA

IA

(where A is an arbitrary finite subset of T)

< 2u(AY)+ 5 Zmn({x})—u({xm+mn<A ) = (A,

xeA

The first term is small by choice of A and the last two terms are small by applying
Hoeffding’s inequality to each of the |A| + 1 terms. For yet a different proof, the
reader is referred to Problems 25.16 and 25.17.

Note next that

L(gn) -L" = (L(gn) - lnf L(gn h)) ( Inf L(gn h) - )

8nh€ &n,1€Cn

But if K(0) > 0 and K(x) — 0 as [[x|| — oo along any ray, then we have
infg ,ec, L(gn,n) < L(g)), Where g, 1s the fundamental rule discussed in Chapter
27 (in which /2 = 0). Theorem 27.1 shows that L(g,) — L* with probability one,
and therefore, L(g,) — 0 with probability one, proving

Theorem 25.7. Take any kernel K with K(0) > 0 and K(x) — 0 as ||x|| — o©
along any ray, and let g, be selected by minimizing LX) over all h > 0. Then-
L(g,) — L* almost surely whenever the distribution of X is purely atomic.



25.7 Minimizing the Deleted Estimate 441

REMARK. The above theorem is all the more surprising since we may take just about
any kernel, such as K (x) = e"*I° K (x) = sin(|x||)/[lx]|, or K (x) = (1+ [|x[)) /.
Also, if X puts its mass on a dense subset of R4 the data will look and feel like
data from an absolutely continuous distribution (well, very roughly speaking); yet
there is a dramatic difference with rules that minimize L{® when the X;’s are
indeed drawn from a distribution with a density! O

25.7 Minimizing the Deleted Estimate

We have seen in Chapter 24 that the deleted estimate of the error probability of a
kernel rule is generally very reliable. This suggests using the estimate as a basis
of selecting a smoothing factor for the kernel rule. Let L) (g, ;) be the deleted
estimate of L(g, ), obtained by using in g,_; 5 the same kernel K and smoothing
factor /. Define the set of A’s for which

(D) = Dy,
Ly (i) = El[rgoo)Ln (8n.n)
by A. Set
H, =inf{h : h € A}.

Two fundamental questions regarding H, must be asked:

(a) If we use H, in the kernel estimate, is the rule universally consistent? Note
in this respect that Theorem 25.3 cannot be used because it is not true that
H, — 0 in probability in all cases.

(b) If H, is used as smoothing factor, how does E{L(g,)} — L* compare to
E {inf, L(gwn)} — L*?

To our knowledge, both questions have been unanswered so far. We believe that
this way of selecting % is very effective. Below, generalizing a result by Tutz
(1986) (Theorem 27.6), we show that the kernel rule obtained by minimizing the
deleted estimate is consistent when the distribution of X is atomic with finitely
many atoms.

REMARK. If 7 = 1 everywhere, so that ¥; = 1 for all 7, and if K has support equal
to the unit ball in R?, and K > 0 on this ball, then L{P)(g, ;) is minimal and zero
if
h = max |X; — XV,
I<jzn
where X j" N denotes the nearest neighbor of X ; among the data points X, ...,
X1, X1, ..., X,,. But this shows that

H, = max || X; — X}V|.
1<j<n
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We leave it as an exercise to show that for any nonatomic distribution of X, nH,f -
oo with probability one. However, it is also true that for some distributions, H, —
oo with probability one (Problem 25.19). Nevertheless, for n = 1, the rule ig
consistent!

If n = 0 everywhere, then Y; = 0 for all i. Under the same condition on K ag
above, with tie breaking in favor of class “0” (as in the entire book), it is clear that
H, = 0. Interestingly, here too the rule is consistent despite the strange value of
H, O

We state the following theorem for window kernels, though it can be extended
to include kernels taking finitely many different values (see Problem 25.18):

Theorem 25.8. Let g, be the kernel rule with kernel K = I, for some bounded set
A C RY containing the origin, and with smoothing factor chosen by minimizing
the deleted estimate as described above. Then E{L(g,)} — L* whenever X has q
discrete distribution with finitely many atoms.

PrOOF. Let Uy, . .., U, be independent, uniform [0, 1] random variables, indepen-
dent of the data D,,, and consider the augmented sample

Dr/l=((X,3YI)’-~"(XItYH))a

n

where X = (X;, U;). For each i > 0, introduce the rule

g,;,h(x,)
it Y K (555) @Y = 1) = XL KOQY: = Dljey, > 0
0 otherwise,

where x' = (x,u) € R¢ x [0, 1]. Observe that minimizing the resubstitution
estimate L{®)(g, ;) over these rules yields the same A as minimizing L{™(g5)
over the original kernel rules. Furthermore, E{L(g,)} = E{L(g,)} if g, is obtained
by minimizing L (g;, ;). It follows from the universal consistency of kernel rules
(Theorem 10.1) that ’

lim inf L(g, ,) — L* with probability one.

n—oc h

Thus, it suffices to investigate L(g,) — inf, L(g, ;). For a given D, define the
subsets Aj, C R? x [0, 1] by

Ay =1{x": g (x) =1}, hel0,00)
Arguing as in the previous section, we see that

L(g,) — inf L(g, ;) < 481;13 la(A) — v(AQI,
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where v is the measure of X’ on R¢ x [0, 1], and v, is the empirical measure
determined by D, . Observe that each A} can be written as

Aj = Ay x {0, 1] = {U1,. .., U1} U By,

where

n - X;
Ah={xe72d:ZK<x A )(2Yi—l)>0}>
i=1

B, = {(x,u)eRdX{Ul’---,Un}i

n X —Xl‘ “
X ( - )<2n —1) = KO ) @Y = DIy > 0}.

i=

i=1

Clearly, as
U”(A;l) = Vrz(B/II) and V(A;l) = /—L(Ah),

it suffices to prove that sup,, |v,(B}) — i(Ax)] — 0 in probability, as n — oo.
Then

sup [va(By) — w(An)|

< sup|vu(By) — v(By)| + sup [v(B;) — u(Ap)]
h h
< sup Ve (B") — v(B")| + sup |v(B;) — u(Ap)l.
BCRIX{UY,.... Uy} h

The first term on the right-hand side tends to zero in probability, which may be
seen by Problem 25.17 and the independence of the U;’s of D,. To bound the
second term, observe that for each £,
=K (0)})
=X,

n ({x Yk (x ;Xi)(21/,» ~1
=1
T k(S5 )en-v|sko)

N
> P(X =x;}
{

V(B}) — (Al

IA

1l

where x, ..., xy are the atoms of X. Thus, the proof is finished if we show that
for each x;,

B {0 52, () afevo) | ©
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Now, we exploit the special form K = /4 of the kernel. Observe that

U 5, k(5 )n v zxo)
gl SRNCER TR RY
N
< Zl{&V1+~--+Vk[§l}s
k=1
where
V= ) @n-1)
i X=X
and x(1y, X(2), . - -, X(v) is an ordering of the atoms of X such that xqy = x; and

(x; —x@)/h € Aimplies (x; —xq_1))/h € Afor 1 <k < N.By properties of
the binomial distribution, as n — oo,

N
1
E Ly, lfl}} =0 (——) :

This completes the proof. O

HISTORICAL REMARK. In an early paper by Habbema, Hermans, and van den Broek
(1974), the deleted estimate is used to select an appropriate subspace for the kernel
rule. The kernel rules in turn have smoothing factors that are selected by maximum
likelihood. OO

25.8 Sieve Methods

Sieve methods pick a best estimate orrule from a limited class of rules. For example,
our sieve C, might consist of rules of the form

0 otherwise,

where the ;s are real numbers, the x;’s are points from R4, and the i;"s are positive
numbers. There are formally (d + 2)k free scalar parameters. If we pick a rule ¢
that minimizes the empirical error on (X7, Y1), ..., (X,, ¥,), we are governed by
the theorems of Chapters 12 and 18, and we will need to find the vc dimension
of C. For this, conditions on K will be needed. We will return to this question in
Chapter 30 on neural networks, as they are closely related to the sieves described
here.
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25.9 Squared Error Minimization

Many researchers have considered the problem of selecting / in order to minimize
the L, error (integrated squared error) of the kernel estimate

Ly vk (Bx)
LYK (B

of the regression function n(x) = P{Y = 1| X = x},

Mn,h =

/ (T (x) = 77(%))2 w(dx).

For example, Hardle and Marron (1985) proposed and studied a cross-validation
method for choosing the optimal / for the kernel regression estimate. They obtain
asymptotic optimality for the integrated squared error. Although their method gives
us a choice for 4 if we consider n(x) = P{Y = 1|X = x} as the regression function,
itisnot clear that the 4 thus obtained is optimal for the probability of error. In fact, as
the following theorem illustrates, for some distributions, the smoothing parameter
that minimizes the L, error yields a rather poor error probability compared to that
corresponding to the optimal 4.

Theorem 25.9. Letd = 1. Consider the kernel classification rule with the window
kernel K = I;_y 1}, and smoothing parameter h > (. Denote its error probability
by Ly(h). Let h* be the smoothing parameter that minimizes the mean integrated
squared error

E {jf (T () — U(X))2 M(dX)} :
Then for some distributions

o ELOOL
n—o0 infy, E{L,(h)} T

and the convergence is exponentially fast.

We leave the details of the proof to the reader (Problem 25.20). Only a rough
sketch is given here. Consider X uniform on [0, 1] U [3, 4], and define

1—x/2 ifx e[0,1]
2 —x/2 otherwise.

n(x) = {

The optimal value of 4 (i.e., the value minimizing the error probability) is one. It
is constant, independent of #. This shows that we should not a priori exclude any
values of &, as is commonly done in studies on regression and density estimation.
~The minimal error probability can be bounded from above (using Hoeffding’s
inequality) by =" for some constant ¢; > 0. On the other hand, straightforward
Calculations show that the smoothing factor #* that minimizes the mean integrated
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squared error goes to zero as n — oo as O (n~'/%). The corresponding error
probability is larger than e~*""" for some constant c,. The order-of-magnitude
difference between the exponents explains the exponential speed of convergence
to infinity.

Problems and Exercises

PrROBLEM 25.1. Prove Theorem 25.2.
PROBLEM 25.2. Show that for any r > 0, the kernel

1 iffxjf <1
1/{ixll” otherwise,

K(x):{

satisfies the conditions of Theorem 25.3.

PROBLEM 25.3. Assume that K is aregular kernel with kernel complexity «,, < m? for some
constant ¥ > 0. Let g, be selected so as to minimize the holdout error estimate )I:I,m(q&m)
over C,,, the class of kernel rules based upon the first m data points, with smoothing factor
h > 0. Assume furthermore that we vary [ over [log? n, n/2], and that we pick the best I
(and m = n — 1) by minimizing the holdout error estimate again. Show that the obtained
rule is strongly universally consistent.

PrROBLEM 25.4. Prove that the kernel complexity «, of the de la Vallée-Poussin kernel
K(x) = (sinx/x)?, x € R, is infinite when m > 2.

PROBLEM 25.5. Show that «,, = 0o for m > 2 when K (x) = cos*(x), x € R.

PrOBLEM 25.6. Compute an upper bound for the kernel complexity «,, for the following
kernels, where x = (x, ..., x@) e R%:

d

A. K(x)= H (1 —_ x(i)2) ](1x(i)l§1}'
i=1
1
B. K =,
(x) (1 N Hxiiz)a a>0
41

i=]

d
D. K(x) = HCOS(XU))I{[W)ISMZ)'

i=1

PrOBLEM 25.7. Can you construct a kernel on R with the property that its complexity
satisfies 2" < k,, < oo for all m? Prove your claim.

PrOBLEM 25.8. Show that for kernel classes C,, with kernel rules having a fixed training
sequence D, but variable 2 > 0, we have V¢, < log, k.
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PROBLEM 25.9. Calculate upper bounds for S(C,,, /) when C,, is the class of kernel rules

based on fixed training data but with variable parameter 6 in the following cases (for
definitions, see Section 25.4):

(1) Ky is a product kernel of R¢, where the unidimensional kernel K has kernel

complexity &, . '

@ Ko = e

(3) Ks(x) = Ijzen), where A is any ellipsoid of R¥ centered at the origin.

where 6 = (h, «), h > 0, @ > 0 are two parameters.

PROBLEM 25.10. Prove or disprove: if D,, is fixed and C,, is the class of all kernel rules
based on D,, with K = I, A being any convex set of R¢ containing the origin, is it possible
that Vg, = 00, oris V¢, < oo for all possible configurations of D,,?

PrOBLEM 25.11. Let

8
Agz{{x:ZK<x Xi)(ZY,»—l)>O},h>O]
i1

WithX1 ='—33,X7_=X3=X4"—‘—8,X5=X6=X7=3,Xg=33,Y1 =1,Y2=Y3=Y4=
—1,Ys =Y =Y, =1,Ys = —1, and let K be piecewise cubic. Extending the quadratic
example in the text, show that the vC dimension of Aj is infinite for some K in this class
that is symmetric, unimodal, positive, and convex on [0, 00).

PROBLEM 25.12. Draw (X, V1), ..., (X4, ¥4) from the distributionof (X, ¥)on R¢ x {0, 1},
where X has a density and n(x) € (0, 1) at all x. Find a symmetric unimodal K such that

={{x:§K(x Xi)(ZY,»——l)>0},h>0}

has vc dimension satisfying P{V 4, = oo} > 0. Can you find such a kernel X with a bounded
support?

PROBLEM 25.13. Let X have a density f on R4 and let X, ..., X, beiid., drawn from f.
Show that

lim llmlan{mmHX — X, <i}=1.
n

=00 N-+00

Apply this result in the following situation: define H, = min; j.y,1v;=0 | X; — X, |, where
XY, ..., (X. Y, areiid. R? x {0, 1}-valued random variables distributed as (X, ¥),
with X absolutely continuous, Y independent of X, and P{Y = 1} € (0, 1). Show that

lim liminf P {Hd < i} =1.
n?

00 p—>00

Conclude that n H¢ — 0 in probability. If you have a kernel rule with kernel Sy ; on R?,
and if the smoothing factor H, is random but satisfies n HY — 0 in probability, then

lim E{L,} =P{Y =1}
n—>0C
whenever X has a density. Show this.

PROBLEM 25.14. Consider the variable kernel rule based upon the variable kernel density
estimate of Breiman, Meisel, and Purcell (1977) and studied by Krzyzak (1983)

2n(x) = [ Uoaf )y K = Xi) > 3y o Kin(x — X3)
0 otherwise .
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Here K is a positive-valued kernel, K, = (1/ u)K (x /u) for u > 0, and H; is the distance
between X; and the k-th nearest neighbor of X; among X;, j #7, 1 < j < n. Investigate
the consistency of this rule when k/n — 0 and k¥ — oo and X; has a density.

PRORLEM 25.15. CONTINUATION. Fix k = 1, and let K be the normal density in R¢. If X, hag
a density, what can you say about the asymptotic probability of error of the variable kernel
rule? Is the inequality of Cover and Hart still valid? Repeat the exercise for the uniform
kernel on the unit ball of R¥.

PrOBLEM 25.16. If X, ..., X, are discrete i.i.d. random variables and NV denotes the num-
ber of different values taken by X1, . .., X,, then
E{N
lim (N} =0,
n—co n

and N /n — O with probability one. HINT: For the weak convergence, assume without loss of
generality that the probabilities are monotone. For the strong convergence, use McDiarmid’s
inequality.

PROBLEM 25.17. Let I3 be the class of all Borel subsets of RY. Using the previous exercise,
show that for any discrete distribution,

sup |, (A) — w(A)| — 0 with probability one.
AeB

HINT: Recall the necessary and sufficient condition E {log N4(X1, ..., X,)} /n — 0 from
Chapter 12.

PROBLEM 25.18. Prove Theorem 25.8 allowing kernel functions taking finitely many dif-
ferent values.

PROBLEM 25.19. Let X, ..., X, be an i.i.d. sample drawn from the distribution of X. Let
XN denote the nearest neighbor of X ; among X, ..., X;_1, X 41, .. ., X,,. Define

Bn=maX]lXj-XZ].VN“.
¢ .

(1) Show that for all nonatomic distributions of X, nB? — oo with probability one.

(2) Isit true that for every X with a density, there exists a constant ¢ > 0 such that
with probability one, nBY > clogn for all r large enough?

(3) Exhibit distributions on the real line for which B, — oo with probability one.

HinT: Look at the difference between the first and second order statistics.

PrROBLEM 25.20. Prove Theorem 25.9. HinT: Use the example given in the text. Get an
upper bound for the error probability corresponding to 2 = 1 by Hoeffding’s inequality.
The mean integrated squared error can be computed for every 4 in a straightforward way
by observing that

E { f (Fn ) — 1)) u(dX)} - / Var (G, (0} + (B n ()} — n00)? (o).

Split the integral between O and 1 in three parts,0to i, A to 1 —h, and ! — A to 1. Setting the
derivative of the obtained expression with respect to 4 equal to zero leads to a third-order
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equation in /2, whose roots are O(n~'/*). To get a lower bound for the corresponding error
probability, use the crude bound

1 1
E{L.(h)} = 5/ hP{gn(X)#Y[X =x}dx.
1—

Now, estimate the tail of a binomial distribution from below; and use Stirling’s formula to
show that, modulo polynomial factors, the error probability is larger than 2
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Automatic Nearest Neighbor Rules

The error probability of the k-nearest neighbor rule converges to the Bayes risk
for all distributions when k — oo, and k/n — 0 as n — oo. The convergence
result is extended here to include data-dependent choices of k. We also look at the
data-based selection of a metric and of weights in weighted nearest neighbor rules.

To keep the notation consistent with that of earlier chapters, random (data-based)
values of k are denoted by K,,. In most instances, K,, is merely a function of D,
the data sequence (X1, Y1), ..., (X,, ¥,). The reader should not confuse K, with
the kernel K in other chapters.

26.1 Consistency

We start with a general theorem assessing strong consistency of the k-nearest
neighbor rule with data-dependent choices of k. For the sake of simplicity, we
assume the existence of the density of X. The general case can be taken care of by
introducing an appropriate tie-breaking method as in Chapter 11.

Theorem 26.1. Let K1, K3, . .. be integer valued random variables, and let g, be
the K,-nearest neighbor rule. If X has a density, and

K, — oo and K,/n — 0 withprobability one as n — oo,

then L(g,) — L* with probability one.
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PROOF. L(g,) — L* with probability oneif and only if forevery € > 0, Iizg,)-1+5¢
— 0 with probability one. Clearly, for any g > 0,

Iipgy—r>e) < Liijk ek, /n<2p, Lign)-L*>e) + L1 /K, 4K, /n=28)-

We are done if both random variables on the right-hand side converge to zero with
probability one. The convergence of the second term for all 8 > 0 follows trivially
from the conditions of the theorem. The convergence of the first term follows from
the remark following Theorem 11.1, which states that for any € > 0, there exist
B > 0 and np such that for the error probability L, ; of the k-nearest neighbor

rule, ,
P{Ln,k —L*> 6} = dem ¢

for some constant ¢ depending on the dimension only, provided that n > g,
k> 1/B and k/n < B. Now clearly,

P{L(g.) —L* > ¢, 1/K,+ Kp/n <28} < P{ sup Lyix—L*>e)
1/B<k=np

< n sup P{L,;—L"> e}
1/p<k=np

by the union bound. Combining this with Theorem 11.1, we get
P{L(g,) — L* > €, 1K, + Ky/n < 2B} < 4ne ", n > no.
The Borel-Cantelli lemma implies that

L1/, Ko <28, L(g)~L7>e) —> 0

with probability one, and the theorem is proved. O

Sometimes we only know that K,, — oo and K,,/n — 0 in probability. In such
cases weak consistency is guaranteed. The proof is left as an exercise (Problem
26.1).

Theorem 26.2. Let Ky, K>, ... be integer valued random variables, and let g, be
the K, -nearest neighbor rule. If X has a density, and

K, —> o0 and K,/n — O inprobabilityas n — o0,

then lim,, o, EL(g,) = L*, that is, g, is weakly consistent.

26.2 Data Splitting

Consistency by itself may be obtained by choosing k = | /], but few—if any—
users will want to blindly use such recipes. Instead, a healthy dose of feed-
back from the data is preferable. If we proceed as in Chapter 22, we may split
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the data sequence D, = (X1, 11),...,(X,, Y,) into a training sequence D,, =
(X1, Y1), .., (X, Y), and a testing sequence 7; = (X1, Yinat)s - -+ 5 (Xo, Yo,
where m + [ = n. The training sequence D,, is used to design a class of classifiers
C,,. The testing sequence is used to select a classifier from C,, that minimizes the
holdout estimate of the error probability,

~ 1
Lo, i($m) = 7 Z L (X i)Y}
i=1

If C,, contains all k-nearest neighbor rules with 1 < k < m, then |C,| = m.
Therefore, we have

P { L(gn) — ¢ilélz L(gm) > €

m

D, } < 2me”l€2/2,

where g, is the selected k-nearest neighber rule. By combining Theorems 11.1
and 22.1, we immediately deduce that g, is universally consistent if

lim m =00, lim
n—>00 n—»00 log m

=C.

It is strongly universally consistent if lim,_,~ [/ logn = 0o also. Note too that
E{ } <9 log(2m) + 1

L(g,)— inf L
(8n) (6m) 2
(by Problem 12.1), so that it is indeed important to pick / much larger than log .

m €l

26.3 Data Splitting for Weighted NN Rules

Royall (1966) introduced the weighted NN rule in which the i-th nearest neighbor
receives weight w;, where w; > wp > ... > w; > 0 and the w;’s sum to one. We
assume that wiy = --- = w, = 0 if there are n data points. Besides the natural
appeal of attaching more weight to nearer neighbors, there is also a practical by-
product: if the w;’s are all of the form 1‘/ Z;, where z; is a prime integer, then no
two subsums of w;’s are equal, and therefore voting ties are avoided altogether.

Consider now data splitting in which C,, consists of all weighted k-NN rules
as described above—clearly, £ < m now. As |C,,| = 00, we compute the shatter
coefficients S(C,,, [). We claim that

O <tk iflzk

Zi=1 i
SCu, D) = { o £ =k (26.1)

This result is true even if we do not insist that wq > ws > ... > w > 0.

PROOF OF (26.1). Each X in the testing sequence is classified based upon the
sign of Zf.;l a;jw;, where a;; € {—1, 1} depends upon the class of the i-th nearest
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neighbor of X; among X1, ..., X,, (and does not depend upon the w;’s). Consider
the /-vector of signs of Zf;l a;;wi;, m < j < n.In the computation of S(Cy, I),
we consider the a;;’s as fixed numbers, and vary the w;’s subject to the condition
laid out above. Here is the crucial step in the argument: the collection of all vectors
(wi, ..., w) for which X; is assigned to class 1 is a linear halfspace of RE,
Therefore, S(C,,, [) is bounded from above by the number of cells in the partition
of R¥ defined by [ linear halfspaces. This is bounded by Y+, (}) (see Problem
22.D)ifk<1.0

Let g, be the rule in |C,,| that minimizes the empirical error committed on the
test sequence (Xus1, Yms1)s - - - » (X, ¥p). Then by (22.1),if I =n —m > k, we
have

P { L(gn) - ¢12£ L(¢m) > €

23

Dm} < 48 %1€,

If k — oo (which implies m — o00), we have universal consistency when
klog()/1 — 0. The estimation error is of the order of \/k log!//—in the termi-
nology of Chapter 22, the rule is y/k log!/{-optimal. This error must be weighed
against the unknown approximation error. Let us present a quick heuristic argu-
ment. On the real line, there is compelling evidence to suggest that when X has a
smooth density, k = cm*/ is nearly optimal. With this choice, if both I and m grow
linearly in #, the estimation error is of the order of \/logn/n'/10. This is painfully
large—to reduce this error by a factor of two, sample sizes must rise by a factor of
about 1000. The reason for this disappointing result is that C,, is just too rich for
the values of k that interest us. Automatic selection may lead to rules that overfit
the data.

If we restrict C,, by making m very small, the following rough argument may
be used to glean information about the size of m and [ = n — m. We will take
k = m < n. For smooth regression function 7, the estimation error may be
anywhere between m~>/> and m~*> on the real line. As the estimation error is
of the order of \/mlogn/n, equating the errors leads to the rough recipe that
m ~ (n/logn)’°, and m =~ (n/logn)>'®, respectively. Both errors are then
about (n/logn)~%° and (n/logn)~*°, respectively. This is better than with the
previous example with m linear in n. Unfortunately, it is difficult to test whether
the conditions on 7 that guarantee certain errors are satisfied. The above procedure
is thus doomed to remain heuristic.

26.4 Reference Data and Data Splitting

Split the data into D,, and 7; as is done in the previous section. Let C,, contain

all 1-~N rules that are based upon the data (x1, y1), ..., (X, ), Where k < m is
to be picked, {x1,...,x} C {X1,... X} and {y1, ..., m} € {0, 1}*. Note that -
because the y;’s are free parameters, {(x1, y1), ..., (X, Y¢)} is not necessarily a

subset of {(X1, Y1), ..., (X, Y, )}—this allows us to flip certain y-values at some
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D } < pk+l (’”) ol
m —_ k ’

where l =n —m, and g, € C,, minimizes the empirical error on the test sequence
T;. The best rule in C,, is universally consistent when k — oo (see Theorem 19.4).
Therefore, g, is universally consistent when the above bound converges to zero.
Sufficient conditions are

data points. Trivially, |C,,| = (;)2¢. Hence,

P [ L(gn) — ¢i1é£ L(pm) > €

"

@ lim [ = o0
n—> 00 klo m
Giy  tim 2" _q

n—oce
As the estimation error is O ( klogm/ l), it is important to make / large, while

keeping & small.

The selected sequence (xi, y1), ..., (x&, Yx) may be called reference data, as
it captures the information in the larger data set. If & is sufficiently small, the
computation of g,(x) is extremely fast. The idea of selecting reference data or
throwing out useless or “bad” data points has been proposed and studied by many
researchers under names such as condensed NN rules, edited NN rules, and selective
NN rules. See Hart (1968), Gates (1972), Wilson (1972), Wagner (1973), Ullmann
(1974), Ritter et al. (1975), Tomek (1976b), and Devijver and Kittler (1980). See
also Section 19.1.

26.5 Variable Metric NN Rules

The data may also be used to select a suitable metric for use with the k-NN rule.
The metric adapts itself for certain scale information gleaned from the data. For
example, we may compute the distance between x; and x, by the formula

)1/2

AT (x1 — xo) (Gr1 — x2)" AAT (x1 — x2)

(1 — x) 2(x; - xz))l/2 ,

where (x; — x,) is a column vector, ()T denotes its transpose, A is ad x d
transformation matrix, and ¥ = AA7 is a positive definite matrix. The elements
of A or £ may be determined from the data according to some heuristic formulas.
We refer to Fukunaga and Hostetler (1973), Short and Fukunaga (1981), Fukunaga
and Flick (1984), and Myles and Hand (1990) for more information.

For example, the object of principal component analysis is to find a transforma-
tion matrix A such that the components of the vector A” X have unit variance and
are uncorrelated. These methods are typically based on estimating the eigenvalues
of the covariance matrix of X. For such situations, we prove the following general
consistency result:
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Theorem 26.3. Let the random metric p, be of the form
pn(x, ¥) = [AF (x = DI,

where the matrix A, is a function of Xy, ..., X,. Assume that distance ties occur
with zero probability, and there are two sequences of nonnegative randomvariables
{m,,} and {M,,} such that for any n and x,y € R,

mpllx =yl < palx, ¥} < Myllx -yl

and
p {liminf P o} =0.
M

n—00 n

if

k
lim k, =oco0 and lim — =0,
n—->00 n—x n

then the k,-nearest neighbor rule based on the metric p, is consistent.

Proor. We verify the three conditions of Theorem 6.3. In this case, W,;(X) = 1/k,
if X; is one of the k,, nearest neighbors of X (according to p,), and zero otherwise.
Condition (iii) holds trivially. Just as in the proof of consistency of the ordinary k,-
nearest neighbor rule, for condition (i) we need the property that the number of data
points that can be among the k,, nearest neighbors of a particular point is at most
kuva, where the constant y,; depends on the dimension only. This is a deterministic
property, and it can be proven exactly the same way as for the standard nearest
neighbor rule. The only condition of Theorem 6.3 whose justification needs extra
work is condition (ii): we need to show that for any a > 0,

n
lim E {Z Wni(X)I{HX-Xi !l>a)} =0.
i=1

>0

Denote the k-th nearest neighbor of X according to p, by X - and the k-th nearest
neighbor of X according to the Euclidean metric by X). Then

n
E {Z Wi (X)) I x-x:(>a} }

i=1

1 n
= EE {Z I[p,,tx,X»s;:n(x,&w,lrx—x,-zr>a}
i=1

IA

1 n
;;E {Z L (X X <X Ry) © pn<X,Xi>>mna}}

i=1

(since m, f[x — y|| < pu(x, ¥))



26.6 Selection of £ Based on the Deleted Estimate 457

1 n
= ;;E {Z I{mnaspn<x,x,~><p,.<x,i<k,,>>}}
i=1

1 [ '
= %‘E Z I{mnaipn(X«Xu))}
n j=1
< P {mna < m(X, X(k,.))}

n
= P Zl{pn(x,xosmna} < kn}

i=1

n
P> I ix-xizma) < kn}

i=1

IA

(since Myflx — yll = pu(x, ¥))

mn
= P{IIX—-X R
I el > “r }
But we know from the consistency proof of the ordinary k,-nearest neighbor rule
in Chapter 11 that for each a > 0,

nl_i}rroloP {IX = Xyl > a} =0.

1t follows from the condition on m, /M, that the probability above converges to
zero as well. O

The conditions of the theorem hold if, for example, the elements of the matrix
A, converge to the elements of an invertible matrix A in probability. In that case,
we may take m,, as the smallest, and M, as the largest eigenvalues of AT A,,. Then
m, /M, converges to the ratio of the smallest and largest eigenvalues of AT A, a
positive number.

If we pick the elements of A by minimizing the empirical error of a test sequence
T; over C,, where C,, contains all k-NN rules based upon a training sequence
D,, (thus, the elements of A are the free parameters), the value of S(C,, 1) is
too large to be useful-—see Problem 26.3. Furthermore, such minimization is not
computationally feasible.

26.6 Selection of k Based on the Deleted Estimate

If you wish to use all the available data in the training sequence, without splitting,
then empirical selection based on minimization of other estimates of the error
probability may be your solution. Unfortunately, performance guarantees for the
selected rule are rarely available. If the class of rules is finite, as when & is selected
from {1, ..., n}, there are useful inequalities. We will show you how this works.
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Let C, be the class of all k-nearest neighbor rules based on a fixed training
sequence D,, but with k variable. Clearly, |[C,| = n. Assume that the deleted
estimate is used to pick a classifier g, from C,,:

LP)(g,) < LPA¢,) forall ¢, € C,.

We can derive performance bounds for g, from Theorem 24.5. Since the result
gives poor bounds for large values of %, the range of &’s has to be restricted—see
the discussion following Theorem 24.5. Let ko denote the value of the largest &
allowed, that is, C,, now contains all k-nearest neighbor rules with k ranging from
lto ko.

Theorem 26.4. Ler g, be the classifier minimizing the deleted estimate of the error
probability over C,, the class of k-nearest neighbor rules with 1 < k < k. Then

n

P {L(g,a — inf L(¢n) > e} < ke,
$nel,

where ¢ is a constant depending on the dimension only. If kg — 00 and
kologn/n — O, then g, is strongly universally consistent.

Proor. From Theorem 8.4 we recall

L(gn) = jnf L(¢y) <2 sup |L(¢n) — L (@0)] -

n€Cn

The inequality now follows from Theorem 24.5 via the union bound. Universal
consistency follows from the previous inequality, and the fact that the &o-NN rule
is strongly universally consistent (see Theorem 11.1). O

Problems and Exercises

PrROBLEM 26.1. Let K, K5, ... be integer valued random variables, and let g, be the K-
nearest neighbor rule. Show that if X has a density, and K, — oo and K,/n — 0in
probability as n — oo, then E{L(g,)} — L*.

PrOBLEM 26.2. Let C be the class of all 1-nN rules based upon pairs (x1, y1), - - ., (X, Vi)
where k is a fixed parameter (possibly varying with n), and the (x;, ¥;)’s are variable pairs
from R¥ x {0, 1}. Let g, be the rule that minimizes the empirical error over C, or, equivalently;
let g, be the rule that minimizes the resubstitution estimate L% over C.

(1) Compute a suitable upper bound for S(C, n).

(2) Compute a good upper bound for V¢ as a function of k and d.

(3) If k — oo with n, show that the sequence of classes C contains a strongly uni-
versally consistent subsequence of rules (you may assume for convenience that X
has a density to avoid distance ties).

(4) Under what condition on & can you guarantee strong universal consistency of g’
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(5) Give an upper bound for
E {L(gn) - gg L(¢)} .

PrROBLEM 26.3. Let C,, contain all k-NN rules based upon data pairs (X1, Y1), . . ., (X, Yin)-
The metric used in computing the neighbors is derived from the norm

i d
lIxlz = Z Zaijx(’)x(”, x =W, L x Dy,

i=l j=1

where {o;;} forms a positive definite matrix X. The elements of X are the free parameters
in C,,. Compute upper and lower bounds for S(C,,, {) as a function of m, [, k, and d.

PROBLEM 26.4. Let g, be the rule obtained by minimizing L over all k-NN rules with
1 < k < n. Prove or disprove: g, is strongly universally consistent. Note that in view of
Theorem 26.4, it suffices to consider en/logn <k <n —1foralle > 0.
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Hypercubes and Discrete Spaces

In many situations, the pair (X, Y) is purely binary, taking values in {0, 1} x {0, 1}.
Examples include boolean settings (each component of X represents “on” or “off”’),
representations of continuous variables through quantization (continuous variables
are always represented by bit strings in computers), and ordinal data (a component
of X is 1 if and only if a certain item is present). The components of X are denoted
by X, ..., X, In this chapter, we review pattern recognition briefly in this
setup.

Without any particular structure in the distribution of (X, Y) or the function
n(x) =P{Y = 1|X = x},x € {0, 1}¢, the pattern recognition problem might as well
be cast in the space of the first 2¢ positive integers: (X, Y) € {1,...,2¢} x {0, 1}.
This is dealt with in the first section. However, things become more interesting
under certain structural assumptions, such as the assumption that the components
of X be independent. This is dealt with in the third section. General discrimination
rules on hypercubes are treated in the rest of the chapter.

27.1 Multinomial Discrimination

At first sight, discrimination on a finite set {1, ..., k}—called multinomial discri-
mination—may seem utterly trivial. Let us call the following rule the fundamental
tule, as it captures what most of us would do in the absence of any additional
information.

g*(x) = 1 if Z?:} Iiximx vimty > 2oty Lxi=x,vi=0)
n 0 otherwise.
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The fundamental rule coincides with the standard kernel and histogram rules if the
smoothing factor or bin width are taken small enough. If p; = P{X =i} and n is
as usual, then it takes just a second to see that

Ly Y n0)ps

%3 Ixg=n=0

and

EL, > Y n(x)p:(1 = p.)",
X
where L, = L(g;). Assume n(x) = 1 atall x. Then L* = 0 and
EL, > Y p.(1—po)".
X

If p, = 1/k for all x, we have EL, > (1 — 1/k)" = 1/2 if k > 2n. This
simple calculation shows that we cannot say anything useful about fundamental
rules unless k < 2n at the very least. On the positive side, the following universal
bound is useful.

Theorem 27.1. For the fundamental rule, we have L, — L* with probability one
as n — 00, and, in fact, for all distributions,

k k

2n+1) en

[k
EL, < L*+1.075,/—.
n

Proor. The first statement follows trivially from the strong universal consistency
of histogram rules (see Theorem 9.4). It is the universal inequality that is of interest
here. If B(n, p) denotes a binomial random variable with parameters n and p, then
we have

EL, <L*+

and

EL,

k
> pe(n00)+ (1 = 2EDPBAVG), @) > Nx)/23)
x=1

(here N(x) is a binomial (n, p(x)) random variable)

i

k
> pe(1= 00+ @n) = DPBIVG), () = N(x)/2)).
x=1



27.1 Multinomial Discrimination 463

From this, if £(x) = min(n(x), 1 — n(x)),

EL,

IA

IA

IA

IA

1A

A

IA

k
>~ pa(5)+ (1 = 25PIBIVG), £ = N(x)/2))
x=1

y N 1—
L+ Z px(1 —2£(x)E { (&)1 — &) }
x=1

NEE®(1 = 28(x) + (L — &)’ N(x)?
(by the Chebyshev-Cantelli inequality—Theorem A.17)
I*s 21 ol — 26()E { R }

(since §(x)(1 — &(x)) = 1/4)

X
1
L* + E{—ow—rHI +(1 -2 Ty o=
x§=1 Dsx {2 NG (Nn=0p + ( & vy 0}}

(since the function u /(1 + Nu?) < 1/(2+/N) for0 <u < 1)

k
L* +pr(1 - px)n pr\/ {N( )I{N(x)—O}}

x=1

(by Jensen’s inequality)

v (1) A o

(by Lemma A.2 and the fact that the worst distribution
has p, = 1/k for all x)

L +e 4 Z N

k k
L*+ — /2(71 D (since e™ < 1/(eu) foru > 0,

and by the Cauchy-Schwarz ihequality).

This concludes the proof, as 4/1/2 + 1/e < 1.075. O

For several key properties of the fundamental rule, the reader is referred to Glick
(1973) and to Problem 27.1. Other references include Krzanowski (1987), Gold-
stein (1977), and Goldstein and Dillon (1978). Note also the following extension
of Theorem 27.1, which shows that the fundamental rule can handle all discrete
distributions.
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Theorem 27.2. If X is purely atomic (with possibly infinitely many atoms), then
L, — L* with probability one for the fundamental rule.

PrOOF. Number the atoms 1, 2, .. .. Define X’ = min(X, k) and replace (X;, Y;) by
(X}, Y;), where X = min(X;, k). Apply the fundamental rule to the new problem
and note that by Theorem 27.1, if k is fixed, L,, — L* with probability one for
the new rule (and new distribution). However, the difference in L,’s and in L*’g
between the truncated and nontruncated versions cannot be more than P{X > k},
which may be made as small as desired by choice of k. O

27.2 Quantization

Consider a fixed partition of space R< into k sets {Aq, ..., Az}, and let gn be the
standard partitioning rule based upon majority votes in the A;’s (ties are broken
by favoring the response “0,” as elsewhere in the book). We consider two rules:

(1) The rule g, considered above; the data are (Xi, Y1),...,(X,, Y»), with
(X,Y) € R? x {0, 1}. The probability of error is denoted by L,, and the
Bayes probability of error is L* = E{min(n(X), I — n(X))} with n(x) =
P{Y =1|X =x},x e R%.

(2) The fundamental rule g, operating on the quantized data (X}, Y1), ...,
(X!, Y,), with (X', ¥) € {1,...,k} x {0,1}, X = j if X € A;. The Bayes

probability of error is L'* = E{min(n’(X"), 1 —#'(X"))} with n’(x") = P{Y =
X" =x"},x" € {1, ..., k}. The probability of error is denoted by L/,.

Clearly, g, is nothing but the fundamental rule for the quantized data. As g,(x) =

g, (x"), where x" = jif x € A;, we see that

Ln P{Y#gIZ(X)IXl’Y1a~~~’Xn’YIZ}
P{Y # g, (XX, Y1,..., X, V)

= L;.

However, the Bayes error probabilities are different in the two situations. We claim,
however, the following:

Theorem 27.3. For the standard partitioning rule,

k
E{L,} <L+ 1.075\/;”3,

where § = E {‘n(X) - n’(X’)H. Furthermore,

L*<L™* < L*+3§.



27.2 Quantization 465

PrOOR. Clearly, L* < L™ (see Problem 2.1). Also,
L* = Efmin(y'(X), 1 —7'(X)}
E{min(n(X) + [n(X) = n'(X")] , 1 = n(X) +[n(X) = n'(X)])}
< §+E{min(n(X), 1 - n(X))}
= §+L*

. k k
E(L,) <L"+1.075,/— < L*+8+ 1.075\/j
n n

by Theorem 27.1. OO

IA

Furthermore,

As an immediate corollary, we show how to use the last bound to get useful
distribution-free performance bounds.

Theorem 27.4. Let F be a class of distributions of (X, Y) for which X € [0, 1]¢
with probability one, and for some constants ¢ > 0, 1 > o« > 0,

In(x) ~ n@)| < cllx —z||%, x.ze R

Then, if we consider all cubic histogram rules g, (see Chapter 6 for a definition),
we have

. a b
inf E{L(g) - L} < —=+—,
cubic histogram rule g, ﬁ N a2

where a and b are constants depending upon c, o, and d only (see the proof for
explicit expressions).

Theorem 27 4 establishes the existence of rules that perform uniformly at rate
0 (n=*/@+2)) over F. Results like this have an impact on the number of data
points required to guarantee a given performance for any (X, Y) € F.

ProoF. Consider a cubic grid with cells of volume A¢. As the number of cells
covering [0, 1]¢ does not exceed (1/ 4 +2), we apply Theorem 27.3 to obtain

dj2
E(L(g,)} < L* +1.075 (2 + Z) va,
where

§ <sup|n(x) —n'(x) <csup sup Jlz—x|* <c (h«/c?)a .

A x,z€A;

The right-hand side is approximately maximal when

2
d+2e

1.075d def
A p .
200 (c«/c_l) N nam

Resubstitution yields the result. O

h=
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27.3 Independent Components

Let X = (X1, ..., XY) have components that are conditionally independent,
given {¥ = 1}, and also, given {¥ = 0}. Introduce the notation

p) = PxY=1y=1}
gy = P{XY =1y =0}
p = P{¥r=1}
With x = (xD, ..., x9) € {0, 1}¢, we see that
()_P{Y:l,X:x}_ pP{X =x|Y =1}
M= X =x)  pPX=xY=1}+(l — pP(X = x|V =0}’
and
d " .
PX=xY=1} = [[p0)*"(-pa)—",
i=1
PIX=x¥ =0} = []qGr"a—q@n'"
i=1

Simple consideration shows that the Bayes rule is given by

Lt p[Te p()( - p(i)))l—ﬂw |
gx) = >(1-p) H;izlq(l')x“ (- q(i))l_)‘(')
0 otherwise.

Taking logarithms, it is easy to see that this is equivalent to the following rule:

1if oo+ 3, 0x®@ >0
O otherwise,

g (x)= {

where

(&1

d .

p 1—p@)
log [ —2—) +3 log (—22 ),
°g<1~p>+i=1 °g<1-q<i)>

N1 —a
log(&- q(z.)) i=1,...,d.
q() 1-p@)
In other words, the Bayes classifier is linear! This beautiful fact was noted by
Minsky (1961), Winder (1963), and Chow (1965).
Having identified the Bayes rule as a linear discrimination rule, we may apply

the full force of the Vapnik-Chervonenkis theory. Let g, be the rule that minimizes
the empirical error over the class of all linear discrimination rules. As the class

il

Q;
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of linear halfspaces of R? has vc dimension d + 1 (see Corollary 13.1), we recall
from Theorem 13.11 that for g,,

P{L(g)) — L* > €} < 8ni*len</128,

d+ 1)1 4
16,/ (——-—)222— (by Corollary 12.1),
n

E{L(g,)—L"} <
P{L(g)—L* > ¢} < 16(yne)' P2 pe? > 64,
and ¢
E{L(g,) — L"} < N
where

¢ =16++/1013(d + 1)10og(10'%(d + 1)) (Problem 12.10).

These bounds are useful (i.e., they tend to zero with n) if d = o(n/logn). In
contrast, without the independence assumption, we have pointed out that no non-
trivial guarantee can be given about E{L(g,)} unless 2¢ < n. The independence
assumption has led us out of the high-dimensional quagmire.

One may wish to attempt to estimate the p(i)’s and g(i)’s by p(i) and g(i) and
to use these in the plug-in rule g,(x) that decides 1 if

d , . d _ )
Pl a-5en™" > 1 - p[]a0 a -gun'",
i=1 i=1

where D is the standard sample-based estimate of p. The maximum-likelihood
estimate of p(i) is given by

1
Zj:l [{X§’)=1,Yj=1}

pl) =
> ia Twy=ny
while ;
q) = _Z_F‘ Tix0=1,v,209

>t Tyy=0)

with 0/0 equal to O (see Problem 27.6). Note that the plug-in rule too is linear,
with

1 if ap+ Zle ;x>0
8nlx) = { 0 otherwise,
where
~ d . . .
N, N N
@ = log( PA> +Zlog< . 01(i) . oo(i) + ' 10(1))’
1-p) %5 Noi(i) + Ny (1) Noo(i)

o = 10 (M . M) l — 1 d
: E\ Vo) Nioh) v
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and

n n
Noo(i) = Z 1{X§?>=0,Y,~=oy Noi (i) = Z I{X;.”:O,Y;:l)’
j=1 j=1

I3 n
Nip(i) = Z I{Xﬁ.”zl,Y,:O}’ Ni@) = Z I(X;’?:l,yj:w
=1 =1

d
p=) (Noi)+ Nu(i)).
i=1

For all this, we refer to Warner, Toronto, Veasey, and Stephenson (1961) (see also
McLachlan (1992)).
Use the inequality

E{L(g:) — L™} = 2E{|n,(X) — n(X)},

where 7 is as given in the text, and 7, is as n but with p, p(i), g(i) replaced by
P, P(i), q(i), to establish consistency:

Theorem 27.5. For the plug-in rule, L(g,) — L* with probability one and
E{L(g,)} — L* — 0, whenever the components are independent.

We refer to the Problem section for an evaluation of an upper bound forE{L(g, )~
L*} (see Problem 27.7).

Linear discrimination on the hypercube has of course limited value. The world
is full of examples that are not linearly separable. For example, on {0, 1}, if
Y = XD - XP) 4+ XD — XD) (s0 that ¥ implements the boolean “xor” or
“exclusive or” function), the problem is not linearly separable if all four possible
values of X have positive probability. However, the exclusive or function may be
dealt with very nicely if one considers quadratic discriminants dealt with in a later
section (27.5) on series methods.

27.4 Boolean Classifiers

By a boolean classification problem, we mean a pattern recognition problem on
the hypercube for which L* = 0. This setup relates to the fact that if we consider
Y =1 as a circuit failure and Y = 0 as an operable circuit, then Y is a deterministic
function of the X©’s, which may be considered as gates or switches. In that case,
Y may be written as a boolean function of X, ..., X We may limit boolean
classifiers in various ways by partially specifying this function. For example, fol-
lowing Natarajan (1991), we first consider all monomials, that is, all functions:
g 10, 1}¢ — {0, 1} of the form

ROV NS
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for some k < d and some indices 1 < i; < --- < i; < d (note that algebraic mul-
tiplication corresponds to a boolean “and”). In such situations, one might attempt
to minimize the empirical error. As we know that g* is also a monomial, it is clear
that the minimal empirical error is zero. One such minimizing monomial is given

by

g, (x D, x@) = x @) )

where
min X =...= min X =1, and min X"’ =0 i & {i ix}
1<i<n i —Iﬁifn P 1<i<n i =Y Lo Bid

Thus, g, picks those components for which every data point has a “1”. Clearly,
the empirical error is zero. The number of possible functions is 2¢. Therefore, by
Theorem 12.1,

P{L(g,) > €} < 2%e7",

and d+1
+
E{L(gu)} < T

Here again, we have avoided the curse of dimensionality. For good performance,
it suffices that n be a bit larger than d, regardless of the distribution of the data!

Assume that we limit the complexity of a boolean classifier g by requiring that g
must be written as an expression having at most k operations “not,” “and,” or “or,”
with the x*’s as inputs. To avoid problems with precedence rules, we assume that
any number of parentheses is allowed in the expression. One may visualize each
expression as an expression tree, that is, a tree in which internal nodes represent
operations and leaves represent operands (inputs). The number of such binary trees
with & internal nodes (and thus & + 1 leaves) is given by the Catalan number

1 2k
k+1\ k
(see, e.g., Kemp (1984)). Furthermore, we may associate any of the x’s with the

leaves (possibly preceded by “not”) and “and” or “or” with each binary internal
node, thus obtaining a total of not more than

2k(2d)k+l __1__ <2k)
k+1\ k

possible boolean functions of this kind. As k — oo, this bound is not more than
e+l 4 k
(4dY™* —== < (16d)
NE 15

for k large enough. Again, for k large enough,

P{L(g,) > €} < (16d) e,
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and
E{L(gn)} <

Note that k is much more important than d in determining the sample size. For
historic reasons, we mention that if g is any boolean expression consisting of gt
most k£ “not,” “and,” or “or” operations, then the number of such functions wag
shown by Pippenger (1977) not to exceed

16(d + k> \*
(55

Pearl (1979) used Pippenger’s estimate to obtain performance bounds such as the
ones given above.

klog(16d) + 1
- .

27.5 Series Methods for the Hypercube

It is interesting to note that we may write any function # on the hypercube as a
linear combination of Rademacher-Walsh polynomials

1 i=0

2xM — 1 i=1

249D — 1 i=d

2xD — 1H(2x® — 1) i=d+1

Yi(x) = : :

(2x@=D — 1)(2x@ — 1) i=d+1+(%)

2xV - DEx® = DEx® —1) i=d+2+())

@2xD —1)...(2x@D — 1) i=24 1.
We verify easily that

d . -
Swtonse={ 5 )

so that the ;s form an orthogonal system. Therefore, we may write

241

p(axDn@) =y ai(x),

i=0

where
¥i(X)

1
a; = 57 2 pinE@u(lx) = E {—zd—fﬂen} :
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and pu({x}) = P{X = x}. Also,

241

u(xh(d = n0)) = D~ bivhi(x),
i=0

with

1 (X
bi= o7 Z (01 — nE))u({x)) = E { YilX) I{M}} ‘

2d

Sample-based estimates of g; and b; are

—~ I & (X))
a; - Ly - s
n ; 2d {¥;=1}

1 Z WD

I

1]

b
The Bayes rule is given by

() = { it Y @ — by > 0
gx)=
0 otherwise.

Replacing a; — b; formally by @; — l/): yields the plug-in rule. Observe that this
is just a discrete version of the Fourier series rules discussed in Chapter 17. This
rule requires the estimation of 2¢ differences a; — b;. Therefore, we might as well
have used the fundamental rule.

When our hand is forced by the dimension, we may wish to consider only rules
in the class C given by

g(x) = { 1 if Z(o)‘*’( )+"'+(k)(al{ _ bl/)wl(x) -0

0 otherwise,

where k < d is a positive integer, and ay, by, aj, b}, ... are arbitrary constants.
We have seen that the vc dimension of this class is not more than (‘é) +(4) +
ot (‘Z) < d* + 1 (Theorem 13.9). Within this class, estimation errors of the
order of O (w/dk logn/ n) are thus possible if we minimize the empirical error
(Theorem 13.12). This, in effect, forces us to take k < log, n. For larger k, pattern
recognition is all but impossible.
As an interesting side note, observe that for a given parameter k, each member
of C is a k-th degree polynomial in x.

REMARK. PERFORMANCE OF THE PLUG-IN RULE. Define the plug-in rule by

0 otherwise.

gn<x)={ it YO0 0G By > 0
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As n — 00, by the law of large numbers, g, approaches g:
d LAV ()
ent=] 1 i T @ by > 0
0 otherwise,

where a;, b; are as defined above. Interestingly, g, may be much worse than the
best rule in C! Consider the simple example ford =2, k = 1:

| xD=0]x®=1

Table of n(x): ¥@ =1 1/8 6/8
x® =0 5/8 1/8
| xV=0] xW=1
Table of n({x}) = P{X = x}: @ =1 p 5«301;

A simple calculation shows that for any choice p € [0, 1/2], either goo = 1 or
8x = 0. We have g = 1if p < 10/47, and g = 0 otherwise. However,
in obvious notation, L(g = 1) = (41p + 11)/36, L(g = 0) = (50 — 82p)/72.
The best constant rule is g = 1 when p < 7/41 and ¢ = 0 otherwise. For
7/41 < p < 10/47, the plug-in rule.does not even pick the best constant rule, let
alone the best rule in C with & = 1, which it was intended to pick.

This example highlights the danger of parametric rules or plug-in rules when
applied to incorrect or incomplete models. O

REMARK. HISTORICAL NOTES. The Rademacher-Walsh expansion occurs frequently
in switching theory, and was given in Duda and Hart (1973). The Bahadur-Lazars-
feld expansion (Bahadur (1961)) is similar in nature. Ito (1969) presents error
bounds for discrimination based upon a k-term truncation of the series. Ott and
Kronmal (1976) provide further statistical properties. The rules described here with
k defining the number of interactions are also obtained if we model P{X = x|Y = 1}
and P{X = x|Y = 1} by functions of the form

Q) D+ ()
exp Z aiyi(x) ] and exp Z bifri(x)
i=0 i=0

The latter model is called the log-linear model (see McLachlan (1992, section
7.3)). 0

27.6 Maximum Likelihood

The maximum likelihood method (see Chapter 15) should not be used for picking
the best rule from a class C that is not guaranteed to include the Bayes rule. Perhaps
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a simple example will suffice to make the point. Consider the following hypercube
setting with d = 2:

| x0=0 | x¥ =1

n(x) : x® =1 0 1
xP=0 1
| xP=0 | xV =1
n({x}) : xP =1 p
xP=0 r s

In this example, L* = 0. Apply maximum likelihood to a class F with two members
{na,np}, where

W = |48 if xV=0
A= 15 i a0 =1,
() = 0 ifxM=0
A T

Then maximum likelihood won’t even pick the best member from F! To verify

this, with g4(x) = I(n,00>1/23» 88(X) = I{yp00>1/23, We see that L(ga) = p + ¢,
L(gp) =r +s. However, if n is given by

e = argmax | [[ n'xo)- [T =0},
ne{na.ne} \jy,=1 i:Y;=0

and if we write N;; for the number of data pairs (Xy, Y;) having X, =i, ¥ = J,
then 1y = 14 if

_{!'_ Noi+Nio 1 Nii+Noo . 0 if Ny + Nig > 0
5 5 if No1 + NIO =0
and n,, = np otherwise. Equivalently, ny, = ny4 if and only if Ny + Ny > 0.

Apply the strong law of large numbers to note that No;/n — r», Nig/n — s,
Nyo/n — p, and Nij/n — g with probability one, as n — oo. Thus,

[y

1 ifr+s>0
0 otherwise.

lim P{ny =n4} = {
n—od
Take r + s = € very small, p + g = 1 — €. Then, for the maximum likelihood rule,
EL, — L(ga)=1—€ > € =min(L(ga), L(gp))-

However, when JF contains the Bayes rule, maximum likelihood is consistent (see
Theorem 15.1).
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27.7 Kernel Methods

Sometimes, d is so large with respect to n that the atoms in the hypercube are
sparsely populated. Some amount of smoothing may help under some circum-
stances. Consider a kernel K, and define the kernel rule

o) = { it LY, ev - DK (B5E) 0

0 otherwise,

where ||x — z|| is just the Hamming distance (i.e., the number of disagreements
between components of x and 7). With K (u) = e‘”z, the rule above reduces to arule
given in Aitchison and Aitken (1976). In their paper, different z’s are considered for
the two classes, but we won’t consider that distinction here. Observe that at 1 = (,
we obtain the fundamental rule. As 7 — oo, we obtain a (degenerate) majority
rule over the entire sample. The weight given to an observation X; decreases
exponentially in ||x — X;||%. For consistency, we merely need # — 0 (the condition
nh? — oo of Theorem 10.1 is no longer needed). And in fact, we even have
consistency with 2 = 0 as this yields the fundamental rule.

The data-based choice of / has been the object of several papers, including
Hall (1981) and Hall and Wand (1988). In the latter paper, a mean squared error
criterion is minimized. We only mention the work of Tutz (1986; 1988; 1989),
who picks / so as to minimize the deleted estimate L.

Theorem 27.6. (TuTZ (1986)). Let H, be the smoothing factor in the Aitchison-
Aitken rule that minimizes LP). Then the rule is weakly consistent for all distri-
butions of (X, Y) on the hypercube.

ProOOF. See Theorem 25.8. O

Problems and Exercises

PrOBLEM 27.1. THE FUNDAMENTAL RULE. Let gr be the fundamental rule on a finite set
{1,...,k},and define L, = L(g*). Let g* be the Bayes rule (with error probability L*), and .
let

1
A= inf (5 —min(me), 1 -n()).
sntr1/2 (2 min(n(x) U(x)))

Let L{® be the resubstitution error estimate (or apparent error rate). Show the following:
(1) E{L{®l <EL, (the apparent error rate is always optimistic; Hills (1966)).
2 E 1Lff)] < L* (the apparent error rate is in fact very optimistic; Glick (1973)).
3 EL, <L*+ e~ 2A% (for a similar inequality related to Hellinger distances, see:
Glick (1973)). This is an exponential but distribution-dependent error rate.

PROBLEM 27.2. DISCRETE LipscHITZ cLASSES. Consider the class of regression functions
n € [0, 17 with {n(x) —n(z)| < cp(x, 2)%, where x, z € {0, 1}%, p(-, -) denotes the Hamming
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distance, and ¢ > 0 and & > 0 are constants (note that « is not bounded from above). The
urpose is to design a discrimination rule for which uniformly over all distributions of
(X, Y)on {0, 1} x {0, 1} with such n(x) = P{¥ = 1|X = x}, we have

Y(c, o, d)
N
where the function W(c, «, d) is as small as possible. Note: for ¢ = 1, the class contains all

regression functions on the hypercube, and thus W(1, &, d) = 1.075 - 24/2 (Theorem 27.1).
How small should ¢ be to make W polynomial in d?

E{L, - L"} <

PROBLEM 27.3. With a cubic histogram partition of [0, 1]¢ into k¢ cells (of volume 1/ k¢
each), we have, for the Lipschitz (¢, @) class F of Theorem 27.4,

This grows as d*/2. Can you define a partition into k¢ cells for which sup,y y,. & is smaller?
HiNT: Consult Conway and Sloane (1993).

PrOBLEM 27.4. Consider the following randomized histogram rule: Xy, ..., X; partition
[0, 13¢ into polyhedra based on the nearest neighbor rule. Within each cell, we employ a
majority rule based upon X1, . . ., X,. If X is uniform on [0, 1]¢ and 7 is Lipschitz (c, &)
(as in Theorem 27.4), then can you derive an upper bound for E{L,, — L*} as a function of
k, n, c,«, and d? How does your bound compare with the cubic histogram rule that uses
the same number (k) of cells?

PROBLEM 27.5. Let JF be the class of all Lipschitz (¢, &) functions ' € R — [0, 1]. Let
(X,Y) € F denote the fact that (X, ¥) has regression function n(x) = P{Y = 1|{X = x} in
JF. Then, for any cubic histogram rule, show that

1
sup E{L, —L"}> - —L".
(X.Y)eF 2

Thus, the compactness condition on the space is essential for the distribution-free error
bound given in Theorem 27.4.

PROBLEM 27.6. INDEPENDENT MODEL. Show that in the independent model, the maximum
likelihood estimate p(i) of p(i) is given by

Y
;. I i
Z}=1 (xP=1y;=13
n
Zj:l I{Y,-:l}

PROBLEM 27.7. INDEPENDENT MODEL. For the plug-in rule in the independent model, is it
true that E{L,, — L*} = O(1/./n) uniformly over all pairs (X, ¥) on {0, 1} x {0, 1}? If so,
find a constant ¢ depending upon d only, such that E{L, — L*} < ¢//n. If not, provide a
counterexample.

ProBLEM 27.8. Consider a hypercube problem in which X = (X, ..., X“) and each
X® e (~1,0, 1} (a ternary generalization). Assume that the X®’s are independent but not
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necessarily identically distributed. Show that there exists a quadratic Bayes rule, i.e., g*(x)

is 1 on the set
ao+Za x(’)+}:oz xOx0) >0,

ij=1
where g, {o;}, and {oy;;} are some weights (Kazmierczak and Steinbuch (1963)).
PROBLEM 27.9. Let A be the class of all sets on the hypercube {0, 1}¢ of the form x@0 ...
x% = 1, where (x®, ..., x9) € {0,1}%, 1 < i <--- < i <d. (Thus, Ais the class
of all sets carved out by the monomials.) Show that the vc dimension of C is d. HINT: The
set {(0,1,1,...,1),(1,0,1,...,D),...,(1, 1, 1,...,0)} is shattered by .A. No set of size
d + 1 can be shattered by A by the pigeonhole principle.

PROBLEM 27.10. Show that the Catalan number
1 /2n 4
n+1\n s

PrROBLEM 27.11. Provide an argument to show that the number of boolean functions with
at most k operations “and” or “or” and d operands of the form x? or 1 — x@, x@ € {0, 1},

is not more than -
d k+1
22d) k+1 (k )

(this is 2* times less than the bound given in the text).

(See, e.g., Kemp (1984).)

PrOBLEM 27.12. Provide upper and lower bounds on the vc dimension of the class of sets
A on the hypercube {0, 1}¢ that can be described by a boolean expression with the x©’s or
1 — x®°s as operands and with at most k operations “and” or “or.”

PROBLEM 27.13. LINEAR DISCRIMINATION ON THE HYPERCUBE. Let g, be the rule that mini-
mizes the empirical error fn(¢) over all linear rules ¢, when the data are drawn from any
distribution on {0, 1} x {0, 1}. Let L,, be its probability of error, and let L be the minimum
error probability over all linear rules. Show that fore > 0,

29\ 2
PL,—L>¢e}<4 4 e 2,

~,/1+10g4(25) 2d+1
< .
~2n T Won
Compare this result with the general Vapnik-Chervonenkis bound for linear rules (Theorem

13.11) and deduce when the bound given above is better. HINT: Count the number of possible
linear rules.

Deduce that

E{L,-L} <2

PROBLEM 27.14. Onthe hypercube {0, 1}¢, show that the kernel rule of Aitchison and Aitken
(1976) is strongly consistent when lim,,, o, 1 = 0.

PROBLEM 27.15. Pick h in the kernel estimate by minimizing the resubstitution estimate
L, and call it HP. For L), we call it H®). Assume that the kernel function is of the
form K(|| - |/ ) Wlth K >0,Km) | Oasu 1 oco. Let L be the error estimate for the



Problems and Exercises 477

kernel rule with one of these two choices. Is it possible to find a constant ¢, depending upon
d and K only, such that

~ c
E{L, —i —7
{Ln infl Ln(h)} = 7

If so, give a proof. If not, provide a counterexample. Note: if the answer is positive, a
minor corollary of this result is Tutz’s theorem. However, an explicit constant ¢ may aid in
determining appropriate sample sizes. It may also be minimized with respect to K.

PROBLEM 27.16. (Simon (1991).) Construct a partition of the hypercube {0, 1}“ in the fol-
lowing manner, based upon a binary classification tree with perpendicular splits: Every
node at level i splits the subset according to x) = 0 or x® = 1, so that there are at most d
levels of nodes. (In practice, the most important component should be x.) For example,
all possible partitions of {0, 1}? obtainable with 2 cuts are

[ ] -] ] @ [ ] ® e L4
® @ @ ® (-] @ [} [ ]
Assign to each internal node (each region) a class. Define the Horton-Strahler number & of

a tree as follows: if a tree has one node, then & = 0. If the root of the tree has left and right
subtrees with Horton-Strahler numbers &; and &,, then set

& =max(§, &) + [ig,=s,)-

Let C be the class of classifiers g described above with Horton-Strahler number < £.

(1) LetS={xe{0,1}¥: |lx|| <&}, where || - | denotes Hamming distance from the
all-zero vector. Show that S is shattered by the class of sets {g =1: g € C}.

(2) Show that S| = 37, (4).

(3) Conclude that the vc dimension of C is at least Zf:o (‘f) (Simon has shown that
the vc dimension of C is exactly this, but that proof is more involved.)

(4) Assuming L* = 0, obtain an upper bound for E{L,} as a function of § and d, where
L, is the probability of error for the rule picked by minimizing the empirical error
over C.

(5) Interpret & as the height of the largest complete binary tree that can be embedded
in the classification tree.






28

Epsilon Entropy and Totally
Bounded Sets

28.1 Definitions

This chapter deals with discrimination rules that are picked from a certain class
of classifiers by minimizing the empirical probability of error over a finite set of
carefully selected rules. We begin with a class F of regression functions (i.e., a
posteriori probability functions) n : R? — [0, 1] from which 71, will be picked
by the data. The massiveness of F can be measured in many ways—the route
followed here is suggested in the work of Kolmogorov and Tikhomirov (1961).
We will depart from their work only in details. We suggest comparing the results
here with those from Chapters 12 and 15.

Let 7. = (D, ..., n™} be a finite collection of functions R¢ — [0, 1] such
that
FcC U Sy
neFe

where S, ¢ is the ball of all functions & : R4 — [0, 1] with

1€ —n'llec = sup |E(x) — n'(0)] <e.

In other words, for each n' € F, there exists an n0 € F, with sup, [n'(x) —
n%(x)| < €. The fewer n©’s needed to cover F, the smaller F is, in a certain
sense. J is called an e-cover of F. The minimal value of |F.| over all e-covers
is called the e-covering number (N.). Following Kolmogorov and Tikhomirov
(1961),

log, N
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is called the e-entropy of F. We will also call it the metric entropy. A collection
F is totally bounded if N, < oo for all € > 0. It is with such classes that we are
concerned in this chapter. The next section gives a few examples. In the following
section, we define the skeleton estimate based upon picking the empirically best
member from F..

FIGURE 28.1. An e-cover of the

unit square.

28.2 Examples: Totally Bounded Classes

The simple scalar parametric class F = {e™"l,x € R;0 > 0} is not totally
bounded (Problem 28.1). This is due simply to the presence of an unrestricted
scale factor. It would still fail to be totally bounded if we restricted 0 to [1, o0) or
[0, 1]. However, if we force 6 € [0, 1] and change the class F to have functions

') = e~ if (x| <1
TE=1 0 otherwise,

then the class is totally bounded. While itis usually difficult to compute N, exactly,
it is often simple to obtain matching upper and lower bounds. Here is a simple
argument. Take 6; = 2¢i, 0 < i < |1/(2¢)] and define 6* = 1. Each of these
0-values defines a function n’. Collect these in F.. Note that with n € F, with
parameter 6, if ¢ is the nearest value among {6;,0 < i < |[1/(2¢)]} U {6*}, then
|6 — 6] < €. But then

sup e~ — 70 < 1g —5{ <e.
[x[<1

Hence F, is an e-cover of F of cardinality |1/(2¢)] + 2. We conclude that F is
totally bounded, and that
Ne =2+ 11/Q2€)].

(See Problem 28.2 for a d-dimensional generalization.)
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For alower bound, we use once again an idea from Kolmogorov and Tikhomirov
(1961). Let Ge = {n™®, ..., n™} C F be a subset with the property that for every
i # j.sup, [n®(x) — n(x)| > €. The set G, is thus e-separated. The maximal
cardinality e-separated set is called the € -packing number (or €-separation number)
M. It is easy to see that

M,Ze =< -N.e = Me

(Problem 28.3). With this in hand, we see that G, may be constructed as follows
for our example: Begin with 8 = 0. Then define 6; by e ™ =1 —¢,e™% =1 —2¢,
etcetera, until 6; > 1. It is clear that this way an e-separated set G, may be
constructed with |G| = [(1 — 1/e)/€] + 1. Thus,

1—1
MZMzeZ[ /6J+1.
2e

The €-entropy of F grows as log,(1/€) as e | 0.
Consider next a larger class, not of a parametric nature: let 7 be a class of
functions 7 on [0, A] satisfying the Lipschitz condition

In() = n(x)] < clx — x|

and taking values on [0, 1]. Kolmogorov and Tikhomirov (1961) showed that if

1 1
€ <min|{ —, ,
(4 16Ac>

then

Ac 1
— +log, - —3 < 1 .
6 og2€ < log, M,
< log Ne
Ac 1
< — +logy,—+3
€ €

(see Problem 28.5). Observe that the metric entropy is exponentially larger than
for the parametric class considered above. This has a major impact on sample sizes
needed for similar performances (see the next sections).

Another class of functions of interest is that containing functions 7 : [0, 1] —
{0, 1] that are s-times differentiable and for which the s-th derivative ') satisfies
a Holder condition of order «,

[190) = PN < elx = X1, x,x" €0, 1],

where ¢ is a constant. In that case, log, M. and log, N, are both © (¢ 71/¢*%) as
€ | 0, where a, = ©(b,) means that a, = O(b,) and b, = O(a,). This result,
also due to Kolmogorov and Tikhomirov (1961), establishes a continuum of rates
of increase of the e-entropy. In R?, with functions 1 : [0, 1} — [0, 1], if the
Holder condition holds for all derivatives of order s, then log, N, = © (e~4/+)),
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Here we have an interesting interpretation of dimension: doubling the dimension
roughly offsets the effect of doubling the number of derivatives (or the degree
of smoothness) of the n’s. Working with Lipschitz functions on R! is roughly
equivalent to working with functions on R* for which all 24-th order derivatives
are Lipschitz! As there are 25%* such derivatives, we note immediately how much
we must pay for certain performances in high dimensions.
Let F be the class of all entire analytic functions » : [0, 2] — [0, 1] whose
periodic continuation satisfies
[n(2)] < ce”P@!

for some constants ¢, ¢ (z is a complex variable, J(z) is its imaginary part). For
this class, we know that

1
log, N ~ (4[o] +2)10g-€- as € } 0

(Kolmogorov and Tikhomirov (1961)). The class appears to be as small as our
parametric class. See also Vitushkin (1961).

28.3 Skeleton Estimates

The members of F, form a representative skeleton of 7. We assume that 7. C F
(this condition was not imposed in the definition of an e-cover). For each " € F,
we define its discrimination rule as

1 ify'(x) > 1/2
0 otherwise.

glx) = {

Thus, we will take the liberty of referring to n’ as a rule. For each such 7', we
define the probability of error as usual:

L(n) =P{g(X) #Y}.

The empirical probability of error of 1’ is denoted by
_~ 1<

L,(n) = . Z Ligexiamiy-
i=1

We define the skeleton estimate n, by

N = argmin L, (1).
neFe

One of the best rules in F is denoted by n*:

L) <L), n'eF.
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The first objective, as in standard empirical risk minimization, is to ensure that
L(n,) is close to L(n™*). If the true a posteriori probability function 7 is in F (recall
that n(x) = P{Y = 1|X = x}), then it is clear that L* = L(»*). It will be seen
from the theorem below that under this condition, the skeleton estimate has nice
consistency and rate-of-convergence properties. The result is distribution-free in
the sense that no structure on the distribution of X is assumed. Problems 6.9 and
28.9 show that convergence of L(n,) to L(n*) for all n’s—that is, not only for
those in F—holds if X has a density. In any case, because the skeleton estimate
is selected from a finite deterministic set (that may be constructed before data are
collected!), probability bounding is trivial: for all € > 0,8 > 0, we have

P {L(nn) - ni,relg L(n") > 5}

< |F| sup P{IL,(n) — L(y)| > 8/2}  (by Lemma 8.2)

77'6-7:5
< 2|F|e 2 (Hoeffding’s inequality).

Theorem 28.1. Let F be a totally bounded class of functions n' : R¢ — [0, 1].
There is a sequence {€, > O} and a sequence of skeletons F., C F such that if n,
is the skeleton estimate drawn from F , then

L(n,) — L* with probability one,

whenever the true regression function n(x) = P{Y = 1|X = x} is in F.
It suffices to take F. as an €-cover of F (note that |F.| need not equal the
¢-covering number N. ), and to define €, as the smallest positive number for which

1 .
2n > _Ogl_“Z:L]
n

Finally, with €, picked in this manner,
E{L(a) — L*} < 2+ V8)e, + \/E
n
ProoOF. We note that inf,ycr, L(n') < L* + 2¢, because if ' € S, ¢, then
E{|n'(X) = n(X)I} < sup[n'(x) —n(x)| <€
X
and thus, by Theorem 2.2, L(n') — L* < 2¢. Then for any 8§ > 2¢,,

P{L(n,) — L* > 8}

IA

P {L(nn) — inf L(n)) > 6 — 26,1}
77/6-7:5,,

IA

2| F, e 2 P2 (see above)

2 s A 2
< 262nen n(8—2¢,) /2’
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which is summable in 7, as €, = o(1). This shows the first part of the theorem. For
the second part, we have
< 2e +E{L(n,)} — inf L(n)
neFe,

o0
< 2+ / min (2e2"€5—"’2/2, 1) d
0

o0

< (2+“/§)5n +2/ eZne,f—ntﬂ/Zdt

8¢,

IA

o
2+ /)€, + j[ e Ay

0
(since €2 — t2/4 < —1?/8 for t > +/8e,)

= (2+98)e, +\/§.

The proof is completed. O

Observe that the estimate 7, is picked from a deterministic class. This, of course,
requires quite a bit of preparation and knowledge on behalf of the user. Knowledge
of the e-entropy (or at least an upper bound) is absolutely essential. Furthermore,
one must be able to construct F.. This is certainly not computationally simple.
Skeleton estimates should therefore be mainly of theoretical importance. They
may be used, for example, to establish the existence of estimates with a guaranteed
error bound as given in Theorem 28.1. A similar idea in nonparametric density
estimation was proposed and worked out in Devroye (1987).

REMARK. In the first step of the proof, we used the inequality

E{l7'(X) = n(XOl} < supn'(x) — n(x)| <e.

It is clear from this that what we really need is not an €-cover of F with respect to
the supremum norm, but rather, with respect to the L;(x) norm. In other words,
the skeleton estimate works equally well if the skeleton is an €-cover of F with
respect to the Li(u) norm, that is, it is a list of finitely many candidates with the
property that for each n” € F there exists an 7% in the list such that E{|(X) ~
nD(X)|} < e. It follows from the inequality above that the smallest such covering
has fewer elements than that of any e-cover of F with respect to the supremum
norm. Therefore, estimates based on such skeletons perform better. In fact, the
difference may be essential. As an example, consider the class F of all regression
functions on [0, 1] that are monotone increasing. For € < 1/2, this class does
not have a finite e-cover with respect to the supremum norm. However, for any"
w it is possible to find an e-cover of F, with respect to L(x), with not more
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than 47'/<1 elements (Problem 28.6). Unfortunately, an e-cover with respect to
L1() depends on w, the distribution of X. Since w is not known in advance,
we cannot construct this better skeleton. However, in some cases, we may have
some a priori information about p..-For example, if we know that u is a member
of a known class of distributions, then we may be able to construct a skeleton
that is an e-cover for all measures in the class. In the above example, if we know
that u has a density bounded by a known number, then there is a finite skeleton
with this property (see Problem 28.7). We note here that the basic idea behind the
empirical covering method of Buescher and Kumar (1996a), described in Problem
12.14, is to find a good skeleton based on a fraction of the data. Investigating
this question further, we notice that even covering in L;(u) is more than what we
really need. From the proof of Theorem 28.1, we see that all we need is a skeleton
F. such that inf,yer, L(n') < L™ + € for all n € F. Staying with the example
of the class of monotonically increasing 7’s, we see that we may take in F, the
functions 79)(x) = Ijy»4,), Where g; is the i-th e-quantile of , that is, g; is the
smallest number z such that P{X < z} > i/e. This collection of functions forms
a skeleton in the required sense with about (1/€) elements, instead of the 4/1/€1
obtained by covering in L (), a significant improvement. Problem 28.8 illustrates
another application of this idea. For more work on this we refer to Vapnik (1982),
Benedek and Itai (1988), Kulkarni (1991), Dudley, Kulkarni, Richardson, and
Zeitouni (1994), and Buescher and Kumar (1996a). O

28.4 Rate of Convergence

In this section, we take a closer look at the distribution-free upper bound

E{L(n,) —L*} < 2+/8)e, +\/§.

For typical parametric classes (such as the one discussed in a Section 28.2), we

have
No-0 (1) .
€

If we take |F,| close enough to NV, then ¢, is the solution of

logNe
€2
ore, = @(log n/+/n), and we achieve a guaranteed rate of O(logn /+/n). The same
is true for the example of the class of analytic functions discussed earlier.
The situation is different for massive classes such as the Lipschitz functions on
[0, 1]%. Recalling that log NV, = ®(1/€?) as € | 0, we note that €, = @(n~ /@),
For this class, we have

2

E{L() —L*} =0 (n——d) .
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Here, once again, we encounter the phenomenon called the “curse of dimension-
ality.” In order to achieve the performance E {L(n,) — L*} < €, we need a sample
of size n > (1/€)**?, exponentially large in d. Note that the class of classifiers
defined by this class of functions has infinite vC dimension. The skeleton estimates
thus provide a vehicle for dealing with very large classes.

Finally, if we take all  on [0, 1] for which s derivatives exist, and n'® is Lipschitz
with a given constant ¢, similar considerations show that the rate of convergence
is O (n=6*1/25+3) which ranges from O (n7'/3) (ats = 0) to O (n7/?) (as s —
00). As the class becomes smaller, we can guarantee better rates of convergence.
Of course, this requires more a priori knowledge about the true 7.

We also note that if log N, /e? = 2n in Theorem 28.1, then the bound is

\/i+(z+\/§)€” =\/z+(2+\/§) log N,
n n o

The error grows only sub-logarithmically in the size of the skeleton set. It grows as
the square root of the e-entropy. Roughly speaking (and ignoring the dependence
of €, upon n), we may say that for the same performance guarantees, doubling
the e-entropy implies that we should double the sample size (to keep log N, /n
constant). When referring to e-entropy, it is important to keep this sample size
interpretation in mind.

Problems and Exercises

PrOBLEM 28.1. Show that the class of functions e~?*! on the real line, with parameter
6 > 0, is not totally bounded.

ProBLEM 28.2. Compute a good upper bound for N, as a function of d and ¢ for the class
F of all functions on R? given by

R
0 otherwise,
where 0 € [0, 1] is a parameter. Repeat this question if 61, ..., 6, are in [0, 1] and
poy=] eV Th0 i maxqeq 6] < 1
0 otherwise.

HINT: Both answers are polynomial in 1/€ as € | 0.

PROBLEM 28.3. Show that M, < N, < M, for any totally bounded set 7 (Kolmogorov
and Tikhomirov (1961)).

ProBLEM 28.4. Find a class JF of functions ' : R¢ — [0, 1] such that
(a) forevery e > 0, it has a finite e-cover;
(b) the vc dimension of A = {{x : 7'(x) > 1/2};n’ € F} is infinite.
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PrOBLEM 28.5. Show that if 7 = {n’ : [0, A] — [0, 1], " is Lipschitz with constant c},
then for € small enough, log, N, < A/¢, where A is a constant depending upon A and ¢.
(This is not as precise as the statement in the text obtamed by Kolmogorov and Tikhomirov,
but it will give you excellent practice.)

PrOBLEM 28.6. Obtain an estimate for the cardinality of the smallest e-cover with respect
to the L () norm for the class of 1’s on [0, 1] that are increasing. In particular, show that
for any w it is possible to find an e-cover with 47/¢! elements. Can you do something similar
for n°s on [0, 1]¢ that are increasing in each coordinate?

PrOBLEM 28.7. Consider the class of 7’s on [0, 1] that are increasing. Show that for every
€ > 0, there is a finite list D, . .. ™ such that for all 5 in the class,

inf E{[n(X) = nQ01} < €,

whenever X has a density bounded by B < oo. Estimate the smallest such N.

PROBLEM 28.8. Assume that X has abounded density on [0, 1%, and that 7 is monotonically
increasing in both coordinates. (This is a reasonable assumption in many applications.) Then
the set {x : g*(x) = 0} is a monotone layer. Consider the following classification rule: take
a k x k grid in [0, 1]%, and minimize the empirical error over all classifiers ¢ such that
{x : ¢(x) = 0} is a monotone layer, and it is a union of cells in the k x k grid. What
is the optimal choice of k? Obtain an upper bound for L(g,) — L*. Compare your result
with that obtained for empirical error minimization over the class of all monotone layers in
Section 13.4. HINT: Count the number of different classifiers in the class. Use Hoeffding’s
inequality and the union-of-events bound for the estimation error. Bound the approximation
error using the bounded density assumption.

ProOBLEM 28.9. Apply Problem 6.9 to extend the consistency result in Theorem 28.1 as
follows. Let F be a totally bounded class of functions ' : R¢ — [0, 1] such that A({x :
n'(x) = 1/2}) = 0 for each ' € F (A is the Lebesgue measure on R?). Show that there
is a sequence {e, > 0} and a sequence of skeletons F,, such that if 7, is the skeleton
estimate drawn from F,, then L(57,) — inf,cr L(n’) with probability one, whenever X
has a density. In particular, L(n,) — L* with probability one if the Bayes rule takes the
form g*(x) = Iiyx)>1/2) forsome " € F. Note: the true regression function # is not required
to be in F.






29

Uniform Laws of Large Numbers

29.1 Minimizing the Empirical Squared Error

In Chapter 28 the data D, were used to select a function 7, from a class F of
candidate regression functions n’ : R¢ — [0, 1]. The corresponding classification
rule g, is Iy, ~.1/2;- Selecting 17, was done in two steps: a skeleton—an e-covering—
of F was formed, and the empirical error count was minimized over the skeleton.
This method is computationally cumbersome. It is tempting to use some other
empirical quantity to select a classifier. Perhaps the most popular among these
measures is the empirical squared error:

1 n
enl) =~ 3 (n'(Xp) = Vi

i=1

Assume now that the function 5, is selected by minimizing the empirical squared
error over F, that is,

en(nlz) = en(n/), 7]/ e F.
As always, we are interested in the error probability,
L(n,) =P {I,010) # Y(D,},
of the resulting classifier. If the true regression function n(x) = P{Y = 1|1X = x} is

not in the class F, then it is easy to see that empirical squared error minimization
may fail miserably (see Problem 29.1). However, if € F, then for every ' € F
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we have

L) -L

IA

2\& {or(X) = n(X))?} (by Corollary 6.2)

2/E {01 (X) - Y2} ~ E{@(X) ~ Y}
2 \/17: (0r@0) - v} - inf B{00) - Y2),

where the two equalities follow from the fact that #(X) = E{Y|X}. Thus, we have

L(n.) — L
< 2 [E{n00 - YD} - inf E{0r00 - )
< 212 sul; Z(n X) =Y —E{X) -2}, @91
e

by an argument as in the proof of Lemma 8.2. Thus, the method is consistent if
the supremum above converges to zero. If we define Z; = (X;, Y;) and f(Z;) =
(7' (X;) — Y;)?, then we see that we need only to bound

Z F(Z) = E{f(Z0)}],

sup | —
feF

where F is a class of bounded functions. In the next four sections we develop upper
bounds for such uniform deviations of averages from their expectations. Then we
apply these techniques to establish consistency of generalized linear classifiers
obtained by minimization of the empirical squared error.

29.2  Uniform Deviations of Averages from
Expectations

Let F be a class of real-valued functions defined on R¢, and let Z1, .. ., Z, bei.i.d.
R%-valued random variables. We assume that for each f € F,0 < f(x) < M for
all x € R? and some M < co. By Hoeffding’s inequality,

1 n
p { !

n i=1

Z f(Zz) - E{f(Zl)} > 6} < 2e—2ﬂ62/M2

for any f € F. However, it is much less trivial to obtain information about the
probabilities

Z F(Z) —E{f(ZD)

sup | —
feF
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Vapnik and Chervonenkis (1981) were the first to obtain bounds for the probability
above. For example, the following simple observation makes Theorems 12.5, 12.8,
and 12.10 easy to apply in the new situation:

Lemma 29.1.
Zi) — VA M 1 - —P{f(Z
up Zf( ) -E(f@) <M sup |- Z o= — P(F(Z) > 1}

ProokF. Exploiting the identity f0°° P(X > t}dt = EX for nonnegative random
variables, we have

1 n
=3 f(Z) - E(f(2))

sup
feF | M
o0 1 7
- sup/ =3 e —PUAZ) > 1) ) d
), n; 1f(Zo>1)
< M su 1 s —P{f(Z) >t

For example, from Theorem 12.5 and Lemma 29.1 we get

COROLLARY 29.1. Define the collection of sets
F={Az: feFt1el0,Ml},
where for every f € F andt € [0, M] the set Ay, € R is defined as

Apr={z: f(2) > t}.
Then

Z £(Z:) —E{£(Z)))

P{sup|— >e€4 < SS(f n)e —ne?[(32M%)
feF|n

ExampLE. Consider the empirical squared error minimization problem sketched
in the previous section. Let F be the class of monotone increasing functions n’ :
R — [0, 1], and let 5, be the function selected by minimizing the empirical
squared error. By (29.1), if 5(x) = P{Y = 1|X = x} is also monotone increasing,

then
P{L(n,) — L* > €}
€2 }
> — .
8

< P{sup Z(n(X)—Im2 E {070 - YY)

neF
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If F contains all subsets of R x {0, 1} of the form
Ape={@,y) (@) =y’ =1}, 7 eF1el01],

then it is easy to see that its n-th shatter coefficient satisfies s(f ,n) < (n/2+ 1)2
Thus, Corollary 29.1 can be applied, and the empirical squared error minimization
is consistent. &

In many cases, Corollary 29.1 does not provide the best possible bound. To state
a similar, but sometimes more useful result, we introduce y-covering numbers.
The notion is very similar to that of covering numbers discussed in Chapter 28.
The main difference is that here the balls are defined in terms of an /;-distance,
rather than the supremum norm.

DEFINITION 29.1. Let A be a bounded subset of RY. For every € > 0, the ;-
covering number, denoted by N (¢, A), is defined as the cardinality of the smallest
finite set in R such that for every z € A there is a point t € R? in the finite
set such that (1/d)||lz —tl1 < €. (|x]; = Zfl:l |x®| denotes the 1;-norm of the
vector x = (xV, ..., xDY in RL.) In other words, N'(€, A) is the smallest number
of ly-balls of radius €d, whose union contains A. log (e, A) is often called the
metric entropy of A.

We will mainly be interested in covering numbers of special sets. Let z{ =
(z1, ..., 2,) be n fixed points in R4, and define the following set:

F@) ={(fzD, ..., f(@); f € F} CR"
The I;-covering number of F(z}) is N'(e, F(z})).
If Z} =(Zy, ..., Z,)is a sequence of i.i.d. random variables, then N (¢, F(Z}))

is a random variable, whose expected value plays a central role in our problem:

Theorem 29.1. (POLLARD (1984)). Foranyn and e > 0,

P {sup
feF

The proof of the theorem is given in Section 29.4.

n

% > e} < 8E (N(¢/8, F(Z}))} &< /12847),

f(Z) —E{f(Z)}
T

i=

REMARK. Theorem 29.1 is a generalization of the basic Vapnik-Chervonenkis in-
equality. To see this, define /,-covering numbers based on the maximum norm
(Vapnik and Chervonenkis (1981)): Ny (¢, A) is the cardinality of the smallest
finite set in R? such that for every z € A there is a point # € R¢ in the set such
that max; << [z — t®] < €. If the functions in JF are indicators of sets from a
class A of subsets of R, then it is easy to see that for every € € (0, 1/2),

NOO(G’ ‘7:(2}11)) = NA(Zla R Z}’l)v
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where N4(zi, ..., 2,) is the combinatorial quantity that was used in Definition
12.1 of shatter coefficients. Since

N(G, ]:(Z’f)) S NOO(E9 ‘7:(21}1))7

Theorem 29.1 remains true with /,,-covering numbers, therefore, it is a general-
ization of Theorem 12.5. To see this, notice that if F contains indicators of sets of
the class A, then

sup Z F(Zi) = B{f(Z1)}

feF|h

= sup

n
Z Lizieay —P{Z; € A}|. O
i=1

For inequalities sharper and more general than Theorem 29.1 we refer to Vapnik
(1982), Pollard (1984; 1986), Haussler (1992), and Anthony and Shawe-Taylor
(1990).

29.3 Empirical Squared Error Minimization

We return to the minimization of the empirical squared error. Let F be a class
of functions 7 : RY — [0, 1], containing the true a posteriori function n. The
empirical squared error

1 n . 2
- E (X)) -1
e

is minimized over ° € F, to obtain the estimate 7,. The next result shows that
empirical squared error minimization is consistent under general conditions. Ob-
serve that these are the same conditions that we assumed in Theorem 28.1 to prove
consistency of skeleton estimates.

Theorem 29.2. Assume that F is a totally bounded class of functions. (For the
definition see Chapter 28.) If n € F, then the classification rule obtained by
minimizing the empirical squared error over F is strongly consistent, that is,

}irgo L(n,) = L* with probability one.
n—
ProOF. Recall that by (29.1),

P{L(n,) — L* > €}

Z(n (X) =Y —E{(0(X) - Y)}

weF |1

< P[sup

62}
> =14
8

We apply Theorem 29.1 to show that for every e > 0, the probability on the right-
hand side converges to zero exponentially as n — oo. To this end, we need to
find a suitable upper bound on E{N (¢, J (Z7)}, where J is the class of functions
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f'x, ) = (' (x)—y)* from R x {0, 1} to [0, 1], where i’ € F,and Z; = (X;, 1)
Observe that for any f/, f € J,

1< _ 1< ;
;Zlf’(zi)— F(Zy)l ;Z](n/(Xi)— Y,)? — ((X;) — Yi)?]
i=1 i=1

2 n
< =) I = i)
i=1
< 2sup ' (x) — ).

This inequality implies that for every € > 0,
E{(N(e, J(ZD)} < Nep,

where N, is the covering number of F defined in Chapter 28. By the assumption
of total boundedness, for every € > 0, N, /2 < 0. Since N /2 does not depend on
n, the theorem is proved. O

REMARK. The nonasymptotic exponential nature of the inequality in Theorem 29.1
makes it possible to obtain upper bounds for the rate of convergence of L(n,) to
L* in terms of the covering numbers N of the class F. However, since we started

our analysis by the loose inequality L(") — L* < 2\/E {(n’(X) — r;(X))Z}, the
resulting rates are likely to be suboptimal (see Theorem 6.5). Also, the inequality
of Theorem 29.1 may be loose in this case. In a somewhat different setup, Barron

(1991) developed a proof method based on Bernstein’s inequality that is useful for
obtaining tighter upper bounds for L(r,) — L* in certain cases. O

29.4 Proof of Theorem 29.1

The main tricks in the proof resemble those of Theorem 12.5. We can show that-
for ne? > 2M?2,

P{sup Zf(Z)ﬂE{f(Zl)} > e} <4P{sup Zolf(Z) > —],
feF|n feF | R

where o1, ..., 0, are i.i.d. {—1, 1}-valued random variables, independent of the
Z:’s, with P{o; = 1} = P{o; = —1} = 1/2. The only minor difference with

Theorem 12.5 appears when Chebyshev’s inequality is applied. We use the fact
that by boundedness, Var(f(Z;)) < M2/4 for every f € F.

Now, take a minimal €/8-covering of F(Z}), that is, M = N(¢/8, F(Z}))
functions g1, . . ., gu such that for every f € F thereisa g* € {g1, ..., gy} With

1 n
D R (CARPACA
n 4= 8
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For any function f, we have

1 " 1 B 1 n
_i’; ;Jif(zi) < ; ; lo: f(Z)l = ; ; | F(Z)I,
and thus
1 n 7 1 n 1 n
ol @) = 2D o (Z)) + |2 Y o f(Z) ~ g (Z)
" " o
=

1 n
= 0™ (Z)
n i=1

As (1/n) Y0, 18%(Zi) — F(Z)| < €/8,

1 n
+=2 1f@z) g @)
i=1

P f(Z)] > = z,...,z
{;23 Zaf( )| > -2 }
< {sup Za, “(Z)| + Z]f(Zi)—g*(Z,-)l >§- zl,...,zn}
fer|n i=1
< P{max -—Za,g](Z) Zl,...,Zn}.

Now that we have been able to convert the “sup” into a “max,” we can use the
union bound:
N\ Zy, ..., Zn}

{ Zo,g,(m
Zo,g,(Z) Zl,...,Zn}.

€
< N(-S—,]-'(Z” ) max P {
We need only find a uniform bound for the probability following the “max.” This,
however, is easy, since after conditioningon Z1, ..., Z,, 274 0;8;(Z;) is the sum
of independent bounded random variables whose expected value is zero. Therefore,
Hoeffding’s inequality gives

P Za,g,m S|z zn} < 27O,
In summary,
P {sup|— o; f(Z)| >
sup |- Z

- ngj(Zf)

1 n
< E {P { max
& n i=1

> —

8

< zl,...,zn}}
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N(E n —ne? [(128M?)
< 2E (g,f(Zl) e .
The theorem is proved. O

Properties of M (e, F(Z})) will be studied in the next section.

29.5 Covering Numbers and Shatter Coefficients

In this section we study covering numbers, and relate them to shatter coefficients
of certain classes of sets. As in Chapter 28, we introduce /;-packing numbers. Let
F be aclass of functions on R4, taking their values in [0, M]. Let u be an arbitrary
probability measure on R4 Let g1 ..., &m be afinite collection of functions from
F with the property that for any two of them

/Rd [gi(x) — g;(x)uldx) = €.

The largest m for which such a collection exists is called the packing number of
F (relative to ), and is denoted by M(e, F). If u places probability 1/n on each
of z1, ..., z4, then by definition M(e, F) = M(e, F(2})), and it is easy to see
(Problem 28.3) that

M(2¢, F(21)) < N(e, F(21)) < M(e, F(2})).
An important feature of a class of functions F is the vC dimension Vg of
Fr={{t,n:t < fW}: f e 7Y

This is clarified by the following theorem, which is a slight refinement of a resultby
Pollard (1984), which is based on Dudley’s (1978) work. It connects the packing
number of F with the shatter coefficients of F*. See also Haussler (1992) for a
somewhat different argument.

Theorem 29.3. Let F be a class of [0, M]-valued functions on RY. For every
€ > 0 and probability measure (L,

M(e, F) < s (F* k),

2
where k = [—Aﬁ log MAI
€ 2M
PRrROOF. Let {g1, g2, - .., g&n} be an arbitrary e-packing of F of size m < M(e, F).
The proof is in the spirit of the probabilistic method of combinatorics (see, €.g.
Spencer (1987)). To prove the inequality, we create k random points on R¢ x [0, M]
in the following way, where k is a positive integer specified later. We gener-
ate k independent random variables S;, ..., S on R? with common distribution
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w, and independently of this, we generate another k independent random vari-
ables Ti, ..., Ty, uniformly distributed on [0, M]. This yields k random pairs
(S1, T1), . . ., (Sk, Ty). For any two functions g; and g; in an e-packing, the proba-
bility that the sets G; = {(x, 1) : 1 £ g;(x)} and G; = {(x, 1) : t < g;(x)} pick the
same points from our random set of & points is bounded as follows:

"P{G; and G; pick the same points}

[l

k
[T =P T € GiaG )
=1

(1-E{P{(S.T) € G;:AG,}| $1})*

]

1l

. k
(1 - MEH&(SI) -~ gj(&)l))

< (-e/M)f
< kM
where we used the definition of the functions g1, . . ., g,;. Observe that the expected

number of pairs (g;, g;) of these functions, such that the corresponding sets G; =
{, 1)yt < g()}and G, ={(x, 1) 1 t < g;(x)} pick the same points, is bounded
by

E {] {(gi- 87): Gi and G pick the same points”}

= (’;)P{Gi and G; pick the same points} < (}721) e ke/M

Since for k£ randomly chosen points the average number of pairs that pick the
same points is bounded by (5)e™¢/¥ there exist k points in R? x [0, M], such
that the number of pairs (g;, g;) that pick the same points is actually bounded by
(5)e™*</M  For each such pair we can add one more point in R¢ x [0, M] such
that the point is contained in G;AG;. Thus, we have obtained a set of no more
than k + (5 )e™*</™ points such that the sets G, . .., G,, pick different subsets of
it. Since k was arbitrary, we can choose it to minimize this expression. This yields
| % log (e€(’y)/M) | points, so the shatter coefficient of F* corresponding to this
number must be greater than m, which proves the statement. O

The meaning of Theorem 29.3 is best seen from the following simple corollary:

COROLLARY 29.2. Let F be a class of [0, M]-valued functions on R®. For every
€ > O and probability measure [,

M, F) < ( log

4eM 2eM\ "
€ € '
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ProoF. Recall that Theorem 13.2 implies

\Z=
S(F* k) < ( ek ) .
Ve

The inequality follows from Theorem 29.3 by straightforward calculation. The
details are left as an exercise (Problem 29.2). O

Recently Haussler (1991) was able to get rid of the “log” factor in the above
upper bound. He proved that if € = k/n for an integer k, then

2@ Ve
M, F)<e(d+1) (;) .

The quantity Vz+ is sometimes called the pseudo dimension of F (see Problem
29.3). It follows immediately from Theorem 13.9 that if F is a linear space of
functions of dimension r, then its pseudo dimension is at most 7 + 1. A few more
properties are worth mentioning:

Theorem 29.4. (WENOCUR AND DUDLEY, (1981)). Let g : R — R be anarbitrary
function, and consider the class of functions G ={g + f; f € F}. Then

Vg+ = Vj—‘+.
PROOF. If the points (s, 71), . .., (s, &) € RY x R are shattered by F*, then the
points (sq, 1 + g(s1)), . - ., (Sk, & + g(sx)) are shattered by G*. This proves

Vgr = Vg,

The proof of the other inequality is similar. O

Theorem 29.5. (NOLAN AND POLLARD (1987); DUDLEY, (1987)). Let g: [0, M] —
R be a fixed nondecreasing function, and define the class G = {g o f; f € F}.
Then

Vg+ < V‘7.'+.

PrROOF. Assume that n < Vg-, and let the functions fi, ..., f»» € F be such that
the binary vector

(Ligcryszars - g =0)
takes all 2" valuesif j =1,...,2" Forall 1 <i < n define the numbers

ui= min {f,(s,) g(fi(s)) = 1}

and

= max {fi(s): g(fi(si) <t}

1<j=<2n
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By the monotonicity of g, u; > I;. Then the binary vector

(4.@-(&)3%}’ SR I{f;w)z i }>

takes the same value as

(I(g(fj(sl))ztl}’ T I{g(fj(sn))ztn})

for every j < 2". Therefore, the pairs

uy +1 Uy +1,
81, 2 yoees \ Sus )

are shattered by F*, which proves the theorem. O

Next we present a few results about covering numbers of classes of functions
whose members are sums or products of functions from other classes. Similar
results can be found in Nobel (1992), Nolan and Pollard (1987), and Pollard (1990).

Theorem 29.6. Let F, ..., F; be classes of real functions on R, Forn arbitrary,
fixed points 2§ = (21, ..., 2) in RE, define the sets F1(2}), ..., Fi(2}) in R" by

Fi@) = {(fi@r -, fi@ fr € Fi}

j=1,..., k. Also, introduce

F@D) ={(fz) -, f@)) [ € F}

for the class of functions

F={fi+...+fafieFy j=1,... k.

Then for every € > 0 and |

k
N(e, F&) < [ [N/ k. Fizhy).
j=1

ProoF. Let S;, ..., S¢ C R" be minimal €/ k-coverings of F1(z}), ..., Fi(z}), re-
spectively. This implies that forany f; € F; thereisa vectors; = (sﬁl), e sﬁ")) €

§; such that
5>
n i=1

forevery j =1, ..., k. Moreover, |S;| = N(e/k, F;(z})). We show that

Jilzi) = Sﬁi)i < ¢€/k,

S={S1+...+Sk',SjESj,j:l,...,k}
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is an e-covering of F(z]). This follows immedjately from the triangle inequality,
since for any fi, ..., fr there is sy, ..., s; such that

@)+t i) = G s

%i]ﬁ(z")*sii)l + = Z[fk(zl)~s(” <k-
i=1

Theorem 29.7. (POLLARD (1990)). Let F and G be classes of real functions on
RY, bounded by My and M, respectively. (That is, e.g., | f(x)| < M, for every
xeRand f € F.) For arbitrary fixed points 7} = (z1, ..., 2y) int R4 define the
sets F(z}) and G(z1) in R" as in Theorem 29.6. Introduce

J (@) ={(h(z1), ..., h(zp))i h € T}
for the class of functions
J={fg:feF,geq}.

Then for every € > 0 and z||
Ne, T (@) <N< F(Zl)) N(Q—;Z,Q(z’{)).

PrOOF. Let § C [—M1, M]" be an €/(2M,)-covering of F(z}), that is, for any
f € Fthereisavectors = (sV, ..., s™) e S such that

l n N (l) €
w2 Fe =50 < 5y

Itis easy to see that S can be chosen such that | S| = N'(e/(2M>), F (z})). Similarly,
let T C [—M,, M,] be an €/(2M;)-covering of G(z}) with |T| = N(e/2M,),
G(z)) such that for any g € G thereisars = ¢V, ..., t™) e T with

LS~ oy o) - €
n;lg(zt) 14 1<2M

‘We show that the set
U={st;seS,teT}

is an e-covering of 7(z}).Let f € F and g € G be arbitrary and s € Sandr €T
the corresponding vectors such that

1 & . € 1< -
- N <@ - = N D o
- ;}f(zl) 59 < 37 and - ;Ig(z,} 9] < 537
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Then

1 & o
= 1f(zg) — sV
n i=1

Il

% Z Lf @)Y+ g(z) — 1) — 5O D)
i=1

1 n ) ) -
=2 1e0(f @) = s+ Fa(gta) — 1)
i=1

7

Mo S ey — 50+ M o
. ;]f(z,) s |+ . Z]g(zl) t ]<€.D

i=1

IA

29.6 Generalized Linear Classification

In this section we use the uniform laws of large numbers discussed in this chapter
to prove that squared error minimization over an appropriately chosen class of
generalized linear classifiers yields a universally consistent rule. Consider the class
C®) of generalized linear classifiers, whose members are functions ¢ : RY —
{0, 1} of the form

(x) = { 0 if ZI;":} ajyi(x) <0

1 otherwise,
where ¥, ..., ¥y, are fixed basis functions, and the coefficients a, ..., i, are
arbitrary real numbers. The training sequence D, is used to determine the coeffi-
cients g;. In Chapter 17 we studied the behavior of the classifier whose coefficients
are picked to minimize the empirical error probability

D
Ly=- D oo
i=1

Instead of minimizing the empirical error probability Z,, (¢), several authors sug-
gested minimizing the empirical squared error

1 n ky 2
-3 (Z apy;(X;) — QY; — 1))
e A

(see, e.g., Duda and Hart (1973), Vapnik (1982)). This is rather dangerous. For
example, fork = 1 and d = 1itis easy to find a distribution such that the error prob-
ability of the linear classifier that minimizes the empirical squared error converges
to 1 — ¢, while the error probability of the best linear classifier is €, where € is
an arbitrarily small positive number (Theorem 4.7). Clearly, similar examples can
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be found for any fixed k. This demonstrates powerfully the danger of minimizing
squared error instead of error count. Minimizing the latter yields a classifier whose
average error probability is always within O (,/ logn/ n) of the optimum in the

class, for fixed k. We note here that in some special cases minimization of the two
types of error are equivalent (see Problem 29.5). Interestingly though, if k,, — oo
as n increases, we can obtain universal consistency by minimizing the empirical
squared error.

Theorem 29.8. Let i, v, .. . be asequence of bounded functions with |; (x)| <
1 such that the set of all finite linear combinations of the ¥ ;’s

0 k
U {Zaﬂ/fj(X);al,az,... € R}

k=1 | j=1

is dense in Ly(1) on all balls of the form {x : ||x|| < M} for any probability

measure ji. Let the coefficients af, .. ., a,’; minimize the empirical squared error
2
= Z (}:ajw,-(xl-) - @Y, - 1))
i=1 j=1

under the constraint Z/;Z’;I laj| < by, by > 1. Define the generalized linear clas-
sifier g, by

gn(x) = 0 lfzf 1 45Y(x) =0
1 otherwise.
If k, and b, satisfy
k,b? ;
k, — 00, b, — 00 and llz’liqg—(b«ﬁeo,
n

then E{L(g,)} — L*foralldistributions of (X, Y), that is, the rule g, is universally
consistent. If we assume additionally that btlogn = o(n), then g, is strongly
universally consistent.

PROOF. Let § > 0 be arbitrary. Then there exists a constant M such that P{[| X|| >
M} < §. Thus,

L(gn) — L* < 8+ P{gu(X) # Y, | X|| = MID,} —P{g"(X) # Y, | X|| = M}.

It suffices to show that P{g,(X) # Y, | X|| < M|D,} —P{g*(X) # Y, || X| <
M } — 0 in the required sense for every M > 0. Introduce the notation f,"(x) =

Y w1 a;j(x). By Corollary 6.2, we see that
P{g,(X)#Y,|X|| < M|D,} — P{g"(X) #Y, || X|| < M}

< \/ / (£5(x) — @n(x) — D) juldx).
lIxl <M
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We prove that the right-hand side converges to zero in probability. Observe that
since E{2Y — 1|X = x} = 2n(x) — 1, for any function 4(x),
(h(x) = @n(x) = 1))? ,
= E{(h(X) — Y — 1))’|X = x} = E{(QY — 1) — 2n(X) — D)*|X = x}

(see Chapter 2), therefore, denoting the class of functions over which we minimize

by k, k,
Fn= {Zaﬂ/f,«;Zsaﬂ < bn} :
j=1

j=1
we have

/u <M (f@) = @n@) = 1)” u(dx)

I

E { (frX) - @y — 1)’ I{MXMSM}l Dn}
—E{(@Y -~ 1) — @n(X) — D Iyxy<mn }
(E { (fr00 - @y ~ 1)? ImxusM}] Dn}

~ }B,QE{(’C(X) -y -y 1(!1Xl|sM}})
+ flg E{(f(X)— @Y — ) Iyxy<m }

—E{(@Y — 1) = 2n(X) — ) Iyxj=m} -

The last two terms may be combined to yield

inf f (F(x) — @) — DY (),
lxll=M

feFu

which converges to zero by the denseness assumption. To prove that the first term
converges to zero in probability, observe that we may assume without loss of
generality that P{|| X || > M} = 0. As in the proof of Lemma 8.2, it is easy to show
that

E { (frX)— @y - 1)’ I{IIXHSM}( Dn}

— 1 - - 2
flg%E{(f(X) QY = 1)) Iyxy<m }

1l

E{(£;00 - @ = D)’ D} ~ inf E{(700) - @Y - P}

1 n
< 2sup |- Y (f(X) — QY — DY —E{(f(X) - QY — 1))*}
feF i=1
1 n
= 2 - hX;,Y) —E{hX,Y)},
sup n; (X:, ¥2) — E{h(X, ¥)}
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where the class of functions 7 is defined by
T ={h(x.y)=(f(x) = Qy —1)); f € F}.
Observe that since [2y — 1{ =1 and [;(x)| < 1, we have
k, 2
0<h(x,y) < (Z la;| + 1) <2b+1) < 4b?.
j=1

Therefore, Theorem 29.1 asserts that
P {E{( (X) — (2 — 1))2] Dn}

. 2
= inf B{(f0O - @Y = DY} > e}
> 6/2}

where Z = (X1, 1), ..., (X,, Y,). Next, for fixed z], we estimate the cover-
ing number A (¢/16, J(z})). For arbitrary fi, f, € F,, consider the functions
hi(x, ) = (fi(x) — 2y — 1))? and ha(x, y) = (fo(x) — (2y — 1))*. Then for any
probability measure v on RY x {0, 1},

LS hixi, ¥ — Efh(x, 1))

o

IA

P {sup
heJ

IA

SE {./\f <1i6’ j(Z’f))} o~ IG126E).

/ i, ¥) — oz, y)v(d(x, ¥))

[ [(filx) = 2y — 1)) = (fo(x) — Qy = DY | v(d(x, )

IA

/21f1(x) — f2(0)](by + Du(d(x, y))

IA

4bn/If1(X)—fz(x)W(dx),

. . d
where p is the marginal measure for v on R“. Thus, for any z7 = (x, y1), .. -
(%, yu) and €,

Ne, T <N (fb— fn(xb) .

Therefore, it suffices to estimate the covering number corresponding to F,,. Since
Fu is asubset of a linear space of functions, we have Vz: < k, +1 (Theorem 13.9).
By Corollary 29.2,

€ 8eb deb, \M*' [30ep2\ 20D
N{—. FGh ) < o - < . :
(41:,, i ) = (e/<4bn) °ge/<4bn>> = ( e )
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Summarizing, we have
P{E{(fi00-CY - )| D,
i _ _ 2
jnf E{(f(X)— QY —1))*} > e}

10 7.2~ 20k +1)
< 8 <2 ebn> e—n62/(213b2)’
€

which goes to zero if &, b,‘;' log(b,)/n — Q. The proof of the theorem is completed.

It is easy to see that if we assume additionally that b* log n/n — 0, then strong
universal consistency follows by applying the Borel-Cantelli lemma to the last
probability. O

REMARK. Minimization of the squared error is attractive because there are efficient
algorithms to find the minimizing coefficients, while minimizing the number of
errors committed on the training sequence is computationally more difficult. If the
dimension k of the generalized linear classifier is fixed, then stochastic approxi-
mation asymptotically provides the minimizing coefficients. For more information
about this we refer to Robbins and Monro (1951), Kiefer and Wolfowitz (1952),
Dvoretzky (1956), Fabian (1971), Tsypkin (1971), Nevelson and Khasminskii
(1973), Kushner (1984), Ruppert (1991), and Ljung, Pflug, and Walk (1992). For
example, Gyorfi (1984) proved that if (U;, V1), (Us, V2), . . . form a stationary and
ergodic sequence, in which each pair is distributed as the bounded random variable
pair (U, V) € R¥ x R, and the vector of coefficients a = (ay, ..., a;) minimizes

R@=E{("U - V)z} :

and a® e R¥ is arbitrary, then the sequence of coefficient vectors defined by

1

2 = g _

T
ntl (a(n) Uy — Vn+1) Uni

satisfies
lim R(@™) = R(a) as. O
n—> 00

Problems and Exercises

ProBLEM 29.1. Find a class F containing two functions 7y, 7, : R — [0, 1] and a distri-
bution of (X, ¥) such that min(Z(n,), L(12)) = L*, but as n — 00, the probability

P{L(n,) = max(L(n), L(n2))}

converges to one, where 7, is selected from F by minimizing the empirical squared error.
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ProBLEM 29.2. Prove Corollary 29.2.

PrOBLEM 29.3. Let F be a class of functions on R¢, taking their values in [0, M]. Haussler
(1992) defines the pseudo dimension of F as the largest integer n for which there exist »
pointsin R, zy, ..., z,,andavectorv = (v, ..., v™) € R” such that the binary n-vector

(Lot peys0ps - -5 Lpws pey0p)

takes all 2" possible values as f ranges through F. Prove that the pseudo dimension of F
equals the quantity Vz+ defined in the text.

PROBLEM 29.4. CONSISTENCY OF CLUSTERING. Let X, Xy, ..., X, beii.d. random variables
in R¢, and assume that there is a number 0 < M < oo such that P{X € [-M, M}%} = 1.
Take the empirically optimal clustering of X4, ..., X,, that is, find the points ay, ..., q;

that minimize the empirical squared error:
I 2
ear, ...a) =~ le min fla; = X;|.
The error of the clustering is defined by the mean squared error
elay, ..., a) =E{ min fla; — anl Xy, X} .
I=j=<k

Prove that if ay, . . ., a; denote the empirically optimal cluster centers, then

ey, ...,ap) = inf elby,....b) =2 sup eulbr, ... b)) —elby, ... bl

by,...,bp€R

and that for every ¢ > 0

P { sup e (i, ..., b)) —e(by, ..., bp)| > e} < 4eBp2kd+D) pmne? jG2MY)
b

1o b €RE

Conclude that the error of the empirically optimal clustering converges to that of the truly
optimal one as n — oo. (Pollard (1981; 1982), Linder, Lugosi, and Zeger (1994)). HINT:
For the first part proceed as in the proof of Lemma 8.2. For the second part use the technique
shown in Corollary 29.1. To compute the v dimension, exploit Corollary 13.2.

PROBLEM 29.5. Let ¥, ..., ¥ be indicator functions of cells of a k-way partition of R%.
Consider generalized linear classifiers based on these functions. Show that the classifier
obtained by minimizing the number of errors made on the training sequence is the same as
for the classifier obtained by minimizing the empirical squared error. Point out that this is
just the histogram classifier based on the partition defined by the ¥;’s (Csibi (1975)).
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Neural Networks

30.1 Multilayer Perceptrons

The linear discriminant or perceptron (see Chapter 4) makes a decision

_J 0 if yx) <1/2
¢x) _{ 1 otherwise,

based upon a linear combination ¥ (x) of the inputs,
d
Yy =co+ Y cix =co+clx, (30.1)
i=1

where the ¢;’s are weights, x = (x1, ..., x“)7T  and ¢ = (c1, ..., cg)’. This is
called a neural network without hidden layers (see Figure 4.1).
In a (feed-forward) neural network with one hidden layer, one takes

k
Y(x)=co+ Yy cio(Yilx)), (30.2)
i=1

where the ¢;’s are as before, and each ; is of the form given in (30.1): ¥, (x) =
by +Y_49_; aijx for some constants b; and a;;. The function o is called a sigmoid.
We define sigmoids to be nondecreasing functions with o(x) - —l asx | —o0
and o(x) — 1 as x 1 co. Examples include:

(1) the threshold sigmoid

=] 71 ifE=0
TYE1 1 x>0
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(2) the standard, or logistic, sigmoid

1—e™

T

s

(3) the arctan sigmoid
2
o(x) = — arctan(x);
b

(4) the gaussian sigmoid

o1 2
o(x) =2/ —— ey — 1.

—00 2T

.......................

(D

Gorl

x@

........................

FIGURE 30.1. A neural network with one hidden layer. The hidden
neurons are those within the frame.

1 1

NN
_.A.JJ S

ox) == arctan(x) o) =\]zfe,‘,z,z dv-1
K

=3

olx) =

FIGURE 30.2. The threshold, standard, arctan, and gaussian sig-
moids.
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For early discussion of multilayer perceptrons, see Rosenblatt (1962), Barron
(1975), Nilsson (1965), and Minsky and Papert (1969). Surveys may be found in
Barron and Barron (1988), Ripley (1993; 1994), Hertz, Krogh, and Palmer (1991),
and Weiss and Kulikowski (1991).

In the perceptron with one hidden layer, we say that there are k£ hidden neurons—
the output of the i-th hidden neuronis u; = o (;(x)). Thus, (30.2) may be rewritten
as

k
Y(x)=co+ Zc,-ui,

i=1

which is similar in form to (30.1). We may continue this process and create multi-
layer feed-forward neural networks. For example, a two-hidden-layer perceptron

uses
!
Y@ =co+ Y iz
i=1

where
k
ZiZO'(dio-i—Zdzjuj), 1<i<l,
J=1
and
d .
=0 (b/ +Zaﬁx<‘)), l<j<k
i=1

and the d;;’s, b;’s, and a;;’s are constants. The first hidden layer has k hidden
neurons, while the second hidden layer has / hidden neurons.

FIGURE 30.3. A feed-forward neural network with two hidden lay-
ers.
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The step from perceptron to a one-hidden-layer neural network is nontrivial,
We know that linear discriminants cannot possibly lead to universally consistent
rules. Fortunately, one-hidden-layer neural networks yield universally consistent
discriminants provided that we allow %, the number of hidden neurons, to grow
unboundedly with n. The interest in neural networks is undoubtedly due to the
possibility of implementing them directly via processors and circuits. As the hard-
ware is fixed beforehand, one does not have the luxury to let £ become a function
of n, and thus, the claimed universal consistency is a moot point. We will deal
with both fixed architectures and variable-sized neural networks. Because of the
universal consistency of one-hidden-layer neural networks, there is little theoret-
ical gain in considering neural networks with more than one hidden layer. There
may, however, be an information-theoretic gain as the number of hidden neurons
needed to achieve the same performance may be substantially reduced. In fact, we
will make a case for two hidden layers, and show that after two hidden layers, little
is gained for classification.

For theoretical analysis, the neural networks are rooted in a classical theorem
by Kolmogorov (1957) and Lorentz (1976) which states that every continuous
function f on [0, 1]¢ can be written as

2d+1 d )
fx)= Z F; < Gij(x(]))) ,
=1 =

where the G;;’s and the F;’s are continuous functions whose form depends on f. We
will see that neural networks approximate any measurable function with arbitrary
precision, despite the fact that the form of the sigmoids is fixed beforehand.

As an example, consider d = 2. The function x'Vx@ is rewritten as

! ((xu) +x@) - (20 = x(2>)2)
4 ’

which is in the desired form. However, it is much less obvious how one would
rewrite more general continuous functions. In fact, in neural networks, we approx-
imate the G;;’s and F;’s by functions of the form o (b +a”x) and allow the number
of tunable coefficients to be high enough such that any continuous function may
be represented—though no longer rewritten exactly in the form of Kolmogorov
and Lorentz. We discuss other examples of approximations based upon such rep-
resentations in a later section.
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input

FIGURE 30.4. The general Kolmogorov-Lorentz representation of
a continuous function.

30.2 Arrangements

A finite set A of hyperplanes in R¢ partitions the space into connected convex
polyhedral pieces of various dimensions. Such a partition P = P(A) is called an
arrangement. An arrangement is called simple if any d hyperplanes of .4 have a
unique point in common and if d + 1 hyperplanes have no point in common.

FIGURE 30.5. An arrangement of five FIGURE 30.6. An arrangement clas-
lines in the plane. sifier.

A simple arrangement creates polyhedral cells. Interestingly, the number of these
cells is independent of the actual configuration of the hyperplanes. In particular,
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the number of cells is exactly 2 if d > k, and

d
> (k) ifd <k,
i=0 !

where |Af = k. For a proof of this, see Problem 22.1, or Lemma 1.2 of Edelsbrunner
(1987). For general arrangements, this is merely an upper bound.

We may of course use arrangements for designing classifiers. We let g4 be the
natural classifier obtained by taking majority votes over all ¥;’s for which X; is in
the same cell of the arrangement P = P(A) as x.

All classifiers discussed in this section possess the property that they are invariant
under linear transformations and universally consistent (in some cases, we assume
that X has a density, but that is only done to avoid messy technicalities).

If we fix k and find that A with |.A] = k for which the empirical error

1 n
R) _
L = - § Lig sxywv)
i=1

is minimal, we obtain—perhaps at great computational expense—the empirical
risk optimized classifier. There is a general theorem for such classifiers—see, for
example, Corollary 23.2—the conditions of which are as follows:

(1) It must be possible to select a given sequence of A’s for which L,(g4)
(the conditional probability of error with g 4) tends to L* in probability.
But if & — oo, we may align the hyperplanes with the axes, and create a
cubic histogram, for which, by Theorem 6.2, we have consistency if the grid
expands to oo and the cell sizes in the grid shrink to 0. Thus, as k — oo,
this condition holds trivially.

(2) The collection G = {g4} is not too rich, in the sense that n/log S(G, n)
— 00, where S(G, n) denotes the shatter coefficient of G, that is, the maximal

number of ways (xy, ¥1), - .., (xn, ¥») can be split by sets of the form
( U AX{O})U( U Ax{l}).
AcP(A) A€P(A)

If | A] = 1, we know that S(G, #) < 2(n¢ + 1) (see Chapter 13). For |A| =k,
a trivial upper bound is
2 + ).

The consistency condition is fulfilled if & = o(n/ logn).

We have

Theorem 30.1. The empirical-risk-optimized arrangement classifier based upon
arrangements with |A| < k has E{L,} — L* for all distributions if k — oo and
k =o(n/logn).
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Arrangements can also be made from the data at hand in a simpler way. Fix
k points X1, ..., Xi in general position and look at all possible (Z) hyperplanes
you can form with these points. These form your collection A, which defines
your arrangement. No optimization of any kind is performed. We take the nat-
ural classifier obtained by a majority vote within the cells of the partition over
(Xke15 Yiw1)s o5 (X5 Ya).

FiGURE 30.7. Arrangement determined by
k = 4 data points on the plane.

's

Here we cannot apply the powerful consistency theorem mentioned above. Also,
the arrangement is no longer simple. Nevertheless, the partition of space depends
on the X;’s only, and thus Theorem 6.1 (together with Lemma 20.1) is useful. The
rule thus obtained is consistent if diam(A(X)) — 0 in probability and the number
of cells is o(n), where A(X) is the cell to which X belongs in the arrangement. As
the number of cells is certainly not more than

(1)

where k' = (), we see that the number of cells divided by 7 tends to zero if

k% jn — 0.

This puts a severe restriction on the growth of k. However, it is easy to prove the
following:

Lemma 30.1. If k — oo, then diam(A(X)) — 0 in probability whenever X has
a density.

Proor. As noted in Chapter 20 (see Problem 20.6), the set of all x for which for
all € > 0, we have u(x + €Q;) > 0 for all quadrants Qj, ..., Oy having one
vertex at (0, 0, . .., 0) and sides of length one, has p-measure one. For such x, if
at least one of the X;’s (i < k) falls in each of the 2¢ quadrants x + € Q;, then
diam(A(x)) < 2de (see Figure 30.8).
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FIGURE 30.8. The diameter of the cell con-

taining x is less than 4€ if there is a data
point in each of the four quadrants of size €

lt
/L\/T/T around x.

Therefore, for arbitrary € > 0,
k
P{diam(A(x)) > 2de} < 24 (1 - mind uix + eQi)) — 0.
1<i <2

Thus, by the Lebesgue dominated convergence theorem,
P{diam(A(X)) > 2de} — 0. O

Theorem 30.2. The arrangement classifier defined above is consistent whenever
X has a density and

k — oo, k= o(n).

The theorem points out that empirical error minimization over a finite set of
arrangements can also be consistent. Such a set may be formed as the collection
of arrangements consisting of hyperplanes through d points of Xy, ..., Xi. As
nothing new is added here to the discussion, we refer the reader to Problem 30.1.

So how do we deal with arrangements in a computer? Clearly, to reach a cell, we
find for each hyperplane A € A the side to which x belongs. If f(x) = a’x + ay,
then f(x) > O in one halfplane, f(x) = O on the hyperplane, and f(x) < 0
in the other halfplane. If A = {A, ..., Ag}, the vector (Jia,(x)=0}, - - - » L{H,6)>0})
describes the cell to which x belongs, where H;(x) is a linear function that is
positive if x is on one side of the hyperplane A;, negative if x is on the other
side of A;, and 0 if x € A;. A decision is thus reached in time O (kd). More
importantly, the whole process is easily parallelizable and can be pictured as a
battery of perceptrons. It is easy to see that the classifier depicted in Figure 30.9
is identical to the arrangement classifier. In neural network terminology, the first
hidden layer of neurons corresponds to just k perceptrons (and has k(d + 1) weights
or parameters, if you wish). The first layer outputs a k-vector of bits that pinpoints
the precise location of x in the cells of the arrangement. The second layer only
assigns a class (decision) to each cell of the arrangement by firing up one neuron.
It has 2* neurons (for class assignments), but of course, in natural classifiers, these
neurons do not require training or learning—the majority vote takes care of that.
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FIGURE 30.9. Arrangement classifier realized by a two-hidden-
layer neural network. Each of the 2% cells in the second hidden
layer performs an “and” operation: the output of node “101” is 1
if its three inputs are 1,0, and 1, respectively. Otherwise its output
is 0. Thus, one and only one of the 2¥ outputs is 1.

If a more classical second layer is needed—without boolean operations—Ilet
b = (b1, ..., by) be the k-vector of bits seen at the output of the first layer. Assign
a perceptron in the second layer to each region of the arrangement and define
the output z € {—1, 1} to be o (Zle cib; —k+ 1/2), where ¢; € {~1, 1} are
weights. For each region of the arrangement, we have a description in terms of
c¢=(c1, ..., cx). The argument of the sigmoid function is 1/2 if 2b; — 1 = ¢; for

all j and is negative otherwise. Hence z = 1 if and only if 2b — 1 = ¢. Assume we
now take a decision based upon the sign of

E w2z + W,
1

where the w;’s are weights and the z;’s are the outputs of the second hidden layer.
Assume that we wish to assign class 1 to s regions in the arrangement and class 0
to ¢ other regions. For a class 1 region [, set w; = 1, and for a class 0 region, set
w; =—1.Definewg=1+s —1. Then,ifz; =1,z =—1,i ¥/,

1 ifw; =1
E wlzl+w0=wj+w0— E w,‘={ 1 ifw}-——l
l i#) ST
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second hidden layer ..__O.O_r_l.,

e

FIGURE 30.10. The second hidden layer of a two-hidden-layer
neural network with threshold sigmoids in the first layer. For each
k-vector of bits b = (by, ..., by) at the output of the first layer,
we may find a decision g(b) € {0, 1}. Now return to the two-
hidden-layer network of Figure 30.9 and assign the values g(b)
to the neurons in the second hidden layer to obtain an equivalent
network.

Thus, every arrangement classifier corresponds to a neural network with two
hidden layers, and threshold units. The correspondence is also reciprocal. Assume
someone shows a two-hidden-layer neural network with the first hidden layer as
above—thus, outputs consist of a vector of k bits—and with the second hidden
layer consisting once again a battery of perceptrons (see Figure 30.10). Whatever
happens in the second hidden layer, the decision is just a function of the config-
uration of k input bits. The output of the first hidden layer is constant over each
region of the arrangement defined by the hyperplanes given by the input weights of
the units of the first layer. Thus, the neural network classifier with threshold units
in the first hidden layer is equivalent to an arrangement classifier with the same
number of hyperplanes as units in the first hidden layer. The equivalence with tree
classifiers is described in Problem 30.2.

Of course, equivalence is only valid up to a certain point. If the number of neurons
in the second layer is small, then neural networks are more restricted. This could be
an advantage in training. However, the majority vote in an arrangement classifier
avoids training of the second layer’s neurons altogether, and offers at the same
time an easier interpretation of the classifier. Conditions on consistency of general
two-hidden-layer neural networks will be given in Section 30.4.
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30.3 Approximation by Neural Networks

Consider first the class C* of classifiers (30.2) that contains all neural network
classifiers with the threshold sigmoid and &k hidden nodes in two hidden layers.
The training data D,, are used to select a classifier from C*®). For good performance
of the selected rule, it is necessary that the best rule in C* has probability of error
close to L*, that is, that
1%) L) —

is small. We call this quantity the approximation error. Naturally, for fixed %,
the approximation error is positive for most distributions. However, for large k,
it is expected to be small. The question is whether the last statement is true for
all distributions of (X, ¥). We showed in the section on arrangements that the
class of two-hidden-layer neural network classifiers with m nodes in the first layer
and 2™ nodes in the second layer contains all arrangement classifiers with m
hyperplanes. Therefore, for k = m + 2™, the class of all arrangement classifiers
with m hyperplanes is a subclass of C®). From this, we easily obtain the following
approximation result:

Theorem 30.3. IfC® is the class of all neural network classifiers with the thresh-
old sigmoid and k neurons in two hidden layers, then

11m inf L(qb) L*=0

k—00 peC®
for all distributions of (X, Y).

It is more surprising that the same property holds if C% is the class of one-
hidden-layer neural networks with & hidden neurons, and an arbitrary sigmoid.
More precisely, C® is the class of classifiers

[0 iy <1/2
¢x) _{ 1 otherwise,

where ¥ is as in (30.2).
By Theorem 2.2, we have

L(¢) — L™ < 2E{|y(X) — n(X)]},
where n(x) = P{Y = 1{X = x}. Thus, inf yecwr L(¢p) — L* — O ask — ooif
E{lyi(x) = n(0)l} - 0

for some sequence {¥} with ¢ € C® for ¢p(x) = I{y,)~1/2). For universal
consistency, we need only assure that the family of ¥’s can approximate any 5
in the L;(u) sense. In other words, the approximation error infgecw L(¢) —

converges to zero if the class of functions v is dense in L (@) for every 1. Another
sufficient condition for this—but of course much too severe—is that the class
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F of functions ¢ becomes dense in the L, (supremum-) norm in the space of
continuous functions C[a, b on [a, b]?, where [a, b]? denotes the hyperrectangle
of R¥ defined by its opposite vertices a and b, for any a and b.

Lemma 30.2. Assume that a sequence of classes of functions Fj, becomes dense
in the Lo, norm in the space of continuous functions Cla, b (where [a, b)? is
the hyperrectangle of R? defined by a, b). In other words, assume that for every
a, b € R, and every bounded function g,

lim inf sup |[f(x)—gx)|=0.

k=00 f€Fk xe(a,b)d
Then for any distribution of (X, Y),

lim inf L(¢)— L* =0,

k=00 peC)

where C% is the class of classifiers ¢(x) = Iy oys12) for ¥ € F.

PrOOF. For fixed € > 0, find a, b such that u([a, b]?) > 1 — /3, where w is the
probability measure of X. Choose a continuous function 7 vanishing off [a, b]¢
such that

E{[n(X) =701} <

N[ ™

Find k and f € Fi such that

ANl

sup [ f(x) = 7(0)| <

x€la, bl

For ¢(x) = I{f(x)>1/2), we have, by Theorem 2.2,

L) =L = 2E{IFO0 = (O ixetanm} + 5
< 2E{I£C0 = FOUixeta ) + 2B (700 = 10O + 3
<2 sup 10 = 00N+ 42 ITO0 — 001 + 2
< e O

This text is basically about all such good families, such as families that are ob-
tainable by summing kernel functions, and histogram families. The first results for
approximation with neural networks with one hidden layer appeared in 1989, when
Cybenko (1989), Hornik, Stinchcombe, and White (1989), and Funahashi (1989)
proved independently that feedforward neural networks with one hidden layer are
dense with respect to the supremum norm on bounded sets in the set of continuous
functions. In other words, by taking & large enough, every continuous function
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on R¢ can be approximated arbitrarily closely, uniformly over any bounded set
by functions realized by neural networks with one hidden layer. For a survey of
various denseness results we refer to Barron (1989) and Hornik (1993). The proof
given here uses ideas of Chen, Chen, and Liu (1990). It uses the denseness of the
class of trigonometric polynomials in the L, sense for C[0, 1]¢ (this-is a special
case of the Stone-Weierstrass theorem; see Theorem A.9 in the Appendix), that is,
by functions of the form

Z (¢ cos(2ma x) + B sin(2wb] x))

i
where ;, b; are integer-valued vectors of R4.

Theorem 30.4. For every continuous function f : [a,bl® — R and for every
€ > 0, there exists a neural network with one hidden layer and function ¥ (x) as
in (30.2) such that

sup | f(x) —¥(x)] <e.

xela,bl?

PrOOF. We prove the theorem for the threshold sigmoid

=] ~1 ifx=0
W= ifx > 0.

The extension to general nondecreasing sigmoids is left as an exercise (Prob-
lem 30.3). Fix ¢ > 0. We take the Fourier series approximation of f(x). By
the Stone-Weierstrass theorem (Theorem A.9), there exists a large positive inte-
ger M, nonzero real coefficients «y, ..., oy, Bi, ..., Bu, and integers m; ; for
i=1,...,M, j=1,...,d,such that

M
T LT €
sup Z (oel- cos (—mlrx) + f; sin (—mth)) - fx)| < =,
xela,bl |01 a a 2
where m; = (m;1,...,m;q), i =1,..., M. Itis clear that every continuous func-

tion on the real line that is zero outside some bounded interval can be arbitrarily
closely approximated uniformly on the interval by one-dimensional neural net-
works, that is, by functions of the form

k
Z ciolaix +b;) + cy.

i=1

Just observe that the indicator function of an interval [b, ¢c] may be written as
o(x — b)+o(—x +c¢). This implies that bounded functions such as sin and cos can
be approximated arbitrarily closely by neural networks. In particular, there exist

neural networks u;(x), v;(x) with = 1, ..., M, (i.e., mappings from R0 R)
such that
sup |u;(x) — cos (zmrx>| <=
' a ' 4M o)

x€la,bl?
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and

sup
x€la, b}

vi(x) — sin (Z'mth>[ = 4M€1ﬂil'

Therefore, applying the triangle inequality we get

sup
xé€la,b)?

3 ((xi cos (zmiTx) + B; sin (%m?x)) — i (oiu; (x) + Bivi(x))] < %

=1 a

Since the u;’s and v;’s are neural networks, their linear combination
M
Y= Y (@ui(x) + Bivi(x)
i=1

is a neural network too and, in fact,

sup | f(x) = ¥ (x)l

x€la,b)d
M
T T
< sup |f(x)— Z (Oti cos (—-m?x) + f; sin (—-miTx))
x€la,b? i=1 a a
M
T LT
+ sup Z (ozi cos (—miTx) + f; sin (—m,«Tx)) — ¥(x)
x€la,b)d |'i=1 a a
2e O
< — = €.
2

The convergence may be arbitrarily slow for some f. By restricting the class of
functions, it is possible to obtain upper bounds for the rate of convergence. For an
example, see Barron (1993). The following corollary of Theorem 30.4 is obtained
via Lemma 30.2:

COROLLARY 30.1. Let C® contain all neural network classifiers defined by net-
works of one hidden layer with k hidden nodes, and an arbitrary sigmoid o. Then
for any distribution of (X, Y),

lim inf L(¢)— L*=0.

k00 peC®

The above convergence also holds if the range of the parameters a;j, b;, ¢; is
restricted to an interval [— By, Bil, where limy_, o Br = 00.

REMARK. It is also true that the class of one-hidden-layer neural networks with k
hidden neurons becomes dense in L;(it) for every probability measure y on R?
as k — oo (see Problem 30.4). Then Theorem 2.2 may be used directly to prove
Corollary 30.1. OO



30.4 VC Dimension 521.

In practice, the network architecture (i.e., £ in our case) is given to the designer,
who can only adjust the parameters a;;, b;, and ¢;, depending on the data D,,. In
this respect, the above results are only of theoretical interest. It is more interesting
to find out how far the error probability of the chosen rule is from infgec, L(¢).
We discuss this problem in the next few sections.

30.4 VC Dimension

Assume now that the data D, = (X1, Y1), ..., (X,, Y,)) are used to tune the
parameters of the network. To choose a classifier from C*, we focus on the dif-
ference between the probability of error of the selected rule and that of the best
classifier in C®. Recall from Chapters 12 and 14 that the vc dimension Ve of the
class C®) determines the performance of some learning algorithms. Theorem 14.5
tells us that no method of picking a classifier from C%*’ can guarantee better than
Q («/ch / n) performance uniformly for all distributions. Thus, for meaningful
distribution-free performance guarantees, the sample size n has to be significantly
larger than the vc dimension. On the other hand, by Corollary 12.1, there exists a
way of choosing the parameters of the network—namely, by minimization of the
empirical error probability—such that the obtained classifier ¢ satisfies

N . Vew logn +4
E (L)} - Jnf L) < 161/—9——27——-

for all distributions. On the other hand, if Vew = oo, then for any # and any rule,
some bad distributions exist that induce very large error probabilities (see Theorem
14.3).

‘We start with a universal lower bound on the vc dimension of networks with
one hidden layer.

Theorem 30.5. (BauM (1988)). Let o be an arbitrary sigmoid and consider the
class C% of neural net classifiers with k nodes in one hidden layer. Then

Vew > 2 K d
oo > 7|4

PROOF. We prove the statement for the threshold sigmoid, and leave the extension
as an exercise (Problem 30.7). We need to show that there is a set of n = 2[k/2]d
points in R¢ that can be shattered by sets of the form {x : ¥(x) > 1/2}, where ¥
is a one-layer neural network of £ hidden nodes. Clearly, it suffices to prove this
for even k. In fact, we prove more: if k is even, any set of n = kd points in general
position can be shattered (points are in general position if no d + 1 points fall on
the same d — 1-dimensional hyperplane). Let {x;, ..., x,,} be aset of n = kd such
points. For each subset of this set, we construct a neural network ¥ with & hidden
nodes such that ¥(x;) > 1/2 if and only if x; is a member of this subset. We may
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assume without loss of generality that the cardinality of the subset to be picked
out is at most /2, since otherwise we can use 1/2 — ¥(x), where ¥ picks out the
complement of the subset. Partition the subset into at most 7/(2d) = k/2 groups,
each containing at most d points. For each such group, there exists a hyperplane
a’x + b = 0 that contains these points, but no other point from {xy, ..., x,}.
Moreover, there exists a small positive number  such that a”x; + b € [—h, K]
if and only if x; is among this group of at most 4 points. Therefore, the simple
network
o@x+b+h)+a(—a"x —b+h)

is larger than O on x; for exactly these x;’s. Denote the vectors a, and parameters
b, h obtained for the k/2 groups by ay, ..., a2, b1, ..., by, and hy, ..., by
Let h = minj<k2 k. It is easy to see that

k/2
U(x) = Z ((T(aij +b;+h) +a(~a;x —bj+ h)) + %
j=1

is larger than 1/2 for exactly the desired x;’s. This network has £ hidden nodes. O

Theorem 30.5 implies that there is no hope for good performance guarantees
unless the sample size is much larger than kd. Recall Chapter 14, where we showed
that n >> Vw is necessary for a guaranteed small error probability, regardless of
the method of tuning the parameters. Bartlett (1993) improved Theorem 30.5 in
several ways. For example, he proved that

. 24
VC(k) > d min <k, m) +1.

Bartlett also obtained similar lower bounds for not fully connected networks—see
Problem 30.9—and for two-hidden-layer networks.

Next we show that for the threshold sigmoid, the bound of Theorem 30.5 is
tight up to a logarithmic factor, that is, the vc dimension is at most of the order of
kdlogk.

Theorem 30.6. (BAUM AND HAUSSLER (1989)). Let o be the threshold sigmoid
and let C% be the class of neural net classifiers with k nodes in the hidden layer.
Then the shatter coefficients satisfy

s = (350)) (£0)

< ( ne )k(‘m)( ne )k"1 < (ne)dv2k+1
d+1 k+1

which implies that for all k,d > 1,

Vew < (2kd + 4k + 2)log,(e(kd + 2k + 1)).
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PROOF. Fix n points x1,...,x, € R4. We bound the number of different values
of the vector (¢(x1), ..., ¢(x,)) as ¢ ranges through C®. A node j in the hidden
layer realizes a dichotomy of the n pomts by a hyperplane split. By Theorems 13.9
and 13.3, this can be done at most Y% ( ) < (ne/(d +1))**! different ways. The

different splittings obtained at the k nodes determine the k-dimensional input of
the output node. Different choices of the parameters ¢y, c1, .. ., ¢ of the output
node determine different k-dimensional linear splits of the n input vectors. This
cannot be done in more than ") (7) < (ne/(k +1))**! different ways for a fixed
setting of the a;; and b; parameters. This altogether yields at most

k
() (20
iz \l im0\

different dichotomies of the n points x;, .. ., x,, as desired. The bound on the vc

dimension follows from the fact that Vow < nif S(C®, n) > 2". O

For threshold sigmoids, the gap between the lower and upper bounds above is
logarithmic in kd. Notice that the vc dimension is about the number of weights (or
tunable parameters) w = kd + 2k + 1 of the network. Surprisingly, Maass (1994)
proved that for networks with at least two hidden layers, the upper bound has
the right order of magnitude, that is, the vC dimension is Q(w logw). A simple
application of Theorems 30.4 and 30.6 provides the next consistency result that
was pointed out in Faragé and Lugosi (1993):

Theorem 30.7. Let o be the threshold sigmoid. Let g, be a classifier from C®
that minimizes the empirical error

~ 1
Lu(p) = Z Ligx#v,)
i=1

over ¢ € C®.Ifk — oo such that klogn/n — 0 as n — oo, then g, is strongly
universally consistent, that is,

lim L(g,)=L"
>0
with probability one for all distributions of (X, Y).
PrROOF. By the usual decomposition into approximation and estimation errors,
L(g) - L" = (L(gn) - jnf, L(¢>) + (ééfm L(¢) - L ) :

The second term on the right-hand side tends to zero by Corollary 30.1. For the
estimation esror, by Theorems 12.6 and 30.6,

P {L(g,,) — inf L(¢) > 5} < 8S(C(k), n)e—ne2/128
pect
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el
< 8(ne)kd#2krD e’ 128

which is summable if k = o(n/logn). O

The theorem assures us that if ¢ is the threshold sigmoid, then a sequence of
properly sized networks may be trained to asymptotically achieve the optimum
probability of error, regardless of what the distribution of (X, ¥) is. For example,
k ~ ./n will do the job. However, this is clearly not the optimal choice in the
majority of cases. Since Theorem 30.6 provides suitable upper bounds on the vc
dimension of each class C*), one may use complexity regularization as described
in Chapter 18 to find a near-optimum size network.

Unfortunately, the situation is much less clear for more general, continuous
sigmoids. The vc dimension then depends on the specific sigmoid. It is not hard
to see that the vc dimension of C*) with an arbitrary nondecreasing sigmoid is
always larger than or equal to that with the threshold sigmoid (Problem 30.8).
Typically, the vc dimension of a class of such networks is significantly larger
than that for the threshold sigmoid. In fact, it can even be infinite! Macintyre and
Sontag (1993) demonstrated the existence of continuous, infinitely many times
differentiable monotone increasing sigmoids such that the vc dimension of C% is
infinite if k > 2. Their sigmoids have little squiggles, creating the large variability.
It is even more surprising that infinite vC dimension may occur for even smoother
sigmoids, whose second derivative is negative for x > 0 and positive for x < 0.
In Chapter 25 (see Problem 25.11) we basically proved the following result. The
details are left to the reader (Problem 30.13).

Theorem 30.8. There exists a sigmoid o that is monotone increasing, COntinuous,
concave on (0, 00), and convex on (—o0, 0), such that Vew = oo for each k > 8.

We recall once again that infinite vC dimension implies that there is no hope of
obtaining nontrivial distribution-free upper bounds on

L(gn)'— inf L(¢)»
peC®

no matter how the training sequence D, is used to select the parameters of the
neural network. However, as we will see later, it is still possible to obtain universal
consistency. Finiteness of the vC dimension has been proved for many types of
sigmoids. Maass (1993) and Goldberg and Jerrum (1993) obtain upper bounds
for piecewise polynomial sigmoids. The results of Goldberg and Jerrum (1993)
apply for general classes parametrized by real numbers, e.g., for classes of neural
networks with the sigmoid

[ 1-1/@x+2) ifx=0
"(")‘{ 1/@—2x)  ifx <0,

Macintyre and Sontag (1993) prove Vew < oo for a large class of sigmoids, which
includes the standard, arctan, and gaussian sigmoids. While finiteness is useful, the
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lack of an explicit tight upper bound on Vg prevents us from getting meaningful
upper bounds on the performance of g,, and also from applying the structural
risk minimization of Chapter 18. For the standard sigmoid, and for networks with
k hidden nodes and w tunable weights Karpinski and Macintyre (1994) recently
reported the upper bound

- kwlkw — 1)
2

14 +w(l +2k) + w(l + 3k) log(Bw + 6kw + 3).
See also Shawe-Taylor (1994).

Unfortunately, the consistency result of Theorem 30.7 is only of theoretical
interest, as there is no efficient algorithm to find a classifier that minimizes the
empirical error probability. Relatively little effort has been made to solve this
important problem. Faragd and Lugosi (1993) exhibit an algorithm that finds the
empirically optimal network. However, their method takes time exponential in kd,
which is intractable even for the smallest toy problems. Much more effort has been
invested in the tuning of networks by minimizing the empirical squared error, or
the empirical L error. These problems are also computationally demanding, but
numerous suboptimal hill-climbing algorithms have been used with some success.
Most famous among these is the back propagation algorithm of Rumelhart, Hinton,
and Williams (1986). Nearly all known algorithms that run in reasonable time may
get stuck at local optima, which results in classifiers whose probability of error
is hard to predict. In the next section we study the error probability of neural net
classifiers obtained by minimizing empirical L, errors.

We end this section with a very simple kind of one-layer network. The committee
machine (see, e.g., Nilsson (1965) and Schmidt (1994)) is a special case of a one-
hidden-layer neural network of the form (30.2) withcg =0,¢; =--- = ¢, = 1, and
the threshold sigmoid.

7

_J—‘I Oorl

X9

FIGURE 30.11. The committee machine has fixed weights at the
output of the hidden layer.

Committee machines thus use a majority vote over the outcomes of the hidden
neurons. It is interesting that the lower bound of Theorem 30.5 remains valid
when C® is the class of all committee machines with k neurons in the hidden
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layer. It is less obvious, however, that the class of committee machines is large
enough for the asymptotic property

lim inf) L¢p)=L"

k—00 peCk

for all distributions of (X, Y) (see Problem 30.6).

FiGURE 30.12. A partition of the plane
determined by a committee machine
with 5 hidden neurons. The total vote
is shown in each region. The region
in which we decide “0” is shaded.

30.5 L Error Minimization

In the previous section, we obtained consistency for the standard threshold sigmoid
networks by empirical risk minimization. We could not apply the same methodol-
ogy for general sigmoids simply because the vC dimension for general sigmoidal
networks is not bounded. It is bounded for certain classes of sigmoids, and for
those, empirical risk minimization yields universally consistent classifiers. Even if
the vC dimension is infinite, we may get consistency, but this must then be proved
by other methods, such as methods based upon metric entropy and covering num-
bers (see Chapters 28 and 29, as well as the survey by Haussler (1992)). One could
also train the classifier by minimizing another empirical criterion, which is exactly
what we will do in this section. We will be rewarded with a general consistency
theorem for all sigmoids.
For 1 < p < o0, the empirical L, error of a neural network - is defined by

1/p

1 n
TP =~ 3 (X = Yl
i=1

The most interesting cases are p = 1 and p = 2. For p = 2 this is just the empirical
squared error, while p = 1 yields the empirical absolute error. Often it makes
sense to attempt to choose the parameters of the network ¥ such that P () is
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minimized. In situations where one is not only interested in the number of errors,
but also how robust the decision is, such error measures may be meaningful. In
other words, these error measures penalize even good decisions if v is close to the
threshold value 0. Minimizing J,ﬁp ) is like finding a good regression function esti-
mate. Our concern is primarily with the error probability. In Chapter 4 we already
highlighted the dangers of squared error minimization and L, errors in general.
Here we will concentrate on the consistency properties. We minimize the empirical
error over a class of functions, which should not be too large to avoid overfitting.
Howeyver, the class should be large enough to contain a good approximation of the
target function. Thus, we let the class of candidate functions grow with the sample
size n, as in Grenander’s “method of sieves” (Grenander (1981)). Its consistency
and rates of convergence have been widely studied primarily for least squares
regression function estimation and nonparametric maximum likelihood density
estimation—see Geman and Hwang (1982), Gallant (1987), and Wong and Shen
(1992).

REMARK. REGRESSION FUNCTION ESTIMATION. In the regression function estima-
tion setup, White (1990) proved consistency of neural network estimates based on
squared error minimization. Barron (1991; 1994) used a complexity-regularized
modification of these error measures to obtain the fastest possible rate of con-
vergence for nonparametric neural network estimates. Haussler (1992) provides a
general framework for empirical error minimization, and provides useful tools for
handling neural networks. Various consistency properties of nonparametric neu-
ral network estimates have been proved by White (1991), Mielniczuk and Tyrcha
(1993), and Lugosi and Zeger (1995). O

We only consider the p = 1 case, as the generalization to other values of p is
straightforward. Define the L1 error of a function v : R¢ — R by

J(Y) = E{{y(X) - Y|}

We pointed out in Problem 2.12 that one of the functions minimizing J(y) is the
Bayes rule g* whose error is denoted by

J* = ir]/}f J() = J(g™).
Then clearly, J* = L*. We have also seen that if we define a decision by

[0 ity <12
g(x)-{ 1 otherwise,

then its error probability L(g) = P{g(X) # Y} satisfies the inequality
L =L = J@W)—J"
Our approach is to select a neural network from a suitably chosen class of networks

by minimizing the empirical error

1 n
@)=~ WX = Yil
i=1
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Denoting this function by ¥/, according to the inequality above, the classifier

[0 i ) <1/2
gn(x)‘{ 1 otherwise,

is consistent if the Ly error
J(Wr) = E{[Yn(X) — Y| D}

converges to J* in probability. Convergence with probability one provides strong
consistency. For universal convergence, the class over which the minimization is
performed has to be defined carefully. The following theorem shows that this may
be achieved by neural networks with k& nodes, in which the range of the output
weights ¢o, ¢y, . . ., Cx 1S restricted.

Theorem 30.9. (LUGOSI AND ZEGER (1995)). Let o be an arbitrary sigmoid.
Define the class JF,, of neural networks by

kq kn
ﬁlz{zcio'(an'Fbi)'i‘Co: aiERd,biGR,Z|Ci!§,Bn}»
i=1 i=0

and let W, be a function that minimizes the empirical Ly error
UL e amea
n - n l=1 1 L

over ¥ € F,. If k, and B, satisfy

kB2 Log(kn
lim k, =occ, lim B, =00, and lim kn By log(kn Bn) -0,
1-—>00 n—>00 s 00 n

then the classification rule

10 ) <1)/2
g,l(x)—{ 1 otherwise

is universally consistent.

REMARK. Strong universal consistency may also be shown by imposing slightly
more restrictive conditions on &, and S, (see Problem 30.16). O

ProoF. By the argument preceding the theorem, it suffices to prove that J () —
J* — 0 in probability. Write

J(W) = J" = (J(w,»—wigg J(¢)) + (;2; T~ JX)
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To handle the approximation error—the second term on the right-hand side—let
Y’ € F, be a function such that

E{ly'(X) - 8" (0 = E{ly(X) - g" (0N

for each ¢ € F,. The existence of such a function may be seen by noting that
E{|y(X) — g*(X)]} is a continuous function of the parameters a;, b;, ¢; of the
neural network vr. Clearly,

wig Jy)—-J = JYH-J"
= E{ly'(X) - Y[} - E{lg"(X) - Y|}
= E{W'X) - g @,

which converges to zero as n — o0, by Problem 30.4.-We start the analysis of the
estimation error by noting that as in Lemma 8.2, we have

TG = jnf J@) < 2 sup [JGh) — ()]

yeF,

IA

I

172
2 E{{y(X)-Y|} — - X)) - Y
sup {¥(X) - Y|} n;wf( ) = Y

Define the class M,, of functions on R¢ x {0, 1} by
M,

k"
Zcio(al-Tx +b)+co—y

i=1

kn
La eRd5bl eReZ’Ci'Sﬂﬂ}'

i=0

={m(x,y)=

Then the previous bound becomes

n

EmX, V) — % Zm(Xi» Y)
=1

2 sup
meM,

Such quantities may be handled by the uniform law of large numbers of Theorem
29.1, which applies to classes of uniformly bounded functions. Indeed, for each
me M,

k}l
Zc,—a(afx +b)+cy—y

i=1

m(x, y)

kn
< 2max (Z cio(al x +b;) + co, 1)
i=1
ke
< Zmax(sz, 1)
i=1
< 2B
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if n is so large that 8, > 1. For such »n’s, Theorem 29.1 states that

-]

< 8E {N(e/8, My(D,))} e /120
where NV (e, M,,(D,)) denotes the /1-covering number of the random set

Mu(Dy) ={m(X1, Y1), ..., m(X,, ¥)) i m € M,} C R",

E{m(X,Y)) — ;11- an(Xia Y)

i=1

P3 sup
meM,

defined in Chapter 29. All we need now is to estimate these covering numbers.
Observe that for my, my € M, with mi(x,y) = [¥1(x) — y| and ma(x, y) =
[¥2(x) — y|, for any probability measure v on R? x {0, 1},

f I x, 3) — mae, YV, ) < f 1) — (D)l d),

where  is the marginal of v on RY. Therefore, it follows that (e, M, (D,)) <
N(e, Fu(X])), where X| = (X1, ..., X,). It means that an upper bound on the
covering number of the class of neural networks J, is also an upper bound on the
quantity that interests us. This bounding may be done by applying lemmas from
Chapters 13 and 30. Define the following three collections of functions:

G = la'x+b;ae R beR},
G, = {o(aTx+b); aecR4be R},
Gy = {co@ x+b); aeR beR,cel[—pupbull.

By Theorem 13.9, the vc dimension of the class of sets
Gi ={x,0): 1 =¢(x), ¥ € Gi}
is Vg: < d +2. This implies by Lemma 29.5 that Vg; < d + 2, so by Corollary

29.2, for any x} = (X1, ..., Xn),

€

4 2(d+2)
Ne, Go(x)) < 2( e) :

where Ga(x]) = {z € R" : 2 = (g(x1), ..., &(xn)), & € G>}. Now, using similar
notations, Theorem 29.7 allows us to estimate covering numbers of G3(x{'):

4 2 ; 2d+5
N(e, G(x])) < —E-N(e/(?-ﬂn),gz(X’f)) < ( ef )

if B, > 2/e. Finally, we can apply Lemma 29.6 to obtain
. 2B, (ks + 1) \
N, Fulx})) < LG—-—N(G/(kn +1), Ga(xp )
<8€(kn + 1)ﬂn )k,l(2d+5)+1

€
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Thus, substituting this bound into the probability inequality above, we get for »
large enough,

ky(2d+5)+1
e

P sup
Ve,

1 n -
E[y () = Y| = =3 [¥(X)) - ¥}l
j=1

€

which tends to zero if

ki B, 10g (ki Bn)
—l
n

09
concluding the proof. O

There are yet other ways to obtain consistency for general sigmoidal networks.
We may restrict the network by discretizing the values of the coefficients in some
way-—thus creating a sieve with a number of members that is easy to enumerate—
and applying complexity regularization (Chapter 18). This is the method followed
by Barron (1988; 1991).

30.6 The Adaline and Padaline

Widrow (1959) and Widrow and Hoff (1960) introduced the Adaline, and Specht
(1967; 1990) studied polynomial discriminant functions such as the Padaline.
Looked at formally, the discriminant function ¢ used in the decision g(x) =
Iy (xy>0y 1s of a polynomial nature, with ¥ consisting of sums of monomials like

a (x(l))i‘ . (x(d))id ,

where iy, ..., iz > 0 are integers, and « is a coefficient. The order of a monomial
is i1+ - -+i4. Usually, all terms up to, and including those of order r are included.
Widrow’s Adaline (1959) has r = 1. The total number of monomials of order r or
less does not exceed (r + 1)?. The motivation for developing these discriminants is
that only up to (r + 1)? coefficients need to be trained and stored. In applications
in which data continuously arrive, the coefficients may be updated on-line and
the data can be discarded. This property is, of course, shared with standard neu-
ral networks. In most cases, order r polynomial discriminants are not translation
invariant. Minimizing a given criterion on-line is a phenomenal task, so Specht
noted that training is not necessary if the a’s are chosen so as to give decisions that
are close to those of the kernel method with normal kernels.

For example, if K (1) = e™*"/2, the kernel method picks a smoothing factor A
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(such that 2 — 0 and nh¢ — oo; see Chapter 10) and uses

1o - 1k (le —Xin)
n 4 h

l - y,—xTx/ 2R xTX[h2 —XT X, /2h%)
Z(ZY, De e e .

i=1

v(x)

The same decision is obtained if we use
1 13
Y = — Y (¥, — DX M/EXINICH,
n

Now, approximate this by using Taylor’s series expansion and truncating to the
order r terms. For example, the coefficient of (x)" .- - (x®)" in the expansion
of ¥(x) would be, if Y9_, i; =1,

1 1 & 1 iy d ig T 2
— — Y ey -1 (X(, >) (X<, >) ~XT X, /@)
ilig! R% ;( J ) j j e i

These sums are easy to update on-line, and decisions are based on the sign of the
order r truncation ¥, of ¥ . The classifier is called the Padaline. Specht notes that
overfitting in ¥, does not occur due to the fact that overfitting does not occur for
the kernel method based on . His method interpolates between the latter method,
generalized linear discrimination, and generalizations of the perceptron.

For fixed r, the Padaline defined above is not universally consistent (for the same
reason linear discriminants are not universally consistent), but if » is allowed to
grow with n, the decision based on the sign of ¥, becomes universally consistent
(Problem 30.14). Recall, however, that Padaline was not designed with a variable
r in mind.

30.7 Polynomial Networks

Besides Adaline and Padaline, there are several ways of constructing polyno-
mial many-layered networks in which basic units are of the form (x®)" ...

(x"‘))l" for inputs xV, ..., x® to that level. Pioneers in this respect are Gabor
(1961), Ivakhnenko (1968; 1971) who invented the GMDH method—the group
method of data handling—and Barron (1975). See also Ivakhnenko, Konovalenko,
Tulupchuk, and Tymchenko (1968) and Ivakhnenko, Petrache, and Krasyts’kyy
(1968). These networks can be visualized in the following way:
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FIGURE 30.13. Simple polynomial network: Each g; represents a

simple polynomial function of its input. In Barron’s work (Barron
(1975), Barron and Barron (1988)), the g;’s are sometimes 2-input
elements of the form gi(x,y) = a; + b;x + ¢;y + d;xy.

If the g;’s are Barron’s quadratic elements, then the network shown in Figure 30.13
represents a particular polynomial of order 8 in which the largest degree of any x¥)
is at most 4. The number of unknown coefficients is 36 in the example shown in
the figure, while in a full-fledged order-8 polynomial network, it would be much
larger.

For training these networks, many strategies have been proposed by Barron and
his associates. Ivakhnenko (1971), for example, trains one layer at a time and lets
only the best neurons in each layer survive for use as input in the next layer.

It is easy to see that polynomial networks, even with only two inputs per node,
and with degree in each cell restricted to two, but with an unrestricted number
of layers, can implement any polynomial in d variables. As the polynomials are
dense in the Lo, sense on Cla, b]¢ forall @, b € R4, we note by Lemma 30.2 that
such networks include a sequence of classifiers approaching the Bayes error for
any distribution. Consider several classes of polynomials:

Gi={Y=ayn+ - +ayu},
where ¥y, ..., Y are fixed monomials, but the a;’s are free coefficients.

G ={v € Gy : Y1, ..., Y are monomials of order < r}.

iy

(The order of a monomial (x'V)" - .- (x(d))i" iSip 4 +ig)

Gy ={¥ € Gy : Yy, ..., ¥ are monomials of order < r, but k is not fixed}.

As k — o0, G, does not generally become dense in C[a, b]¢ in the L, sense
unless we add V¥g41, Yrso, . - . in a special way. However, G; becomes dense as
r — oo by Theorem A.9 and G, becomes dense as both & — oo andr — o0
(as G, contains a subclass of G; for a smaller » depending upon k obtained by
including in ¥, .. ., ¥ all monomials in increasing order).

The vc dimension of the class of classifiers based on G; is not more than k (see
Theorem 13.9). The vc dimension of classifiers based upon G, does not exceed
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those of Gs, which in turn is nothing but the number of possible monomials of
order < r. A simple counting argument shows that this is bounded by (r +1)?. See
also Anthony and Holden (1993).

These simple bounds may be used to study the consistency of polynomial net-
works.

Let us take a fixed structure network in which all nodes are fixed—they have
at most k inputs with £ > 2 fixed and represent polynomials of order < r with
r > 2 fixed. For example, with r = 2, each cell with input z1, . .., z; computes
Zi a;vri(z1, . - ., 2k), where the g;’s are coefficients and the ;s are fixed monomi-
als of order r or less, and all such monomials are included. Assume that the layout
is fixed and is such that it can realize all polynomials of order < s on the input
xM, ., x9. One way of doing this is to realize all polynomials of order < r by
taking all (}) possible input combinations, and to repeat at the second level with

((g)) cells of neurons, and so forth for a total of s /r layers of cells. This construc-
tion is obviously redundant but it will do for now. Then note that the vc dimension
is not more than (s + 1)¢, as noted above. If we choose the best coefficients in the
cells by empirical risk minimization, then the method is consistent:

Theorem 30.10. In the fixed-structure polynomial network described above, if L,
is the probability of error of the empirical risk minimizer, then E{L,} — L* if
s — oo and s = o(n'/?).

ProoF. Apply Lemma 30.2 and Theorem 12.6. O

Assume a fixed-structure network as above such that all polynomials of order
< s are realized plus some other ones, while the number of layers of cells is not
more than /. Then the vc dimension is not more than (rI + 1)¢ because the maximal
order is not more than /r. Hence, we have consistency under the same conditions
as above, that is, s — 00, and [ = o(n'/%). Similar considerations can now be used
in a variety of situations.

30.8 Kolmogorov-Lorentz Networks
and Additive Models

Answering one of Hilbert’s famous questions, Kolmogorov (1957) and Lorentz
(1976) (see also Sprecher (1965) and Hecht-Nielsen (1987)) obtained the following
interesting representation of any continuous function on [0, 1]¢.

Theorem 30.11. (KOLMOGOROV (1957); LORENTZ (1976)). Let f be continuous
on [0, 1)%. Then f can be rewritten as follows: let § > O be an arbitrary constant,
and choose 0 < € < § rational. Then

2d+1

F= s,
e
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where g : R — R is a continuous function (depending upon [ and €), and each
Zk IS rewritten as

d
k= Zkk,w (x(j) +ek) +k.

j=1

Here A is real and ' is monotonic and increasing in its argument. Also, both A and
Y are universal (independent of f), and ' is Lipschitz: |y (x) — ¥ (¥)] < clx — y|
for some ¢ > 0.

The Kolmogorov-Lorentz theorem states that f may be represented by a very
simple network that we will call the Kolmogorov-Lorentz network. What is amaz-
ing is that the first layer is fixed and known beforehand. Only the mapping g
depends on f. This representation immediately opens up new revenues of pursuit—
we need not mix the input variables. Simple additive functions of the input variables
suffice to represent all continuous functions.

Ay(xW+e)

xW

input < *

@

Ay (x @)

A2y (x D e (2d+1)

FiGuRre 30.14. The Kolmogorov-Lorentz network of Theorem
30.11.

To explain what is happening here, we look at the interleaving of bits to make
one-dimensional numbers out of d-dimensional vectors. For the sake of simplicity,
let f:[0,11> = R.Let

x=0xxx3... and y=0.y;yy3...

be the binary expansions of x and y, and consider a representation for the function
f(x,y). The bit-interleaved number z € [0, 1] has binary expansion

z=0.x1y1X22%3)3 - . .
and may thus be written as z = ¢(x) + (1/2)¢(y), where

@(x) =0.x10x20x30 . ..
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and thus .
"2‘¢()’) =0.0y10y,0y3. ...

We can also retrieve x and y from z by noting that
x=vY1(z), Y1(z)=0.z1232527 .. -,

and
y=y2(2), Y2(z2) =0.20242628 . - - .

Therefore,

f1(2), ¥2(2)

g(z) (a one-dimensional function of z)

1
g (aﬁ(x) + Eaﬁ(y)) .

fl,»

j=N
e

I

The function ¢ is strictly monotone increasing. Unfortunately, ¢, ¥, and ¥, are
not continuous. Kolmogorov’s theorem for this special case is as follows:

Theorem 30.12. (KOLMOGOROV (1957)). There exist five monotone functions
b1, ..., Ps [0, 1] = Rsatisfying |¢i(x1) — @i (x2)| < |x1 —x2|, withthe following
property: for every f € C[0, 11? (the continuous functions on [0, 11%), there exists
a continuous function g such that for all (xy, x;) € [0, 173

5

1
fex)=) ¢ <¢>i<x1> + 5¢,-(x2>) :

i=1

The difference with pure bit-interleaving is that now the ¢;’s are continuous and
g is continuous whenever f is. Also, just as in our simle example, Kolmogorov
gives an explicit construction for ¢y, .. ., @s.

Kolmogorov’s theorem may be used to show the denseness of certain classes
of functions that may be described by networks. There is one pitfall however: any
such result must involve at least one neuron or cell that has a general function in
it, and we are back at square one, because a general function, even on only one
input, may be arbitrarily complicated and wild.

Additive models include, for example, models such as

d
o+ Y Pi(x®),
i=1
where the ;’s are unspecified univariate functions (Friedman and Silverman

(1989), Hastie and Tibshirani (1990)). These are not powerful enough to approxi-
mate all functions. A generalized additive model is

d
o <oz +> x,/fi(x“)))
i=]
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(Hastie and Tibshirani (1990)), where o is now a given or unspecified function.
From Kolmogorov’s theorem, we know that the model

2d+1 . d B .
> (ak +y wi,k<x“>))
k=1 i=1

with ¥, ¢, ¥ unspecified functions, includes all continuous functions on compact
sets and is thus ideally suited for constructing networks. In fact, we may take
o = k and take all ¥, ¢’s as specified in Kolmogorov’s theorem. This leaves only
Y as the unknown.

Now, consider the following: any continuous univariate function f can be ap-
proximated on bounded sets to within € by simple combinations of threshold
sigmoids o of the form

k
Zaitf(x - ¢i),
i=1

where a;, ¢;, k are variable. This leads to a two-hidden-layer neural network repre-
sentation related to that of Karkova (1992), where only the last layer has unknown
coefficients for a total of 2k.

Theorem 30.13. Consider a network classifier of the form described above in
which o (-) is the threshold sigmoid, and the a;’s and ¢;’s are found by empirical
error minimization. Then E{L,} — L* for all distributions of (X, Y), if k — oo
and klogn/n — 0.

Proor. We will only outline the proof. First observe that we may approximate
all functions on Cla, b]¢ by selecting k large enough. By Lemma 30.2 and The-
orem 12.6, it suffices to show that the vC dimension of our class of classifiers
is o(n/logn). Considering oy + 3%, ¥ 1(x®) as new input elements, called y,
1 < k < 2d + 1, we note that the vc dimension is not more than that of the

classifiers based on
2d+1 k

> aioly; — e

k=1 i=1

which in turn is not more than that of the classifiers given by

kQ2d+1)

Z bio(z; — dp),
=1

where {b;}, {d;} are parameters, and {z;} is an input sequence. By Theorem 13.9,
the vc dimension is not more than k(2d + 1). This concludes the proof. O

For more results along these lines, we refer to Kurkovd (1992).
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30.9 Projection Pursuit

In projection pursuit (Friedman and Tukey (1974), Friedman and Stuetzle (1981),
Friedman, Stuetzle, and Schroeder (1984), Huber (1985), Hall (1989), Flick, Jones,
Priest, and Herman (1990)), one considers functions of the form

k
Y(x)= ) (b +a]x), (30.3)

j=1

where b; € R, a; € R4 are constants and ¥, ..., 1, are fixed functions. This
is related to, but not a special case of, one-hidden-layer neural networks. Based
upon the Kolmogorov-Lorentz representation theorem, we may also consider

d
V) =Y ¥V, (30.4)
j=1

for fixed functions ¥; (Friedman and Silverman (1989), Hastie and Tibshirani
(1990)). In (30.4) and (30.3), the v;’s may be approximated in turn by spline
functions or other nonparametric constructs. This approach is covered in the liter-
ature on generalized additive models (Stone (1985), Hastie and Tibshirani (1990)).

The class of functions e®'*, a € R, satisfies the conditions of the Stone-
Weierstrass theorem (Theorem A.9) and is therefore dense in the L., norm on
Cla, b)? forany a, b € R? (see, e.g., Diaconis and Shahshahani (1984)).

As a corollary, we note that the same denseness result applies to the family

k
> i@ x), (30.5)
i=1

where £ > 1 is arbitrary and ¥, v, ... are general functions. The latter result is
at the basis of projection pursuit methods for approximating functions, where one
tries to find vectors a; and functions ; that approximate a given function very
well.

REMARK. In some cases, approximations by functions as in (30.5) may be exact.
For example,

1 1
x D@ Z(xm +xOy Z(X(l) —x®y

and

1 1
max(x®, x@) = 2 x4 1@+ 51D —x @) O

Theorem 30.14. (DIACONIS AND SHAHSHAHANI (1984)). Let m be a positive in-
teger. There are ("'t’;'l) distinct vectors a; € RY such that any homogeneous
polynomial f of order m can be written as
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)
f@= > cialxn

Jj=1
for some real numbers c;.

Every polynomial of order m over R? is a homogeneous polynomial of order m
over R%*! by replacing the constant 1 by a component x@*! raised to an appropriate
power. Thus, any polynomial of order m over R¢ may be decomposed exactly by

(m-}-d
ia

f&) =Y c;(a]x+b;)"

j=t
for some real numbers b}, ¢; and vectors a; € RY.

Polynomials may thus be represented exactly in the form Z;;l ¢i(a] x) with
k= (mnjd). As the polynomials are dense in C[a, b]¢, we have yet another proof
that {Zi;l t,‘bi(aiTx)} is dense in C[a, b]¢. See Logan and Shepp (1975) or Logan
(1975) for other proofs.

The previous discussion suggests at least two families from which to select a

discriminant function. As usual, we let g(x) = Ijy)~0; for a discriminant function
Y. Here v could be picked from

J=1

or

m
7
.7‘—’/” = {cheaix;cj‘ S R,aj ERd},

j=1

where m is sufficiently large. If we draw ¢ by minimizing the empirical error
(admittedly at a tremendous computational cost), then convergence may result if
m is not too large. We need to know the vC dimension of the classes of classifiers
corresponding to F,, and F,, . Note that F,, coincides with all polynomials of order
m and each such polynomial is the sum of at most (#+ 1)? monomials. If we invoke
Lemma 30.2 and Theorem 12.6, then we get

Theorem 30.15. Empirical risk minimizationto determine {a;, b;, c;}inF,, leads
to a universally consistent classifier provided thatm — oo andm = o(n"/? /logn).

Projection pursuit is very powerful and not at all confined to our limited discus-
sion above. In particular, there are many other ways of constructing good consistent
classifiers that do not require extensive computations such as empirical error min-
imization.
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30.10 Radial Basis Function Networks

We may perform discrimination based upon networks with functions of the form

k pa— .
Ve = ZaiK (x h‘xz)
i=1 i

(and decision g(x) = Iyn-0y), Where k is an integer, aj, ..., ar hy, ..., by are
constants, X1, . .., x; € RY, and K is a kernel function (such as K (u) = e~ 1“I* or
K(u)=1/(1 + [[u]|®)). In this form, ¥ covers several well-known methodologies:

(1) The kernel rule (Chapter 10): Take k = n,a; =2Y; —1,h; = h, x; = X;. With
this choice, for a large class of kernels, we are guaranteed convergence if
h — Oandnh? — oo. This approach s attractive as no difficult optimization
problem needs to be solved.

(2) The potential function method. In Bashkirov, Braverman, and Muchnik
(1964), the parameters are k = n, h; = h, x;, = X;. The weights a; are
picked to minimize the empirical error on the data, and 4 is held fixed. The
original kernel suggested there is K () = 1/(1 + |lu]?).

(3) Linear discrimination. For k = 2, K(u) = e"”””z, hi=ha =1,a =-1,
the set {x : ¥(x) > 0} is a linear halfspace. This, of course, is not uni-
versally consistent. Observe that the separating hyperplane is the collection
of all points x at equal distance from x; and x;. By varying x; and x;, all
hyperplanes may be obtained.

(4) Radial basis function (RBF) neural networks (e.g., Powell (1987), Broom-
head and Lowe (1988), Moody and Darken (1989), Poggio and Girosi
(1990), Xu, Krzyzak, and Oja (1993), Xu, Krzyzak, and Yuille (1994), and
Krzyzak, Linder, and Lugosi (1993)). An even more general function ¥ is
usually employed here:

Y(x) =

i

k
¢ K ((x — x)" Ai(x — x7)) + co,
o

where the A;’s are tunable d x d matrices.

(5) Sieve methods. Grenander (1981) and Geman and Hwang (1982) advocate
the use of maximum likelihood methods to find suitable values for the tunable
parameters in ¥ (for k, K fixed beforehand) subject to certain compactness
constraints on these parameters to control the abundance of choices one
may have. If we were to use empirical error minimization, we would find,
if k > n, that all data points can be correctly classified (take the /;’s small
enough, seta; =2Y; — 1, x; = X;, k = n), causing overfitting. Hence, £ must
be smaller than n if parameters are picked in this manner. Practical ways
of choosing the parameters are discussed by Kraaijveld and Duin (1991),
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and Chou and Chen (1992). In both (4) and (5), the x;’s may be thought of
as representative prototypes, the g;’s as weights, and the #;’s as the radii of
influence. As a rule, k is much smaller than n as x, . .., x; summarizes the
information present at the data.-

To design a consistent RBF neural network classifier, we may proceed as in (1).

We may also take k — oo but k = o(n). Just let (x1,...,x) = (X1,..., Xi),
(a,...,ar =2Y1 — 1,...,2Y; — 1), and choose A; or h; to minimize a given
error criterion based upon X4, ..., X,, such as

R 1 1
La(g)=-—— D Tgoxomma:
n =kt 1

where g(x) = Iy x>0}, and ¥ is as in (1). This is nothing but data splitting (Chapter
22). Convergence conditions are described in Theorem 22.1.

A more ambitious person might try empirical risk minimization to find the best
Xls-vosXks A1y -, 0k, Ay, ..., Ax (d X d matrices as in (4)) based upon

1 n
- 1 X)=Y;}-
n ; {a(X:)#Y:}

If k — o0, the class of rules contains a consistent subsequence, and therefore, it
suffices only to show that the vC dimension is o(n/ logn). This is a difficult task
and some kernels yield infinite vc dimension, even if 4 = 1 and k is very small
(see Chapter 25). However, there is a simple argument if K = I for a simple set
R. Let

A={{x :x=a+Ay,ye R} :a e R?, Aad x d matrix} .

If R is a sphere, then A is the class of all ellipsoids. The number of ways of
shattering a set {x), ..., x,} by intersecting with members from .A is not more

than
pd@+D)/2+1

(see Theorem 13.9, Problem 13.10). The number of ways of shattering a set
{x1, ..., x,} by intersecting with sets of the form

{a11Rl+---+akIRk >0:Ry,..., Rk GA,a1,...,ak ER}
is not more than the product of all ways of shattering by intersections with Rj,

with R,, and so forth, that is,
ph@d+1)/241)

The logarithm of the shatter coefficientis o(n) if k = o(n/log n). Thus, by Corollary
12.1, we have

Theorem 30.16. (Krzyzak, LINDER, AND LuGost (1993)). If we take k — oo,
k = o(n/logn) in the RBF classifier (4) in which K = Ig, R being the unit ball of
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R4, and in which all the parameters are chosen by empirical risk minimization,
then B{L,} — L* for all distributions of (X, Y). Furthermore, if Gy, is the class of
all RBF classifiers with k prototypes,

k(d(d+1)/2 + 1)logn +log(8e)
2n '

E{L,) — inf L(g) < 16\/
8€G

The theorem remains valid (with modified constants in the error estimate) when
R is a hyperrectangle or polytope with a bounded number of faces. However, for
more general K, the vc dimension is more difficult to evaluate.

For general kernels, consistent RBE classifiers can be obtained by empirical L; or
L, error minimization (Problem 30.32). However, no efficient practical algorithms
are known to compute the minima.

Finally, as suggested by Chou and Chen (1992) and Kraaijveld and Duin (1991),
it is a good idea to place xi, ..., x by k-means clustering or another clustering
method and to build an RBF classifier with those values or by optimization started
at the given cluster centers.

Problems and Exercises

ProBLEM 30.1. Letk, [ be integers, withd < k < n,and/ < (5) Assume X has a density.
Let A be a collection of hyperplanes drawn from the (5) possible hyperplanes through d
points of {X1, ..., X}, and let g4 be the corresponding natural classifier based upon the
arrangement P(A). Take [ such collections 4 at random and with replacement, and pick
the best A by minimizing L,(g 1), where

- 1 &
La(ga) = ——+ D sy
i=k+1

Show that the selected classifier is consistent if [ — o0, [¢ = o(n), n/(l logk) — oo. (Note:
this is applicable with k = |n/2], that is, half the sample is used to define .4, and the other
half is used to pick a classifier empirically.)

ProBLEM 30.2. We are given a tree classifier with k internal linear splits and k + 1 leaf
regions (a BSP tree). Show how to combine the neurons in a two-hidden-layer perceptron
with k and & + 1 hidden neurons in the two hidden layers so as to obtain a decision that
is identical to the tree-based classifier (Brent (1991), Sethi (1990; 1991)). For more on
the equivalence of decision trees and neural networks, see Meisel (1990), Koutsougeras
and Papachristou (1989), or Golea and Marchand (1990). HINT: Mimic the argument for
arrangements in text.

PrOBLEM 30.3. Extend the proof of Theorem 30.4 so that it includes any nondecreasing
sigmoid with lim,_, o o (x) = —1 and lim,, o o (x) = 1. HINT: If ¢ is large, o (tx) approx-
imates the threshold sigmoid.

PrROBLEM 30.4. This exercise states denseness in Lq(x) for any probability measure /.
Show that for every probability measure 1 on R?, every measurable function f : R? — R
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with f | f(x)|u(dx) < oo, and every € > 0, there exists a neural network with one hidden
layer and function ¥/(x) as in (30.2) such that

] 1) = w00l < ¢

(Hornik (1991)). HINT: Proceed as in Theorem 30.4, considering the following:

(1) Approximate f in L,(u) by a continuous function g(x) that is zero outside some
bounded set B C R¢. Since g(x) is bounded, its maximum f = max, g« |g(x)|
1s finite.

(2) Now, choose a to be a positive number large enough so that both B C [~a, a]?
and y ([—a, a]”) is large.

(3) Extend the restriction of g(x) to [—a, a]? periodically by tiling over all of R¥.
The obtained function, g(x) is a good approximation of g(x) in L;(u).

(4) Take the Fourier series approximation of g(x), and use the Stone-Weierstrass
theorem as in Theorem 30.4.

(5) Observe that every continuous function on the real line that is zero outside some
bounded interval can be arbitrarily closely approximated uniformly over the whole
real line by one-dimensional neural networks. Thus, bounded functions such as
the sine and cosine functions can be approximated arbitrarily closely by neural
networks in L;(v) for any probability measure v on R.

(6) Apply the triangle inequality to finish the proof.

ProsLEM 30.5. Generalize the previous exercise for denseness in L ,(1t). More precisely,
let 1 < p < oo. Show that for every probability measure p on R¢, every measurable
function f : RY — R with [ | f(x)|Pu(dx) < oo, and every € > 0, there exists a neural
network with one hidden layer 4(x) such that

i/p
( / rf(x)—h(x)l"u(dx)> e

(Hornik (1991)).

PrROBLEM 30.6. COMMITTEE MACHINES. Let C® be the class of all committee machines.
Prove that for all distributions of (X, Y),

lim inf L(¢)=L".

Jm ot L@ =L
HinT: For a one-hidden-layer neural network with coefficients ¢; in (30.2), approximate the
¢;’s by discretization (truncation to a grid of values), and note that ¢;v;(x) may thus be
approximated in a committee machine by a sufficient number of identical copies of ¥;(x).
This only forces the number of neurons to be a bit larger.

ProBLEM 30.7. Prove Theorem 30.5 for arbitrary sigmoids. HINT: Approximate the thresh-
old sigmoid by o (tx) for a sufficiently large 7.

ProBLEM 30.8. Let o be a nondecreasing sigmoid with o(x) — —1if x — —o0 and
o(x) = 1lif x — oo. Denote by C¥ the class of corresponding neural network classifiers
with & hidden layers. Show that VCl(’k) > Vow, where C% is the class corresponding to the
threshold sigmoid.



544 30. Neural Networks

ProBLEM 30.9. This exercise generalizes Theorem 30.5 for not fully connected neural net-
works with one hidden layer. Consider the class C*% of one-hidden-layer neural networks
with the threshold sigmoid such that each of the k nodes in the hidden layer are connected to
dy,d,, ..., d, inputs, where 1 < d; < d. More precisely, C® contains all classifiers based
on functions of the form

k d;
Y =cot Yy o), where Y00 =) ax,
i=1 Jj=1

where for each i, (m; 1, ..., m; 4 ) is a vector of distinct positive integers not exceeding d.
Show that

k
Vc(k) > Zdi +1

i=1

if the a;’s, ¢;’s and m; ;s are the tunable parameters (Bartlett (1993)).

PrOBLEM 30.10. Let o be a sigmoid that takes m different values. Find upper bounds on
the v dimension of the class C%.

ProBLEM 30.11. Consider a one-hidden-layer neural network . If (X1, Y1), ..., (X, ¥2)
are fixed and all X;’s are different, show that with n hidden neurons, we are always able
to tune the weights such that ¥; = ¥ (X;) for all i. (This remains true if ¥ € R instead of
Y € {0, 1}.) The property above describes a situation of overfitting that occurs when the
neural network becomes too “rich”—recall also that the vC dimension, which is at least
d times the number of hidden neurons, must remain smaller than » for any meaningful
training.

ProBLEM 30.12. THE BERNSTEIN PERCEPTRON. Consider the following perceptron for one-
dimensional data:

ot Y e (- x> 12
o) = { 0 otherwise.

Let us call this the Bernstein perceptron since it involves Bernstein polynomials. If n data
points are collected, how would you choose & (as a function of n) and how would you
adjust the weights (the g,’s) to make sure that the Bernstein perceptron is consistent for all
distributions of (X, Y) with P{X < [0, 1]} = 1? Can you make the Bernstein perceptron
consistent for all distributions of (X, ¥) on R x {0, 1}?

FIGURE 30.15. The Bernstein per-

ceptron.

ProBLEM 30.13. Use the ideas of Section 25.5 and Problem 25.11 to prove Theorem 30.8.



Problems and Exercises 545

PrROBLEM 30.14. Consider Specht’s Padaline with r = r, 1 oo. Let &k = h, | 0, and
nh? — oo. Show that for any distribution of (X, ¥), E{L,} — L*.

PROBLEM 30.15. BOUNDED HIRST LAYERS. Consider a feed-forward neural network with any
number of layers, with only one restriction, that is, the first layer has at most k < d outputs

Zis ..., 2k, Where
d
;=0 bj+Zaj,-x<’) R
i=1

x = (x®, ..., x¥)is the input, and o is an arbitrary function R — R (not just a sigmoid).
The integer k remains fixed. Let A denote the k x (d + 1) matrix of weights a;;, b;.
(1) If L*(A) is the Bayes error for a recognition problem based upon (Z, Y), with
Z=(Z;,..‘,Zk)a.ﬂd

d
Zj=0<bj+ZajiX(i)), X=(X(1),...,X(d)),

i=1

then show that for some distribution of (X, Y), inf 4 L*(A) > L*, where L* is the
Bayes probability of error for (X, ).

(2) Ifk > d however, show that for any strictly monotonically increasing sigmoid o,
inf, L*(A) = L*.

(3) Use (1) to conclude that any neural network based upon a first layer with k < d
outputs is not consistent for some distribution, regardless of how many layers it
has (note however, that the inputs of each layer are restricted to be the outputs of
the previous layer).

FIGURE 30.16. The first layer is re-
stricted to have k outputs. It has

z

: k(d + 1) tunable parameters.

X

X

ProBLEM 30.16. Find conditions on &, and 8, that guarantee strong universal consistency
in Theorem 30.9.

PrROBLEM 30.17. BARRON NETWORKS. Call a Barron network a network of any number of
layers (as in Figure 30.13) with 2 inputs per cell and cells that perform the operation
o+ Bx +yy+38xyoninputs x, y € R, with trainable weights a, 8, v, 8. If ¥ is the output
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of a network with d inputs and k cells (arranged in any way), compute an upper bound for
the vC dimension of the classifier g(x) = I x>0, as a function of d and k. Note that the
structure of the network (i.e., the positions of the cells and the connections) is variable.

PrOBLEM 30.18. CONTINUED. Restrict the Barron network to / layers and k& cells per layer
(for ki cells total), and repeat the previous exercise.

ProBLEM 30.19. ContiNUED. Find conditions on k and [ in the previous exercises that
would guarantee the universal consistency of the Barron network, if we train to minimize
the empirical error.

ProBLEM 30.20. Consider the family of functions F; ; of the form

k 1
S5 wy (@) Wx)—ZZw,,,,, (x“) . 1<i<k,

=] j=1 =1 j'=1

where all the w;;’s and w;,, 7 ’s are tunable parameters. Show that forevery f € C[0, 119 and
€ > 0, there exist k, [ large enough so that for some g € Fi 1, Sup, o, 1¢ | f(x) — g(x)| < €.

PrOBLEM 30.21. CONTINUED. Obtain an upper bound on the vC dimension of the above
two-hidden-layer network. HINT: The vC dimension is usually about equal to the number
of degrees of freedom (which is (1 + d)/k here).

PrOBLEM 30.22. CONTINUED. If g, is the rule obtained by empirical error minimization over
Fr.1, then show that L(g,) — L* in probability if k — oo, [ — o0, and kI = o(n/logn).

ProBLEM 30.23. How many different monomials of order r in xV, . . ., x'¥) are there? How
does this grow with  when d is held fixed?

PrOBLEM 30.24. Show that ¥y, ¥, and ¢ in the bit-interleaving example in the section on
Kolmogorov-Lorentz representations are not continuous. Which are the points of disconti-
nuity?

PrOBLEM 30.25. Let

F = cheafrx;cj €R,a; € R?
j=1
Pick {a;, c;} by empirical risk minimization for the classifier g(x) = Iym=op ¥ € F,.
Show that E{L,} — L*forall distributions of (X, Y) whenm — ooandm = o(n'//logn).

PrOBLEM 30.26. Write (xx®)? as Y% (a;1x( + a;,x@)? and identify the coefficients
{a:1, a;2}. Show that there is an entire subspace of solutions (Diaconis and Shahshahani
(1984)).

PrOBLEM 30.27. Show that e*”*” and sin(x"x®) cannot be written in the form Y,

¥:(af x) for any finite k, where x = (xV, x®) and a; € R%, 1 < i < k (Diaconis and
Shahshahani (1984)). Thus, the projection pursuit representation of functions can only at
best approximate all continuous functions on bounded sets.

ProBLEM 30.28. Let F be the class of classifiers of the form g = g0, where ¥(x) =
a1 fi(xD)+a, f>(x@), for arbitrary functions fi, f>, and coefficients a,, a; € R. Show that
for some distribution of (X, ¥) on R? x {0, 1}, inf e L(g) > L*, so that there is no hope
of meaningful distribution-free classification based on additive functions only.
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ProaLEM 30.29. CoNTINUED. Repeat the previous exercise for functions of the form ¥ (x) =
a1 fi(x?, x4 a; f,(x©, xP) + a3 f(xD, x@) and distributions of (X, ¥) on R3 x {0, 1}.
Thus, additive functions of pairs do not suffice either.

PrOBLEM 30.30. Let K : R — R be a nonnegative bounded kernel with [ K (x)dx <
o0o. Show that for any € > 0, any measurable function f : R¢ — R and probability
measure i such that f | f(x)|u(dx) < oo, there exists a function ¥ of the form ¥ (x) =
Zf=l ;K ((x — by)" Af(x — b;)) + co such that [ | f(x) — ¥(x)u(dx) < € (see Poggio and
Girosi (1990), Park and Sandberg (1991; 1993), Darken, Donahue, Gurvits, and Sontag
(1993), Krzyzak, Linder, and Lugosi (1993) for such denseness results). HINT: Relate the
problem to a similar result for kernel estimates.

PrOBLEM 30.31. Let C® be the class of classifiers defined by the functions

k
D ek ((x = b Aix — by)) + co.

i=1

Find upper bounds on its vC dimension when K is an indicator of an interval containing the
origin.

ProBLEM 30.32. Consider the class of radial basis function networks

kn kn

Fa=1Y ek ((x=b) Ax = b)) +eo: Il < But

i=1 i=0

where K is nonnegative, unimodal, bounded, and continuous. Let ¢/, be a function that
minimizes J,(¥) = n~! Z?zl [Y(X;)—Y:|over ¥ € F,, and define g, as the corresponding
classifier. Prove that if k, — oo, B, — oo, and k, 8% log(k,B,) = o(n) as n — oo, then
g, 1s universally consistent (Krzyzak, Linder, and Lugosi (1993)). HINT: Proceed as in the
proof of Theorem 30.9. Use Problem 30.30 to handle the approximation error. Bounding
the covering numbers needs a little additional work.






31

Other Error Estimates

In this chapter we discuss some alternative error estimates that have been in-
troduced to improve on the performance of the standard estimates—holdout, re-
substitution, and deleted—we have encountered so far. The first group of these
estimates—smoothed and posterior probability estimates—are used for their small
variance. However, we will give examples that show that classifier selection based
on the minimization of these estimates may fail even in the simplest situations.
Among other alternatives, we deal briefly with the rich class of bootstrap estimates.

31.1 Smoothing the Error Count

The resubstitution, deleted, and holdout estimates of the error probability (see
Chapters 22 and 23) are all based on counting the number of errors committed
by the classifier to be tested. This is the reason for the relatively large variance
inherently present in these estimates. This intuition is based on the following. Most
classification rules can be written into the form

[0 ifn,(x,D,) = 1/2
gn(x) —{ 1 otherwise,

where n,(x, D,) is either an estimate of the a posteriori probability n(x), as in
the case of histogram, kernel, or nearest neighbor rules; or something else, as for
generalized linear, or neural network classifiers. In any case, if 1, (x, D,) is close
to 1/2, then we feel that the decision is less robust compared to when the value
of n,(x, Dy) is far from 1/2. In other words, intuitively, inverting the value of the
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decision g,(x) at a point x, where 7, (x, D,) is close to 1/2 makes less difference
in the error probability, than if |5, (x, D,) — 1/2] is large. The error estimators
based on counting the number of errors do not take the value of 1,(x) into account:
they “penalize” errors with the same amount, no matter what the value of 7, is.
For example, in the case of the resubstitution estimate

1 n
R
L= p D g xoms
i=1

each error contributes with 1/# to the overall count. Now, if n,(X;, D,) is close to
1/2, a small perturbation of X; can flip the decision g,(X;), and therefore change
the value of the estimate by 1/n, although the error probability of the rule g,
probably does not change by this much. This phenomenon is what causes the
relatively large variance of error counting estimators.

Glick (1978) proposed a modification of the counting error estimates. The gen-
eral form of his “smoothed” estimate is

1 n

L = =3 (Ty=oyr G (Xis D) + Iy (1= r(n(Xe, D))

i=1
where r is a monotone increasing function satisfying #(1/2 —u) =1 —r(1/2+u).
Possible choices of the smoothing function r(u) are r(u#) = u, or r(u) = 1/(1 +
el/2=¢4) where the parameter ¢ > 0 may be adjusted to improve the behavior
of the estimate (see also Glick (1978), Knoke (1986), or Tutz (1985)). Both of
these estimates give less penalty to errors close to the decision boundary, that is,
to errors where 7, is close to 1/2. Note that taking r (u) = Ij,»1/2; corresponds to
the resubstitution estimate. We will see in Theorem 31.2 below that if 7 is smooth,
then Lff) indeed has a very small variance in many situations.

Just like the resubstitution estimate, the estimate L' may be strongly opti-
mistically biased. Just consider the 1-nearest neighbor rule, when LS = 0 with
probability one, whenever X has a density. To combat this defect, one may define
the deleted version of the smoothed estimate,

n

1
LS = - Z (Itp=0yr Ma—1(X1, D)) + L=ty (1 = r(nu—1(Xi, Dyi)))

i=1

where D, ; is the training sequence with the i-th pair (X;, ¥;) deleted. The first
thing we notice is that this estimate is still biased, even asymptotically. To illustrate
this point, consider r(#) = u. In this case,

E{L$P}
= E{Iy-oyu—1(X, Dy_1) + Ly=iy(1 = 1,-1(X, D, 1))}
= E{( = nX)0u—1(X, Dy—p) + n(X)(1 = 1,-1(X, Dp1))} .

If the estimate 7,1 (x, D,_1) was perfect, that is, equal to n(x) for every x, then
the expected value above would be 2E{n(X)(1 — (X))}, which is the asymptotic
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error probability Ly of the I-NN rule. In fact,
[E{LP} = Lu|
= |E{Iy=0y1u-1(X, Dy_1) + Iy=y(1 = 0,1(X, Dy))

— (Iy=yn(X) + Iiy=n(1 = n(XN) }|
=< 2 [E {nnwl(Xs Dn—l) - U(X)H .

This means that when the estimate 7,(x) of the a posteriori probability of n(x) is
consistent in Ly(1), then L&?) converges to Ly, and not to L*!

Biasedness of an error estimate is not necessarily a bad property. In most ap-
plications, all we care about is how the classification rule selected by minimizing
the error estimate works. Unfortunately, in this respect, smoothed estimates per-
form poorly, even compared to other strongly biased error estimates such as the
empirical squared error (see Problem 31.4). The next example illustrates our point.

Theorem 31.1. Let the distribution of X be concentrated on two values such that
P{X =a}=P{X =b} =1/2, and let n(a) = 3/8 and n(b) = 5/8. Assume that the
smoothed error estimate

n

1
L) =~ 3 (o' (Xi) + Ty (1= /(X))

i=1

is minimized over n' € F, to select a classifier from F, where the class F contains
two functions, the true a posteriori probability function n, and 7, where

- - 3

n(a)=0, #nb)= 3
Then the probability that 1) is selected converges to one asn — 0.
PRrROOF. Straightforward calculation shows that

15 6
E{L7) =35 and E{LYGD) = 5.

The statement follows from the law of large numbers. O

REMARK. The theorem shows that even if the true a posteriori probability function
is contained in a finite class of candidates, the smoothed estimate with r(u) = u
is unable to select a good discrimination rule. The result may be extended to
general smooth 7’s. As Theorems 15.1 and 29.2 show, empirical squared error
minimization or maximum likelihood never fail in this situation. O

Finally we demonstrate that if # is smooth, then the variance of L is indeed
small. Our analysis is based on the work of Lugosi and Pawlak (1994). The bounds
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for the variance of L{> remain valid for L. Consider classification rules of the

form
_ 0 if 9, (x, Dy) = 1/2
8n(x) = { 1 otherwise,

where n,(x, D,) is an estimate of the a posteriori probability n(x). Examples
include the histogram rule, where

Yoicy Yilix ea,00)
n
> et Iixieanon

(see Chapters 6 and 9), the k-nearest neighbor rule, where

nn(X, DH) =

1 k
(6, D) = 2 21 Yy (x)

(Chapters 5 and 11), or the kernel rule, where

Yo YiKa(x — X;)
nE{K,(x — X)}

Na(x, D,) =

(Chapter 10). In the sequel, we concentrate on the performance of the smoothed
estimate of the error probability of these nonparametric rules. The next theorem
shows that for these rules, the variance of the smoothed error estimate is O(1/n),no
matter what the distribution is. This is a significant improvement over the variance
of the deleted estimate, which, as pointed out in Chapter 23, can be larger than

1/+/27n.

Theorem 31.2. Assume that the smoothing function r(u) satisfies 0 < r(u) < 1
foru € [0, 1], and is uniformly Lipschitz continuous, that is,

[r(u) —r()| < clu — vl

for all u, v, and for some constant c. Then the smoothed estimate Lff) of the
histogram, k-nearest neighbor, and moving window rules (with kernel K = I, )
satisfies

P{ILE ~E[LP)] = o] = 20

and c
Var{L,(f)} < —,
4n

where C is a constant depending on the rule only. In the case of the histogram rule
the value of C is C = (1 + 4¢)?, for the k-nearest neighbor rule C = (1 + 2cyy)?,
and for the moving window rule C = (1 + 2¢By)*. Here c is the constant in the
Lipschitz condition, v, is the minimal number of cones centered at the origin of
angle 1 /6 that cover R, and By is the minimal number of balls of radius 1/2 that
cover the unit ball in R?.
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REMARK. Notice that the inequalities of Theorem 31.2 are valid for all n, €, and
h > 0 for the histogram and moving window rules, and k for the nearest neighbor
rules. Interestingly, the constant C does not change with the dimension in the
histogram case, but grows exponentially with d for the k-nearest neighbor and
moving window rules. [

PrOOF. The probability inequalities follow from appropriate applications of Mc-
Diarmid’s inequality. The upper bound on the variance follows similarly from
Theorem 9.3. We consider each of the three rules in turn.

THE HISTOGRAM RULE. Let (x1, y1), ..., (X, y,) be a fixed training sequence. If
we can show that by replacing the value of a pair (x;, y;) in the training sequence
by some (x/, y!) the value of the estimate L' can change by at most (1 +2¢)/n,
then the inequality follows by applying Theorem 9.2 with ¢; = 5/n.

The i-th term of the sum in L can change by one, causing 1/# change in the
average. Obviously, all the other terms in the sum that can change are the ones
corresponding to the x;’s that are in the same set of the partition as either x; or
x/. Denoting the number of points in the same set with x; and x; by k and k'
respectively, it is easy to see that the estimate of the a posteriori probabilities in
these points can change by at most 2/k and 2/k', respectively. It means that the
overall change in the value of the sum can not exceed (1 +k2—kC +k' %)/ n = 1+4c)/n.

THE K-NEAREST NEIGHBOR RULE. To avoid difficulties caused by breaking distance
ties, assume that X has a density. Then recall that the application of Lemma 11.1 for
the empirical distribution implies thatno X ; can be one of the k nearest neighbors
of more than ky,; points from D,. Thus, changing the value of one pair in the
training sequence can change at most 1 + 2k, terms in the expression of LSID),
one of them by at most 1, and all the others by at most ¢/ k. Theorem 9.2 yields
the result.

THE MOVING WINDOW RULE. Again, we only have to check the condition of Theorem
9.2 with ¢; = (1 + 2¢f4)/n. Fix a training sequence (xi, y1), .., (xu, ¥,) and
replace the pair (x;, y;) by (x;, y!). Then the i-th term in the sum of the expression
of L% can change by at most one. Clearly, the j-th term, for which x; & S, »
and x; & Sy », keeps its value. It is easy to see that all the other terms can change
by at most ¢ - max{1/k;, 1/k’}, where k; and k; are the numbers of points x;,
k #1i, j, from the training sequence that fall in S, ; and S, 5, respectively. Thus,
the overall change in the sum does not exceed

It suffices to show by symmetry that ijes“ 1/k; < pa. Letn; = [{xx, k#
L, jixg €8, ij,h}i. Then clearly,

D Y

n
CXGESy J XjESy; J
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To bound the right-hand side from above, cover S, by B4 balls Sy, ..., Sg, of
radius /1 /2. Denote the number of points falling in them by [,, (m =1, ..., By):

b = Wxp, KFi:x; € le.,h N Sy}

1 1
Z ;;S Z Z l—‘=ﬁd,

Xj€Sx XjESy, b MXjESy T

Then

and the theorem is proved. O

31.2 Posterior Probability Estimates

The error estimates discussed in this section improve on the biasedness of smoothed
estimates, while preserving their small variance. Still, these estimates are of ques-
tionable utility in classifier selection. Considering the formula

L(gn) = E { I, x.0,)<1/2y1(X) + Ly, x. 01211 — n(X))| Dy}

for the error probability of a classification rule g,(x) = I, p,)>1/2}» it is plausible
to introduce the estimate

1 n
LY = ;l—Z(I{nn(X,-,Dn)Sl/Z}nn(XhDn)
P

+ g, 0x,,00>1/2)(1 = 12(Xi, Dn)))

that is, the expected value is estimated by a sample average, and instead of the
(unknown) a posteriori probability »(x), its estimate 1,(x, D,) is plugged into the
formula of L,. The estimate L{" is usually called the posterior probability error
estimate. In the case of nonparametric rules such as histogram, kernel, and k-NN
rules it is natural to use the corresponding nonparametric estimates of the a poste-
riori probabilities for plugging in the expression of the error probability. This, and
similar estimates of L,, have been introduced and studied by Fukunaga and Kessel
(1973), Hora and Wilcox (1982), Fitzmaurice and Hand (1987), Ganesalingam and
McLachlan (1980), Kittler and Devijver (1981), Matloff and Pruitt (1984), Moore,
Whitsitt, and Landgrebe (1976), Pawlak (1988), Schwemer and Dunn (1980), and
Lugosi and Pawlak (1994). It is interesting to notice the similarity between the
estimates L' and L{", although they were developed from different scenarios.

To reduce the bias, we can use the leave-one-out, (or deleted) version of the
estimate,

1 n
LD = ;Z(I{n,,_l(Xi,D,,vi)gl/Z}nn—I(XivDn,i))

i=1

+ I{r]n—l(stDn_i)>1/2}(1 - 77n~1(Xi’ Dn,t))) .
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The deleted version L{"?, has a much better bias than L*?). We have the bound

[E{L/?} —ELy1]
= |E {Zig00-0M0-1(X, Da1) + Lig, =1y = 0—1(X, Do)
= (lg,0=0y1(X) + I1g, 0= (1 = n(X)) }|
< 2[E {1(X, Dat) = 7O} .

This means that if the estimate 7,(x) of the a posteriori probability of n(x) is con-
sistent in L; (1), then EL{P) converges to L*. This is the case for all distributions
for the histogram and moving window rules if 7 — 0 and nh¢ — oo, and the
k-nearest neighbor ruleif k — oo and k/n — 0, asitis seen in Chapters 9, 10, and
11. For specific cases it is possible to obtain sharper bounds on the bias of L{FP).
For the histogram rule, Lugosi and Pawlak (1994) carried out such analysis. They
showed for example that the estimate LD is optimistically biased (see Problem
31.2).

Posterior probability estimates of L, share the good stability properties of
smoothed estimates (Problem 31.1).

Finally, let us select a function ' : R? — [0, 1]—and a corresponding rule
g(x) = Iyx)>1/2—from a class F based on the minimization of the posterior
probability error estimate

n
LPa) = % Z Ty’ (X)) + Ipxep=129(1 — 0'(X2)) -
i=1
Observe that L{P () = 0 when 1'(x) € {0, 1} for all x, that is, rule selection based
on this estimate just does not make sense. The reason is that L,SP ) ignores the Y;’s
of the data sequence!

Fukunaga and Kessel (1973) argued that efficient posterior probability estima-
tors can be obtained if additional unclassified observations are available. Very
often in practice, in addition to the training sequence D,,, further feature vectors
Xotls -« - » Xpy are given without their labels Y,,1, ..., ¥,., where the X,,; are
i.i.d., independent from X and D,,, and they have the same distribution as that of
X. This situation is typical in medical applications, when large sets of medical
records are available, but it is usually very expensive to get their correct diagnosis.
These unclassified samples can be efficiently used for testing the performance of
a classifier designed from D, by using the estimate

)y _
Ln,l -

~ -

i
(ZnsKonis Dy<1/2310 (X D)
—

1

+I{'7n(Xn+i.D,,)>l/2}(1 - nn(X}Hi, Dn))) .

Again, using L;U,) for rule selection is meaningless.
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31.3 Rotation Estimate

This method, suggested by Toussaint and Donaldson (1970), is a combination of
the holdout and deleted estimates. It is sometimes called the [T-estimate. Lets < n
be a positive integer (typically much smaller than n), and assume, for the sake of
simplicity, that ¢ = n/s is an integer. The rotation method forms the holdout
estimate, by holding the first s pairs of the training data out, then the second s
pairs, and so forth. The estimate is defined by averaging the ¢ numbers obtained
this way. To formalize, denote by D,(f)j the training data, with the j-th s-block held
out(j=1,...,9):

DY) = (X1, Y1), - (Xs=nys Yag—1)s Koty Yoja)s - -0 (s V).

The estimate is defined by

sJ

q
Z 2, 1 [esx D}
1 /

I _ ‘
Ln,s -
j=1 i=s(j—1

Q| =
L | o=

s = 1 yields the deleted estimate. If s > 1, then the estimate is usually more biased
than the deleted estimate, as

EL{V =EL,_,,

but usually exhibits smaller variance.

31.4 Bootstrap

Bootstrap methods for estimating the misclassification error became popular fol-
lowing the revolutionary work of Efron (1979; 1983). All bootstrap estimates
introduce artificial randomization. The bootstrap sample
DY = (P v v))

is a sequence of random variable pairs drawn randomly with replacement from the
set {(Xq, Y1), ..., (Xy, Y,)}. In other words, conditionally on the training sample
D, = (X1, Y1), ..., Xy, Yy)), the pairs (ng), Yi(b)) are drawn independently from
vy, the empirical distribution based on D, in RY x {0, 1}.

One of the standard bootstrap estimates aims to compensate the (usually opti-
mistic) bias

B(g4) = E{L(g)} — L (gn)

of the resubstitution estimate L. To estimate B(g,), a bootstrap sample of size
m = n may be used:

n

~ ~ (1 1
BY(g,) = ; <; - 2 I{X§b)#xi}) o 0m)

J=1
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Often, bootstrap sampling is repeated several times to average out effects of the
additional randomization. In our case,

I A
Ba(gn) =5 > B (g,)
b=1

yields the estimator .
LyP(8n) = L (80) = Bu(gn)-

Another instance of a bootstrap sample of size n, the so-called EO estimator, uses
resubstitution on the training pairs not appearing in the bootstrap sample. The
estimator is defined by

2= [{X,-¢{x§"> ,,,,, sz")}}l{gn“fvl’f'b))#}

7
Zj:l I{Xj¢(X§"),‘..,X§b>}}

Here, too, averages may be taken after generating the bootstrap sample several
times.

Many other versions of bootstrap estimates have been reported, such as the
“0.632 estimate,” “double bootstrap,” and “randomized bootstrap” (see Hand
(1986), Jain, Dubes, and Chen (1987), and McLachlan (1992) for surveys and ad-
ditional references). Clearly, none of these estimates provides a universal remedy,
but for several specific classification rules, bootstrap estimates have been experi-
mentally found to outperform the deleted and resubstitution estimates. However,
one point has to be made clear: we always lose information with the additional
randomization. We summarize this in the following simple general result:

Theorem 31.3. Ler Xy, ..., X,, be drawn from an unknown distribution u, and
let a(j) be a functional to be estimated. Let r(-) be a convex risk function (such
as r(u) = u? or r(u) = |u|). Let X(b), .. X,(,i” be a bootstrap sample drawn from
Xi,...,X,,. Then

inf E [F(W(X(b) X0y - oz(,u))} = inf B (r(p (X1, ... Xo) = (W) -

The theorem states that no matter how large m is, the class of estimators that
are functions of the original sample is always at least as good as the class of
all estimators that are based upon bootstrap samples. In our case, o(u) plays the
role of the expected error probability EL, = P{g,(X) # Y}. If we take r(u) =

2, then it follows from the theorem that there is no estimator Lm based on the
bootstrap sample D) whose squared error E {(EL, — Lm)z} is smaller than that
of some nonbootstrap estimate. In the proof of the theorem we construct such a
non-bootstrap estimator. It is clear, however, that, in general, the latter estimator is
too complex to have any practical value. The randomization of bootstrap methods
may provide a useful tool to overcome the computational difficulties in finding
good estimators.
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PROOF. Let v be any mapping taking m arguments. Then

E {r (w(xﬁbl L X®) a(,u)) X1, .., X}

1
- Z r(Y (X, ... Xi,) —a(u)
LN, vt W

1
r(;: ) <wuaw~,&n~aw»)

(e Im) L, )™

v

(by Jensen’s inequality and the convexity of r)

1
= (__ Z V(Xips s Xiy) — oe(u))

(i1yeeesim)CLL, e}
= (Y X1, ..., Xo) — () ,

where

1
P = — Y Y, ,).
(i1 yeens i )T Ly}
Now, after taking expectations with respect to X1, ..., X,, we see that for every
Y we start out with, there is a ¢* that is at least as good. O

If m = O(n), then the bootstrap has an additional problem related to the coupon
collector }j)roblem. Let N be the number of different pairs in the bootstrap sample
x®P ¥, (XD, y®). Then, if m ~ cn for some constant ¢, then N /n —
1 — e7¢ with probability one. To see this, note that

1 cn 3
En—N}l=n{l1-—-— ~ ne”°,
n
soE{N/n} — 1—e~°. Furthermore, if one of the m drawings is varied, N changes
by at most one. Hence, by McDiarmid’s inequality, for € > 0,

P{IN — E{N}| > ne} < 2¢72,

from which we conclude that N/n — 1—e~¢ with probability one. Asn (1 — ™)
of the original data pairs do not appear in the bootstrap sample, a considerable
loss of information takes place that will be reflected in the performance. This
phenomenon is well-known, and motivated several modifications of the simplest
bootstrap estimate. For more information, see the surveys by Hand (1986), Jain,
Dubes, and Chen (1987), and McLachlan (1992).
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Problems and Exercises

ProBLEM 31.1. Show that the posterior probability estimate L") of the histogram, k-nearest
neighbor, and moving window rules satisfies

P{LY ~E{LP]] = e} < 202,

and

Var{L{} < £,

4n

where C is a constant, depending on the rule. In the case of the histogram rule the value of
C is C = 25, for the k-nearest neighbor rule C = (1 + 2y,)?, and for the moving window
rule C = (1 +28,)*. Also show that the deleted version L{F?) of the estimate satisfies the
same inequalities (Lugosi and Pawlak (1994)). HINT: Proceed as in the proof of Theorem
31.2.

PrOBLEM 31.2. Show that the deleted posterior probability estimate of the error probability
of a histogram rule is always optimistically biased, that is, for all n, and all distributions,
E (LI} <EL, ..

PrOBLEM 31.3. Show that for any classification rule and any estimate 0 < n,(x, D,) < 1
of the a posteriori probabilities, for all distributions of (X, Y) forall/, n, and e > 0

Pl -E{LD)| z | D,} = 202,
and Var {Lf,{j’]Dn} < 1/1. Further, show that for all 1, E {Lffl)} -E {Lf;jf”}.

PrROBLEM 31.4. EMPIRICAL SQUARED ERROR. Consider the deleted empirical squared error

n

1 n
e, = — Z (Yl — Mu—1(Xi, D"»i))z :
i=1

Show that L
Ele,} = —;ﬂ +E{(n(X) = nu_1(X, Do)’}

where Ly is the asymptotic error probability on the 1-nearest neighbor rule. Show that
if n,_; is the histogram, kernel, or k-NN estimate, then Var{e,} < c¢/n for some constant
depending on the dimension only. We see that e, is an asymptotically optimistically biased
estimate of L(g,) when n,_; is an L,(u)-consistent estimate of . Still, this estimate is
useful in classifier selection (see Theorem 29.2).






32

Feature Extraction

32.1 Dimensionality Reduction

So far, we have not addressed the question of how the components of the feature
vector X are obtained. In general, these components are based on d measurements
of the object to be classified. How many measurements should be made? What
should these measurements be? We study these questions in this chapter. General
recipes are hard to give as the answers depend on the specific problem. However,
there are some rules of thumb that should be followed. One such rule is that noisy
measurements, that is, components that are independent of ¥, should be avoided.
Also, adding a component that is a function of other components is useless. A nec-
essary and sufficient condition for measurements providing additional information
is given in Problem 32.1.

Our goal, of course, is to make the error probability L(g,) as small as possible.
This depends on many things, such as the joint distribution of the selected compo-
nents and the label Y, the sample size, and the classification rule g,. To make things
a bit simpler, we first investigate the Bayes errors corresponding to the selected
components. This approach makes sense, since the Bayes error is the theoretical
limit of the performance of any classifier. As Problem 2.1 indicates, collecting
more measurements cannot increase the Bayes error. On the other hand, having
too many components is not desirable. Just recall the curse of dimensionality that
we often faced: to get good error rates, the number of training samples should be
exponentially large in the number of components. Also, computational and storage
limitations may prohibit us from working with many components.

We may formulate the feature selection problem as follows: Let XV, .. ., X@
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be random variables representing ¢ measurements. Fora set A C {1,...,d} of
indices, let X 4 denote the |A|-dimensional random vector, whose components are
the X@’s with i € A (in the order of increasing indices). Define

L*(A)= _inf Plg(Xa)#Y}
g RIA{0,1}
as the Bayes error corresponding to the pair (X 4, ).
FIGURE 32.1. A possible ar-

rangement of L*(A)’s for
d=3.

Obviously, L*(A) < L*(B) whenever B C A, and L*(#) = min(P{Y =
0}, P{Y = 1}). The problem is to find an efficient way of selecting an index set
A with |A] = k, whose corresponding Bayes error is the smallest. Here k < d
is a fixed integer. Exhaustive search through the (Z) possibilities is often unde-
sirable because of the imposed computational burden. Many attempts have been
made to find fast algorithms to obtain the best subset of features. See Fu, Min, and
Li (1970), Kanal (1974), Ben-Bassat (1982), and Devijver and Kittler (1982) for
surveys. It is easy to see that the best k individual features—that is, components
corresponding to the k smallest values of L*({i})—do not necessarily constitute the
best k-dimensional vector: just consider a case in which XV = X®@ = ... = X®,
Cover and Van Campenhout (1977) showed that any ordering of the 24 subsets of
{1, ..., d} consistent with the obvious requirement L*(A) < L*(B)if B C A is
possible. More precisely, they proved the following surprising result:

Theorem 32.1. (CoverR AND VAN CAMPENHOUT (1977)). Let A1, As, ..., A be

an ordering of the 2¢ subsets of {1, ...,d}, satisfying the consistency property
i < jifA; C Aj. (Therefore, Ay = ) and Ay = {1, ...,d)}.) Then there exists a
distribution of the random variables (X, Y) = (XD, ..., XD, Y) such that

L*(Ay) > L*(Ap) > - -+ > L*(Az).

The theorem shows that every feature selection algorithm that finds the best k-
element subset has to search exhaustively through all k-element subsets for some
distributions. Any other method is doomed to failure for some distribution. Many
suboptimal, heuristic algorithms have been introduced trying to avoid the compu-
tational demand of exhaustive search (see, e.g., Sebestyen (1962), Meisel (1972),
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Chang (1973), Vilmansen (1973), and Devijver and Kittler (1982)). Narendra and
Fukunaga (1977) introduced an efficient branch-and-bound method that finds the
optimal set of features. Their method avoids searching through all subsets in many
cases by making use of the monotonicity of the Bayes error with respect to the
partial ordering of the subsets. The key of our proof of the theorem is the following
simple lemma:

Lemma 32.1. Ler Ay, ..., Ay be as in Theorem 32.1. Let 1 < i < 29. Assume
that the distribution of (X, Y) on R4 x {0, 1} is such that the distribution of X is
concentrated on a finite set, L*(Ay) = L*({1,...,2%) =0, and L*(A;) < 1/2
foreachi < j < 2. Then there exists another finite distribution such that L*(A )
remains unchanged for each j > i, and

1
L*(Aj) < L*(4)) < 3 foreach j > i.

PrOOF. We denote the original distribution of X by w and the a posteriori probability
function by . We may assume without loss of generality that every atom of the
distribution of X is in [0, M)¢ for some M > 0. Since L*{1,...,d}) = 0, the
value of n(x) is either zero or one at each atom. We construct the new distribution
by duplicating each atom in a special way. We describe the new distribution by
defining a measure x’ on R¢ and an a posteriori function ' : R¢ — {0, 1}.

Define the vector vs, € RY such that its m-th component equals M if m ¢ A;,
and zero if m € A;. The new measure u’ has twice as many atoms as (. For
each atom x € R? of u, the new measure j1’ has two atoms, namely, x; = x and
X3 = x + va,. The new distribution is specified by

wx) =qux), 1) =0-g@ux), 7'(x)=nx), and 7'(x) =1— nx),

where g € (0, 1/2)is specified later. It remains for us to verify that this distribution
satisfies the requirements of the lemma for some ¢. First observe that the values
L*(A;) remain unchanged for all j > i. This follows from the fact that there
is at least one component in A; along which the new set of atoms is strictly
separated from the old one, leaving the corresponding contribution to the Bayes
error unchanged. On the other hand, as we vary ¢ from zero to 1/2, the new value
of L*(A;) grows continuously from the old value of L*(A;) to 1/2. Therefore,
since by assumption max,; L*(A;) < 1/2, there exists a value of g such that the
new L*(A;) satisfies max;.; L*(A;) < L*(A;) < 1/2 as desired. O

PROOF OF THEOREM 32.1.  We construct the desired distribution in 2¢ — 2 steps,
applying Lemma 32.1 in each step. The procedure for 4 = 3 is illustrated in Figure
32.2.
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(s 4,=(1.2.3} (D, A,=123} (Df A,={1.2}

FIGURE 32.2. Construction of a prespecified ordering. In this three-dimensional
example, the first four steps of the procedure are shown, when the desired ordering
is L*({1,2,3}) < L*({2,3}) < L*({1,2}) = L*({2}) < L*({1,3}) < --- Black
circles represent atoms with n = 1 and white circles are those with n = Q.

We start with a monoatomic distribution concentrated at the origin, with 7(0) =
1. Then clearly, L*(A54) = 0. By Lemma 32.1, we construct a distribution such that
L*(Ay)=0and 0= L*(Ay) < L*(Az_1) < 1/2. By applying the lemma again,
we can construct a distribution with 0 = L*(Ay) < L*(Ay_1) < L*(Ap_3) <
1/2. After i steps, we have a distribution satisfying the last i inequalities of the
desired ordering. The construction is finished after 2¢ — 2 steps. O

REMARK. The original example of Cover and Van Campenhout (1977) uses the
multidimensional gaussian distribution. Van Campenhout (1980) developed the
idea further by showing that not only all possible orderings, but all possible values
of the L*(A;)’s can be achieved by some distributions. The distribution constructed
in the above proof is discrete. It has 222 atoms. O

One may suspect that feature extraction is much easier if given Y, the com-
ponents XV, ..., X are conditionally independent. However, three and four-
dimensional examples given by Elashoff, Elashoff, and Goldman (1967), Toussaint
(1971), and Cover (1974) show that even the individually best two independent
components are not the best pair of components. We do not know if Theorem 32.1
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generalizes to the case when the components are conditionally independent. In the
next example, the pair of components consisting of the two worst single features
is the best pair, and vice versa.

Theorem 32.2. (ToUSSAINT (1971)). There exist binary-valued random variables
X1, X2, X3,Y € {0, 1} such that X1, X», and X5 are conditionally independent
(given Y ), and

L*({1}) < L*({2) < L*({3)),

but
L*({1,2}) > L*({1,3}) > L*({2, 3)).

PrOOF. Let P{Y = 1} = 1/2. Then the joint distribution of X;, X», X3, Y is spec-
ified by the conditional probabilities P{X; = 1|Y = 0} and P{X; = 1|Y = 1},
i =1, 2, 3. Straightforward calculation shows that the values

P{X;=1Y =0}=0.1, P{X;=1]Y=1}=009,
P{X, =1V =0}=0.05, P{X,=1|Y =1}=0.8,
P{X;=1/y =0}=001, P{X;=1]Y¥=1}=0.71

satisfy the stated inequalities. [

As our ultimate goal is to minimize the error probability, finding the feature set
minimizing the Bayes error is not the best we can do. For example,.if we know that
we will use the 3-nearest neighbor rule, then it makes more sense to select the set
of features that minimizes the asymptotic error probability Lsyy of the 3-nearest
neighbor rule. Recall from Chapter 5 that

Law = E {71 = n(X)(1 +49(X)(1 — n(X))} .

The situation here is even messier than for the Bayes error. As the next example
shows, it is not even true that A C B implies Ly (A) > L3w(B), where A, B €
{1,...,d} are two subsets of components, and L3u(A) denotes the asymptotic
error probability of the 3-nearest neighbor rule for (X 4, ¥). In other words, adding
components may increase Lag! This can never happen to the Bayes error—and in
fact, to any f-error (Theorem 3.3). The anomaly is due to the fact that the function
x(1 — x)(1+4x(1 — x)) is convex near zero and one.

EXAMPLE. Let the joint distribution of X = (X, X,) be uniform on [0, 2]>. The
joint distribution of (X, ¥) is defined by the a posteriori probabilities given by

0.1 ifx [0, 1/2) x [0,1/2)
o ifxe[12.11x10,1/2)
=9 1 ifxeo,1/2) x [1/2,1]
0.9 ifxe[1/2x 1] x[1/2, 1]
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(Figure 32.3). Straightforward calculations show that Law ({1, 2}) = 0.0612, while
L3 ({2}) = 0.056525, a smaller value! O

1 FIGURE 32.3. Anexamplewhen
an additional feature increases
n=l n=09 the error probability of the 3-

Lo (11,2)=0.0612
Lot (2] = 0.056525 NN rule.

n=0.1 n=0

0 Y2 1

Of course, the real measure of the goodness of the selected feature set is the
error probability L(g,) of the classifier designed by using training data D, . If the
classification rule g, is not known at the stage of feature selection, then the best one
can do is to estimate the Bayes errors L*(A) for each set A of features, and select a
feature set by minimizing the estimate. Unfortunately, as Theorem 8.5 shows, no
method of estimating the Bayes errors can guarantee good performance. If we know
what classifier will be used after feature selection, then the best strategy is to select
a set of measurements based on comparing estimates of the error probabilities. We
do not pursue this question further.

For special cases, we do not need to mount a big search for the best features. Here
is a simple example: given ¥ = i, let X = (X, ..., X} have d independent

components, where given ¥ = i, X" is normal (m jis sz)_ It is easy to verify
(Problem 32.2) that if P{Y = 1} = 1/2, then

;
L*=P {N > —} ,
2
where N is a standard normal random variable, and
d 2
Py (mjl - mm)
=1 i

is the square of the Mahalanobis distance (see also Duda and Hart (1973, pp.
66—67)). For this case, the quality of the j-th feature is measured by

2
(mﬂ ~mj0)
gj

We may as well rank these values, and given that we need only d' < d features,
we are best off taking the d’ features with the highest quality index.
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It is possible to come up with analytic solutions in other special cases as well.
For example, Raudys (1976) and Raudys and Pikelis (1980) investigated the de-
pendence of E{L(g,)} on the dimension of the feature space in the case of certain
linear classifiers and normal distributions. They point out that for a fixed n, by
increasing the number of features, the expected error probability E{L(g,)} first
decreases, and then, after reaching an optimum, grows again.

32.2 Transformations with Small Distortion

One may view the problem of feature extraction in general as the problem of find-
ing a transformation (i.e., a function) T : R¢ — R< so that the Bayes error L}
corresponding to the pair (7'(X), Y) is close to the Bayes error L* corresponding to
the pair (X, Y). One typical example of such transformations is fine quantization
(i.e., discretization) of X, when 7T maps the observed values into a set of finitely,
or countably infinitely many values. Reduction of dimensionality of the observa-
tions can be put in this framework as well. In the following result we show that
small distortion of the observation cannot cause large increase in the Bayes error
probability.

Theorem 32.3. (FARAGO AND GYORFIL (1975)). Assume that for a sequence of
transformations T,, n =1,2, ...

IT.(X) — X|| -0

in probability, where || - || denotes the Euclidean norm in R%. Then, if L* is the
Bayes error for (X, Y) and L”T‘" is the Bayes error for (T,(X), Y),

* *
LTn—->L.

PRrROOF. For arbitrarily small € > O we can choose a uniformly continuous function
0 < #j(x) < 1 such that
2E{In(X) — n(X)|} <e.

For any transformation 7', consider now the decision problem of (7'(X), Y ), where
the random variable Y satisfies P{Y = 1|X = x} = 7i(x) for every x € R%. Denote
the corresponding Bayes error by L%, and the Bayes error corresponding to the
pair (X, Y) by L*. Obviously

0<Ljy —L*<|Ly — L} |+|L} — L*|+|L* — L*|. (32.1)

To bound the first and third terms on the right-hand side, observe that for any
transformation T,

P{Y = 1|IT(X)} = E{P{Y = 1| X}|T(X)} = E {n(X)|T(X)} .
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Therefore, the Bayes error corresponding to the pair (T(X), ¥) equals
L7 =E{min (E {nCOIT(X)}, 1 - E{n(OITXOH}.

Thus,
ILy — L] = |E{min(E {n(X)|T(X)}, 1 —E{nOITX)N}
— E {min (E {(n(X)IT(X)}, 1 = E{nOITXOH}
< E{E{HOITX)} —E{nX)IT X}
< E{ln(X) —nXO}
(by Jensen’s inequality)
< €,

so the first and third terms of (32.1) are less than €. For the second term, define
the decision function
_[ o ifim <12
gnx) = { 1 otherwise,

which has error probability L(g,) = P{g.(T,(X)) # ¥}. Then L(g,) > L% , and
we have

0< Ly —L* < Ligs) — L* < 2E{Ii(T, (X)) — 7)1},

by Theorem 2.2. All we have to show now is that the limit supremum of the above
quantity does not exceed €. Let §(¢) be the inverse modulus of continuity of the a
posteriori probability 7, that is,

8(e) =sup {[lx — yll : 217(x) — (Y| < €}.
For every € > 0, we have 8(¢) > O by the uniform continuity of 7. Now, we have

2E {|(T.(X)) — n(X)1}
< 2E {[yx-rooi=ser | + 2E {Tyx-1,001=80 [1(T(X) = 1(X)1} -

Clearly, the first term on the right-hand side converges to zero by assumption,
while the second term does not exceed € by the definition of §(¢). O

REMARK. It is clear from the proof of Theorem 32.3 that everything remains true
if the observation X takes its values from a separable metric space with metric p,
and the condition of the theorem is modified to p(T'(X), X) — 0 in probability.
This generalization has significance in curve recognition, when X is a stochastic
process. Then Theorem 32.3 asserts that one does not lose much information by
using usual discretization methods, such as, for example, Karhunen-Loéve series
expansion (see Problems 32.3 to 32.5). O
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32.3 Admissible and Sufficient Transformations

Sometimes the cost of guessing zero while the true value of Y is one is different
from the cost of guessing one, while Y = 0. These situations may be handled as
follows. Define the costs

Cim,l), m,l=0,1.

Here C(Y, g(X)) is the cost of deciding on g{X) when the true label is Y. The risk
of a decision function g is defined as the expected value of the cost:

R, = E{C(Y, g(X))}.

Note that if
1 ifm Al
Com. D) -{ 0 otherwise,

then the risk is just the probability of error. Introduce the notation
On(x) =n(x)C(1, m) + (1 = n(x))CO,m), m=0,1.
Then we have the following extension of Theorem 2.1:

Theorem 32.4. Define

~ ~_ ) 1 i 01x) > Qo(x)
g(x)—{ 0 otherwise.

Then for all decision functions g we have
R; < R,.

R; is called the Bayes risk. The proof is left as an exercise (see Problem 32.7).
Which transformations preserve all the necessary information in the sense that the
Bayes error probability corresponding to the pair (7(X), Y) equals that of (X, Y)?
Clearly, every invertible mapping 7 has this property. However, the practically
interesting transformations are the ones that provide some compression of the
data. The most efficient of such transformations is the Bayes decision g* itself:
g* is specifically designed to minimize the error probability. If the goal is to
minimize the Bayes risk with respect to some other cost function than the error
probability, then g* generally fails to preserve the Bayes risk. It is natural to ask
what transformations preserve the Bayes risk for all possible cost functions. This
question has a practical significance, when collecting data and construction of
the decision are separated in space or in time. In such cases the data should be
transmitted via a communication channel (or should be stored). In both cases there
is a need for an efficient data compression rule. In this problem formulation, when
getting the data, one may not know the final cost function. Therefore a desirable
data compression (transformation) does not increase the Bayes risk for any cost
function C(-, -). Here T is a measurable function mapping from R? to R¢ for
some positive integer d’.
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DERNITION 32.1. Let R{. ;- denote the Bayes risk for the cost function C and trans-
formed observation T (X). A transformation T is called admissible if for any cost
Sfunction C,

Ré‘,T = Re,

where R, denotes the Bayes risk for the original observation.

Obviously each invertible transformation T is admissible. A nontrivial example
of an admissible transformation is

T*(X) = n(X),

since according to Theorem 32.4, the Bayes decision for any cost function can be
constructed by the a posteriori probability 77(x) and by the cost function. Surpris-
ingly, this is basically the only such transformation in the following sense:

Theorem 32.5. A transformation T is admissible if and only if there is a mapping
G such that
G(T(X)) =n(X) with probability one.

PROOF. The converse is easy since for such G
* * * _ *
Re < Rerx) = Reoaroxy = Re-

Assume now that T is admissible but such function G does not exist. Then there
isaset A C R such that u(A) > 0, T(x) is constant on A, while all values
of n(x) are different on A, that is, if x, y € A, then x ¥ y implies n(x)  n(y).
Then there are real numbers 0 < ¢ < 1 and € > 0, and sets B, D C A such that
w(B), w(D) > 0, and

1—nkx) > c+eif x € B,

1—-nx) < c—e€if xeD.

Now, choose a cost function with the following values:

1—
co0=c11=0, coi=1, and cipo= <
Then,
Oo(x) = nx),
O1(x) = cro(l—nx)),

and the Bayes decision on B U D is given by

0 ifc<1—-nx)
* Py
g x) = { 1 otherwise.
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Now, let g(T (x)) be an arbitrary decision. Without loss of generality we can assume
that g(7'(x)) = O if x € A. Then the difference between the risk of g(7(x)) and
the Bayes risk is

Rerxy) — Rgrxy = /R , Qo xn(X)p(dx) — /R , Qg+ r)(X)u(dx)

/Rd(Qg(T(x))(X) — Qemy(X))uldx)

v

/ (Qo(x) — O1(x))u(dx)
D

/D(n(X) —cro(l = n(x)uldx)

f (l — 1= r;(x)) u(dx) > EM(D) >0. 0
D C C

il

‘We can give another characterization of admissible transformations by virtue of
a well-known concept of mathematical statistics:

DErINITION 32.2. T(X) is called a sufficient statistic if the random variables X,
T(X), and Y form a Markov chain in this order. That is, for any set A, P{Y €
AlIT(X), X} =P{Y € AIT(X)}.

Theorem 32.6. A transformation T is admissible if and only if T(X) is a sufficient

statistic.

PRrROOF. Assume that 7 is admissible. Then according to Theorem 32.5 there is a
mapping G such that

G(T(X)) =n(X) with probability one.

Then
P{Y = 1IT(X), X} = P{Y = 1| X} = n(X) = G(T (X)),

and

P{Y = 1|T(X)} E{P{Y = 1|T(X), X}|T(X)}
E{G(T(X)IT(X)}

G(T (X)),

thus, P{Y = 1|T(X), X} = P{Y = 1|T(X)}, therefore T(X) is sufficient. On the
other hand, if T(X) is sufficient, then

P{Y = 1|X} = P{Y = ||T(X), X} = P{Y = ||T(X)},
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so for the choice
G(T (X)) =P{Y = 1|T(X)}

we have the desired function G(+), and therefore T is admissible. O

Theorem 32.6 states that we may replace X by any sufficient statistic 7(X)
without altering the Bayes error. The problem with this, in practice, is that we do
not know the sufficient statistics because we do not know the distribution. If the
distribution of (X, Y) is known to some extent, then Theorem 32.6 may be useful.

EXAMPLE. Assume that it is known that n(x) = e~*I*! for some unknown ¢ > 0.
Then || X|| is a sufficient statistic. Thus, for discrimination, we may replace the
d-dimensional vector X by the 1-dimensional random variable || X || without loss
of discrimination power. O

ExampLE. If n (xV, x®, x®) = g (xVx@, x@x9) for some function 7o, then
(xDx®, X®X®) is a2-dimensional sufficient statistic. For discrimination, there
is no need to deal with X'V, X@ X _ It suffices to extract the features XV X@
and X@x® O

ExampLE. If given ¥ = i, X is normal with unknown mean »; and diagonal
covariance matrix o2/ (for unknown o), then 7(x) is a function of [|x — m;|* —
lx —mg||* only for unknown my, m;. Here we have no obvious sufficient statistic.
However, if m and m; are both known, then a quick inspection shows that x T(my —
myg) is a 1-dimensional sufficient statistic. Again, it suffices to look for the simplest
possible argument for 1. If my = m; = 0 but the covariance matrices are 0021 and
o2l giventhat Y =0 or Y = 1, then | X||? is a sufficient statistic. O

In summary, the results of this section are useful for picking out features when
some theoretical information is available regarding the distribution of (X, Y).

Problems and Exercises

ProBLEM 32.1. Consider the pair (X, ¥) € R? x {0, 1} of random variables, andlet X*D ¢
R be an additional component. Define the augmented random vector X’ = (X, X“*D),
Denote the Bayes errors corresponding to the pairs (X, Y) and (X', Y) by L% and L},
respectively. Clearly, L} > L7,. Prove that equality holds if and only if

P { a1 # Tnos172} =0,

where the a posteriori probability functions n : R4 — {0, 1} and ¥ : R — {0, 1} are
defined as n(x) = P{Y = 1|X = x} and n'(x") = P{Y = 1|X’ = x/). HINT: Consult with the
proof of Theorem 32.5.

ProBLEM 32.2. LetP{Y =1} =1/2,andgivenY =i,i =0, 1,letX = (X, ..., X) have
d independent components, where X is normal (m;;, 07). Prove that L* = P{N > r/2},

where N is a standard normal random variable, and r? is the square of the Mahalanobis
distance: r2 = "9_, ((m;1 — m o) /6;)” (Duda and Hart (1973, pp. 66-67)).
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PROBLEM 32.3. SAMPLING OF A STOCHASTIC PROCESS. Let X(z), 1 € [0, 1], be a stochas-
tic process (i.e., a collection of real-valued random variables indexed by ¢), and let Y
be a binary random variable. For integer N > 0, define ng,) = X(@/N),i =1,...,N.
Find sufficient conditions on the function m(z) = E{X(#)} and on the covariance function
K(t,s) = E{(X(t) — E{X(OD(X(s) — E{X(5)})} such that

Jim L*(XY) = LX),

where L*(X\)) is the Bayes error corresponding to (XY, ..., X0y, and L*(X(")) is the
infimum of the error probabilities of decision functions that map measurable functions
into {0, 1}. HINT: Introduce the stochastic process Xy(¢) as the linear interpolation of
XW, ..., X™_ Find conditions under which

1
lim E { / (Xn() — X(t))zdt} =0,
[0

N—oo
and use Theorem 32.3, and the remark following it.

PROBLEM 32.4. EXPANSION OF A STOCHASTIC PROCESS. Let X(z), m(t), and K(¢, s) be as in
the previous problem. Let /1, ¥, ... be a complete orthonormal system of functions on
[0, 1]. Define

1
X9 = / Xy ()dt.
0
Find conditions under which

lim L*(XP, ..., X™) = L*X()).

N—oo
ProBLEM 32.5. Extend Theorem 32.3 such that the transformations 7,,(X, D, ) are allowed
to depend on the training data. This extension has significance, because feature extraction
algorithms use the training data.

PrROBLEM 32.6. For discrete X prove that 7(X) is sufficient iff Y, 7(X), X form a Markov
chain (in this order).

PrROBLEM 32.7. Prove Theorem 32.4.

ProsLEM 32.8. Recall the definition of F-errors from Chapter 3. Let F be a strictly con-
cave function. Show that dp(X, Y) = dp(T'(X), Y) if and only if the transformation T is
admissible. Conclude that Ly (X, Y) = L(T(X), Y) Construct a T and a distribution of
(X, Y)suchthat L*(X, Y) = L*(T'(X), Y), but T is not admissible.

ProBLEM 32.9. Find sufficient statistics of minimal dimension for the following discrimi-
nation problems:

(1) It is known that for two given sets A and B with AN B =@, if Y = 1, we have
X e Aandif Y =0, then X € B, or vice versa.

(2) Given Y, X is a vector of independent gamma random variables with common
unknown shape parameter ¢ and common unknown scale parameter b (i.e., the
marginal density of each component of X is of the form x*~'e™*/® /(T'(a)b%),
x > 0). The parameters a and b depend upon Y.

PrOBLEM 32.10. Let X have support on the surface of a ball of R centered at the origin of
unknown radius. Find a sufficient statistic for discrimination of dimension smaller than d.
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PROBLEM 32.11. Assume that the distribution of X = (X%, X@, X®, X@) is such that
X®X® = 1 and XO + X@ 4+ X® = 0 with probability one. Find a simple sufficient
statistic.



Appendix

In this appendix we summarize some basic definitions and results from the theory
of probability. Most proofs are omitted as they may be found in standard textbooks
on probability, such as Ash (1972), Shiryayev (1984), Chow and Teicher (1978),
Durrett (1991), Grimmett and Stirzaker (1992), and Zygmund (1959). We also
give a list of useful inequalities that are used in the text.

A.1 Basics of Measure Theory

DEFINITION A.1. Let S be a set, and let F be a family of subsets of S. F is called
a o-algebra if
(i) 9eF,
(ii) AeF implies A°eF,
(iii) Ay, Ay, ...€F implies U2 A e F.

A o-algebra is closed under complement and union of countably infinitely many
sets. Conditions (i) and (ii) imply that S € F. Moreover, (ii) and (iii) imply that a
o -algebra is closed under countably infinite intersections.

DERINITION A.2. Let S be a set, and let F be a o-algebra of subsets of S. Then
(S, F) is called a measurable space. The elements of F are called measurable
sets.

DEFINITION A 3. If S = R? and B is the smallest o -algebra containing all rect-
angles, then B is called the Borel o-algebra. The elements of B are called Borel
sets.
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DEFRNITION A4. Let (S, F) be a measurable space and let f : S — R be a
Sunction. f is called measurable if for all B € B

f7iB)={s: f(s) e B} F,
that is, the inverse image of any Borel set B is in F.

Obviously, if A is a measurable set, then the indicator variable /4 is a measur-
able function. Moreover, finite linear combinations of indicators of measurable sets
(called simple functions) are also measurable functions. It can be shown that the
set of measurable functions is closed under addition, subtraction, multiplication,
and division. Moreover, the supremum and infimum of a sequence of measurable
functions, as well as its pointwise limit supremum and limit infimum are measur-
able.

DEFINITION A.5. Let (S, F) be a measurable space and let v : F — [0, o0) be a
Sunction. v is a measure on F if
(i) v(@) =0,
(ii) v is o-additive, that is, A1, Az, ... € F,and A; N A; = 0,1 # j imply
that V(U A;) = 3 ooy v(A).

In other words, a measure is a nonnegative, o-additive set function.

DEFINITION A.6. v is a finite measure if v(S) < ©0. v is a o-finite measure if
there are countably many measurable sets Ay, Ay, ... such that U2, A; = S and
v(A) <o0,i=1,2,...

DEFRINITION A.7. The triple (S, F, v) is a measure space if (S, F) is a measurable
space and v is a measure on F.

DEFINITION A.8. The Lebesgue measure ).on R is a measure on the Borel o-algebra
of RY such that the A measure of each rectangle equals to its volume.

A.2 The Lebesgue Integral

DEFINITION A.9. Let (S, F, v) be a measure space and f =Y .+ x;14, a simple
Sfunction such that the measurable sets Ay, . . ., A, are disjoint. Then the (Lebesgue)
integral of f with respect to v is defined by

/fdv =/f(s)v(ds) =ix,~v(Ai).
S i=1

If f is a nonnegative-valued measurable function, then introduce a sequence of
simple functions as follows.

(k= i Gk—=D/n< fs)<k/n, k=1,2,...n2"
PO=] 2 )= 2"



A.2 The Lebesgue Integral 577

Then the f,’s are simple functions, and f,(s) — f(s) in a monotone non-
decreasing fashion. Therefore, the sequence of integrals f fadv is monotone non-
decreasing, with a limit. The integral f is then defined by

/fdv:/f(s)v(ds)= lim ffndv.
S n—0o0

If f is an arbitrary measurable function, then decompose it as a difference of its
positive and negative parts,

f)=f()" = f()7 = f() = (= f(),

where f* and f~ are both nonnegative functions. Define the integral of f by

/fdv:]f*dv-/f_dv,

if at least one term on the right-hand side is finite. Then we say that the integral
exists. If the integral is finite then f is integrable.

P

DERNITION A.10. If [ fdv exists and A is a measurable functions-then [, fdv is

defined by
/fdv:ff]Adv.
A

DEFRINITION A.11. We say that f, — f (mod v) if
v(fs: im 6 # F6}) =0,

Theorem A.1. (BEPPO-LEVY THEOREM). If f,,(s) — f(s) in a monotone increas-
ing way for some nonnegative integrable function f, then

/lim foudv=1lm | f,dv.
n—0o0

n—oo

Theorem A.2. (LEBESGUE’S DOMINATED CONVERGENCE THEOREM). Assuine that
fo— f (modv)and|f,(s)| <g(s)forse S,n=1,2,.., wherefgdv < 00.

Then
/hm faudv = lim /ﬁzdv.
n—0c0 n—-oo

Theorem A.3. (FATOU’S LEMMA). Let fi, f>, ... be measurable functions.
(i) If there exists a measurable function g with f gdv > —oo such that for
every n, fu(s) > g(s), then

n—>00

liminf/fndv > /liminf Sfudv.
n—oc
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(i) If there is a a measurable function g with f gdv < o0, such that f,(s) <
g(s) for every n, then

limsup/ fodv < /limsup fudv.
n—od n—oo

DEFRINITION A.12. Let vi and v, be measures on a measurable space (S, F). We
say that vy is absolutely continuous with respect to vy if and only if v2(A) = 0
implies vi(A) = 0 (A € F). We denote this relation by v; < v,.

Theorem A.4. (RADON-NIKODYM THEOREM). Let vy and v, be measures on the
measurable space (S, F) such that vi < vy and v, is o -finite. Then there exists a
measurable function f such that for all A € F

Ul(A)=/ fdl)z.
A

[ is unique (mod v,). If v} is finite, then f has a finite integral.

DEFINITION A.13. f is called the density, or Radon-Nikodym derivative of v| with
respect to v,. We use the notation f = dv/dvs.

DEFINITION A.14. Let vy and v, be measures on a measurable space (S, F). If
there exists a set A € F such that vi(A°) = 0 and v,(A) = 0, then vy is singular
with respect to v, (and vice versa).

Theorem A.5. (LEBESGUE DECOMPOSITION THEOREM). If i is a o-finite measure
on a measurable space (S, F), then there exist two unique measures Vi, Vo Such
that |4 = vy + v, where vy < |4 and Vv, is singular with respect to [L.

DERINITION A.15. Let (S, F,v) be a measure space and let f be a measurable
function. Then f induces a measure |. on the Borel o -algebra as follows:

w(B) =v(f~'(B)), BeB.

Theorem A.6. Let v be a measure on the Borel o-algebra B of R, and let f and
g be measurable functions. Then for all B € B,

/ g(x)uldx) = / g(f($)v(ds),
B 1B

where |4 is induced by f.

DEFINITION A.16. Let vy and v, be measures on the measurable spaces (S, F1)
and (Sy, F»), respectively. Let (S, F) be a measurable space suchthat S = S} X S5,
and F) X F) € F whenever F| € F| and F> € F5. v is called the product measure
of vi and v, on F if for F1 € F1 and Fp, € F5, v(F1 X F2) = vi(F1))v(F,). The
product of more than two measures can be defined similarly.
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Theorem A.7. (FUBINI'S THEOREM). Leth be a measurable function on the product

space (S, F). Then
/ (/ hu, v)vz(dv)) vi(du)
51 \JS,

/(/ h(u,v)w(du)) v2(dv),
S M

assuming that one of the three integrals is finite.

/h(u, vv(d(u, v))
s

A.3 Denseness Results

Lemma A.1. (COVER AND HART (1967)). Let u be a probability measure on R4,
and define its support set by

A = support(i) = {x D forallr >0, w(Sy,) > O} .

Then (A) = 1.

PrOOF. By the definition of A,
A€ = {x : W(Sk,r,) = 0 for some r, > 0}.

Let Q denote the set of vectors in R¢ with rational components (or any countable
dense set). Then for each x € A°, there is a y, € Q with ||x — y,|| < r/3. This
implies Sy_, /> C Sy, . Therefore, u(Sy, ) =0, and

A€ C U Sx,rx/z‘

x€A°

The right-hand side is a union of countably many sets of zero measure, and therefore
wAH =1.0

DERNITION A.17. Let (S, F, v) be a measure space. For a fixed number p > 1,
L ,(v) denotes the set of all measurable functions satisfying [ | f|Pdv < oc.

Theorem A.8. For every probability measure v on R¢, the set of continuous func-
tions with bounded support is dense in L ,(v). In other words, for every € > 0 and
f € L, there is a continuous function with bounded support g € L, such that

/[f—g[pdv<e.

The following theorem is a rich source of denseness results:
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Theorem A.9. (STONE-WEIERSTRASS THEOREM). Let F be afamily of real-valued
continuous functions on a closed bounded subset B of R%. Assume that F is an
algebra, that is, for any fi, f» € F and a,b € R, we have af; + bf, € F, and
fifa € F. Assume furthermore that if x # y then there is an f € F such that
f(x) # f(y), and that for each x € B there exists an f € F with f(x) # 0. Then
for every € > 0 and continuous function g : B — R, there exists an f € F such
that

sup [g(x) — f(x)] <e.

xeB

The following two theorems concern differentiation of integrals. Good general

references are Wheeden and Zygmund (1977) and de Guzmén (1975):

Theorem A.10. (THE LEBESGUE DENSITY THEOREM). Let f be a density on R?.
Let {Q(x)} be a sequence of closed cubes centered at x and contracting to x.

Then f f
o 1l fx) = f(nldy
im Qk(x) -
k=00 MQr(x))
at almost all x, where A denotes the Lebesgue measure. Note that this implies
Jowo FOy

O TGy W

at almost all x.

CoROLLARY A.l. Let A be a collection of subsets of So.1 with the property that
forall A € A A(A) = ci(So,1) for some fixed ¢ > 0. Then for almost all x, if
x+rA={y:(y —x)/r € A},

Nd
lim sup ——f“”* fOdy
=0 ge A )\.(x + FA)

— f(x)|=0.

The Lebesgue density theorem also holds if {Q;(x)} is replaced by a sequence
of contracting balls centered at x, or indeed by any sequence of sets that satisfy

x +brpS C Qr(x) € x +ar S,

where S is the unit ball of R, ry J 0,and 0 < b < a < oo are fixed constants.
This follows from the Lebesgue density theorem. It does not hold in general when
{Qi(x)} is a sequence of hyperrectangles containing x and contracting to x. For
that, an additional restriction is needed:

Theorem A.11. (THE JESSEN-MARCINKIEWICZ-ZYGMUND THEOREM). Let f be a
density on R¢ with [ Flog? Y1 + fldx < oco. Let {Qk(x)} be a sequence of
hyperrectangles containing x and for which diam(Qy(x)) — 0. Then
Hm@mvm—ﬂmwz
v M)

at almost all x.
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‘COROLLARY A.2. If f is a density and {Qy(x)} is as in Theorem A.11, then

11152 gf m oo f (y)dy = f(x)

at almost all x.

To see this, take g = min(f, M) for large fixed M. As [ glog?~!(1 +g) < o0, by
the Jessen-Marcinkiewicz-Zygmund theorem,

lim inf

_ d
R0 Lo gdy = g(x)

at almost all x. Conclude by letting M — oo along the integers.

A.4 Probability

DEFRINITION A.18. A measure space (2, F,P) is called a probability space if
P{Q} = 1. Q is the sample space or sure event, the measurable sets are called
events, and the measurable functions are called random variables. If Xy, ..., X,
are random variables then X = (X1, ..., X,,) is a vector-valued random variable.

DEerFINITION A.19. Let X be a random variable, then X induces the measure {4 on
the Borel o -algebra of R by

W(B)=P{{w: X(w) € B)} =P{X € B}, BeB.
The probability measure [ is called the distribution of the random variable X .

DERNITION A.20. Let X be a random variable. The expectation of X is the integral
of x with respect to the distribution 1 of X :

E{X] = / xpu(dx)
R

if it exists.

DERNITION A21. Let X be a random variable. The variance of X is
Var{X} =E [(X — E{x})*}

if E{X} is finite, and co if E{ X} is not finite or does not exist.

DERINITION A.22. Let X4, ..., X, be random variables. They induce the measure
1™ on the Borel o-algebra of R" with the property

u(Byx...xB,)=P{X,€B,,...,X,€ By}, Bi,...,B,€B.
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M(") is called the joint distribution of the random variables X, ..., X,. Let u;
be the distribution of X; (i = 1,...,n). The random variables X1, ..., X, are
independent if their joint distribution 1" is the product measure of (i1, . .., [in.
The events A1, ..., A, € F are independent if the random variables 1, .. ., I4,

are independent.
Fubini’s theorem implies the following:

Theorem A.12. If the random variables X1, ..., X, are independent and have
finite expectations then

E{XIXZ e Xn} = E{XI}E{X2} . E{Xn}

A.5 Inequalities

Theorem A.13. (CAUCHY-SCHWARZ INEQUALITY). Ifthe random variables X and
Y have finite second moments (E{X?} < oo and E{Y?} < 00), then

[E{XY}| < VE{X}E{Y?}.

Theorem A.14. (HOLDER’S INEQUALITY). Let p,q € (1, 00) such that (1/p) +
(1/¢9) = 1. Let X and Y be random variables such that (E{|X?|)V? < oo and
(E{|Y?)HY? < co. Then

E(XY]} < (B{X? )" (E(lY4)"e.

Theorem A.15. (MARKOV’S INEQUALITY). Let X be anonnegative-valued random
variable. Then for each t > 0,

P{er}s@.

Theorem A.16. (CHEBYSHEV’S INEQUALITY). Let X be a random variable. Then
foreacht >0,
Var{X}

PlX -E{X} =1} = —3

Theorem A.17. (CHEBYSHEV-CANTELLI INEQUALITY). Lett > Q. Then

Var{X}
P(X-EX>t}<——" .
Var{X) + 12

PROOF. We may assume without loss of generality that EX = 0. Then for all ¢

t=E{t - X} <E{(t — X x<n}-
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Thus for ¢ > 0 from the Cauchy-Schwarz inequality,

2

< E{t - XNE{UZ,)
= E{¢ - X)"P{X <1}
= (Var{X}+)P{X <1},
that is,
. 2
P{X <t} > Var{X}+ 12’

and the claim follows. O

Theorem A.18. (JENSEN’S INEQUALITY). If f is a real-valued convex function on
afinite or infinite interval of R, and X is a random variable with finite expectation,
taking its values in this interval, then

FEXD < E{f(X)}.

Theorem A.19. (ASSOCIATION INEQUALITIES). Let X be a real-valued random
variable and let f(x) and g(x) be monotone nondecreasing real-valued functions.
Then

E{f(X)g(X)} = E{f(X)}E{g(X)},

provided that all expectations exist and are finite. If f is monotone increasing and
g Is monotone decreasing, then

E{f(X)g(X)} = E{f(X)}E{g(X)}.

ProOF. We prove the first inequality. The second follows by symmetry. Let X have
distribution w. Then we write

E{f(X)g(X)} — E{f(X)}E{g(X)}
/f(x)g(x)u(dX)~/f(y) M(dy)/g(x) u(dx)

il

/ < f LF () — f(y>]g(x)u(dx)> w(dy)

/ ( / h(m)g(x)u(dx)) w(dy),

f(x) — f(y). By Fubini’s theorem the last integral equals

i

where A(x, y)
| 1 80 i (dxay

- [ h(x, y)g(x) i (dxdy) + f h(x. y)g(x) W2 (dxdy),
x>y

x<y
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since h(x, x) = 0 for all x. Here u?(dxdy) = u(dx) - i(dy). The second integral
on the right-hand side is just

/ ( / hx, y)g(o) M(dy)) dx) = f ( f h(y. )g() M(dX)) w(dy).
X y>x ¥ x>y

Thus, we have
E{f(X)g(X)} — E{f(X)}E{g(X)}

| e g wtardy)

I

[ ( [hx, Y)g(x) + h(y, 1)g ()] M(dX)) w(dy)
y x>y

/ ( f hx, Yg() — g1 M(dX)) w(dy)
y \Ja>y
Oa

v

since A(y, x) = —h(x, y), and by the fact that &(x, y) > 0 and g(x) — g(y) > 0if
x>y. 0O

A.6  Convergence of Random Variables

DEerINITION A.23. Let {X,}, n = 1,2, ..., be a sequence of random variables. We
say that
lim X,, = X in probability

n—>00

if for each € > 0
lim P{|X, — X| > ¢} =0.
n—>o0

We say that

lim X, =X with probability one (or almost surely),
n—» 00

if X, — X (mod P), that is,
p {w: lim X, (w) = X(w)} = 1.
n—oo
For a fixed number p > 1 we say that

lim X, =X inL,,

n—o0

lim E {|X, — X|?} =0.

n—=>0o0
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Theorem A.20. Convergence in L,, implies convergence in probability.
Theorem A.21. lim, o X, = X with probability one if and only if

lim sup [Xn — X| =0

n—>00n<m

in probability. Thus, convergence with probability one implies convergence in
probability.

Theorem A.22. (BOREL-CANTELLILEMMA). Let A,,n=1,2,..., be a sequence
of events. Introduce the notation

[A, 1o]=limsup A, =2, US  A,.

m=n
n—>00
(“1.0.” stands for “infinitely often.”) If
o0
> P{A,) < o0
n=1

then
P{[A, i.0.]} =0.

By Theorems A.21 and A.22, we have
Theorem A.23. [ffor eache > 0
o0
Y P{X, — X| > €} < o0,
n=1

then lim,—, o X,, = X with probability one.

A.7 Conditional Expectation

If Y is a random variable with finite expectation and A is an event with positive
probability, then the conditional expectation of ¥ given A is defined by

E(Y 14}
P{A}

E{Y|A} =

The conditional probability of an event B given A is

P{A N B)

P{B|A} =E{l3|A} = PA)
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DEFINITION A.24. Let Y be a random variable with finite expectation and X be a
d-dimensional vector-valued random variable. Let Fx be the o -algebra generated
by X:

Fx ={X"Y(B); B € B"}.
The conditional expectation BE{Y | X} of Y given X is a random variable with the
property that for all A € Fx /

/YdP:/E{Y[X}dP.
A A

The existence and uniqueness (with probability one) of E{Y | X} is a consequence
of the Radon-Nikodym theorem if we apply it to the measures

u+(A)=/ Y*dP, v‘(A):fY‘dP, A e Fy,
A A

such that

dv*t B dv~
> E{Y |X} =75
dP dpP

E(Y*|X} =

and
E{Y|X} = E{Y*|X) — E{Y"|X).

DEFINITION A.25. Ler C be an event and X be a d-dimensional vector-valued
random variable. Then the conditional probability of C given X is P{C|X} =
E{I-|X}.

Theorem A.24. Let Y be a random variable with finite expectation. Let C be an
event, and let X and Z be vector-valued random variables. Then
(i) There is a measurable function g on RY such that E{Y|X} = g(X) with
probability one.
(i) E{Y}=E(E{Y|X}}, P{C}=E{P{C|X}}
(iii) E{Y|X}=E{E{Y|X, Z}|X}, P{C|X}=E{P{C|X. Y}X}
(iv) IfY is afunction of X then E{Y|X} =Y.
(v) If(Y, X)and Z are independent, then E{Y |X, Z} = E{Y|X}.
(vi) IfY = f(X, Z)forameasurable function f, and X and Z are independent,
then E{Y | X} = g(X), where g(x) = E{f(x, Z)}.

A.8 The Binomial Distribution

An integer-valued random variable X is said to be binomially distributed with
parameters n and p if

P(X =k} = <’]Z)pk(1 —pPk, k=0,1,....n.

If Ay,..., A, are independent events with P{A;} = p, then X = Z?:l Iy, 1s
binomial (n, p). I, is called a Bernoulli random variable with parameter p.
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Lemma A.2. Let the random variable B(n, p) be binomially distributed with pa-
rameters n and p. Then

(i)

1 1
EL+Mmm}Sm+Dp

and

(ii)

E{ 1 ! - 2
B, p) PO = s Dp

PRrOOF. (i) follows from the following simple calculation:

1 _ - L” ke yn—k
E{1+B(n,p)} = Zk+1(k)p(1 p)

k=0
1 - (”‘*‘1) K+l —k
= p(d—=p)
(n+1)ka=;' k+1
1 (n+1) . . 1
< (1 —py = :
(n+1)ij;0 k J)PY TP (n+Lp

For (ii) we have

1 2 2
E{— I <E <
{B(n,p) B *P)>°}} = {1+B(n,p)} =+ p

by (1). O

Lemma A.3. Let B be a binomial random variable with parameters n and p.
Then for every 0 < p < 1,

andfor p=1/2
n 1 1
rlo=[3)) = (e
21} 7V 2nm £1/12
PROOF. The lemma follows from Stirling’s formula:
V2rn (ﬁ)” Q2 <t < 2 (ﬁ)” 1/(12041)
€ e

(see, e.g., Feller (1968)). O
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Lemma A.4. (DEVROYE AND GYORFI (1985), p. 194). For any random variable
X with finite fourth moment,

( { 2})3/2

E{lX —_—.

PROOF. Fix a > 0. The function 1/x +ax? is minimal on (0, co) when x> = 1/(2a).
Thus,

x+ax4

> (2a)' + —<2a>“3

Qa7

Replace x by | X| and take expectations:
3
E{X]} = 5(2a)1/3E{X2} — aE{X").

The lower bound,3czonsidered as a function of a, is maximized if we take a =
1 (E{X?}/E{X*}) /2 Resubstitution yields the given inequality. O

Lemma A.5. Let B be a binomial (n, 1/2) random variable. Then

JEIEE

PrOOF. This bound is a special case of Khintchine’s inequality (see Szarek (1976),
Haagerup (1978), and also Devroye and Gyorfi (1985), p. 139). Rather than proving
the given inequality, we will show how to apply the previous lemma to get (without

further work) the inequality
eflo-3ll= 5

Indeed, E {(B — n/2)?} = n/4 and E {(B — n/2)*} = 3n%/16 — n/8 < 3n%/16.

ﬂlus,
2

Lemma A.6. (SLUD (1977)). Let B be a binomial (n, p) random variable with
p < 1/2. Then for n(1 — p) > k > np,

}> (/4% [n
= (3n?/16)!/2 "V 12°

P{sz}zP{Nz k—np }

vnp(l = p)

where N is normal (0, 1).
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A.9 The Hypergeometric Distribution

Let N, b, and n be positive integers with N > n and N > b. A random variable X
taking values on the integers 0, 1, ..., b is hypergeometric with parameters N, b

and n, if
b\ (N—b
P{X=k}=£k~)~(iiz, k=1,...,b.

()

X models the number of blue balls in a sample of n balls drawn without replacement
from an urn containing b blue and N — b red balls.

Theorem A.25. (HOEFFDING (1963)). Let the set A consist of N numbers ay, .. .,
ay. Let Zy, ..., Z, denote a random sample taken without replacement from A,
where n < N. Denote
1 &
m=NZa,- and c=i{1}2)§Iai —ajl.

i=1

Then for any € > 0 we have
1 n

i=1
Specifically, if X is hypergeometrically distributed with parameters N, b, and n,
then

e o2
Z€|_<__2€ 2ne/c.

b
P{|X s ne} < 2¢7 €
N

For more inequalities of this type, see Hoeffding (1963) and Serfling (1974).

A.10 The Multinomial Distribution

A vector (Ny, ..., Ni) of integer-valued random variables is multinomially dis-
tributed with parameters (n, p1, ..., px) if

_nt bk koo >
P{N1=i1,...,Nk=ik}={ (i)]!mi“pl Di i)fthzii;;e:j k, ij=0

Lemma A.7. The moment-generating function of a multinomial (k, p1, ..., pi)
vector is

E {er,N,+~-+rkM} - (pletl I pketk)” .
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A.11 The Exponential and Gamma Distributions

A nonnegative random variable has exponential distribution with parameter A > 0
if it has a density
fx)y=xre™, x>0.

A nonnegative-valued random variable has the gamma distribution with parameters
a, b > 0if it has density

xa-—le—x/b

0
f(x)=W’ x>0, where I‘(a)=f0 x“ e dx.

The sum of # i.i.d. exponential(A) random variables has gamma distribution with
parameters n and 1/A.

A.12 The Multivariate Normal Distribution

A d-dimensional random variable X = (XU, ..., X has the multivariate nor-
mal distribution if it has a density

f(x) — 1 e—%(x—m)TE"l(x—m)

J2m)d det(T)

wherem € R4, T isa positive definite symmetric d x d matrix with entries o;;, and
det(X) denotes the determinant of X. Then EX =m, and foralli, j = 1,...,d,

E {(X(l') _ Ex(l'))(X(j) _ Ex(j))} = 0yj.

Y is called the covariance matrix of X.



Notation

e [, indicator of an event A.

e Ip(x) = Ijyepy indicator function of a set B.
e |A| cardinality of a finite set A.

e A° complement of a set A.

e AAB symmetric difference of sets A, B.

e f o g composition of functions f, g.

e log natural logarithm (base e).

e | x| integer part of the real number x.

e [x] upper integer part of the real number x.

X £z if X and Z have the same distribution.

o xW ..., x@ components of the d-dimensional column vector x.

o lxll =34, (x(i>)2 Ly-norm of x € R4,

e X € RY observation, vector-valued random variable.

eY € {0, 1} label, binary random variable.

e D, =((X1,Y1),...,(X,, Y,)) training data, sequence of i.i.d. pairs that are
independent of (X, Y), and have the same distribution as that of (X, Y).

enx) = P{Y = 11X = x},1 —nx) = P{Y = 0|]X = x} a posteriori
probabilities.

e p=P{Y =1},1 — p=P{Y =0} class probabilities.

e g*: R — {0,1} Bayes decision function.

ot R > (0,1}, g, 1 R x {RYx {0, 1}}" — {0,1} classification
functions. The short notation g,(x) = g, (x, D) is also used.

o L* =P{g*(X) #Y} Bayes risk, the error probability of the Bayes decision.
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Notation

e L, = L(g,) = P{g,(X, D,) # Y|D,} error probability of a classification
function g,,.

o L,(¢)= IS Ig(x=v,) empirical error probability of a classifier ¢.

e (A)=P{X € A} probability measure of X.

e Ly (A) = % Y1 Iix,eay empirical measure corresponding to X1, ..., X,,.

e 1. Lebesgue measure on R.

e f(x) density of X, Radon-Nikodym derivative of n with respect to A (if it
exists).

e fo(x), fi(x) conditional densities of X given ¥ =0and Y = 1, respectively
(if they exist).

e P partition of RY.

e X(x), X k-thnearest neighbor of x among X1, ..., X,.

e K : RY - R kernel function.

e 11, h, > 0 smoothing factor for a kernel rule.

e Ky(x)=(1/h)K(x/h) scaled kernel function.

e T, = ((Xns1> Yus1)s oo Xpam» Yuum)) testing data, sequence of i.i.d. pairs
that are independent of (X, ¥) and D,,, and have the same distribution as that
of (X,7).

e A class of sets.

e C,C, classes of classification functions.

e s(A, n) n-th shatter coefficient of the class of sets A.

e V4 Vapnik-Chervonenkis dimension of the class of sets .A.

e S(C,n) n-th shatter coefficient of the class of classifiers C.

e V¢ Vapnik-Chervonenkis dimension of the class of classifiers C.

¢S, ={yeR?:|y—x|| <r} closed Euclidean ball in R? centered at
x € R4, with radius » > 0.



References

Abou-Jaoude, S. (1976a). Conditions nécessaires et suffisantes de convergence L en prob-
abilité de I’histogramme pour une densité. Annales de I’ Institut Henri Poincaré, 12:213—
231.

Abou-Jaoude, S. (1976b). La convergence L, et L, de I’estimateur de la partition aléatoire
pour une densité. Annales de U Institut Henri Poincaré, 12:299-317.

Abou-Jaoude, S. (1976c). Sur une condition nécessaire et suffisante de L;-convergence
presque complete de I’estimateur de la partition fixe pour une densité. Comptes Rendus
de I’ Académie des Sciences de Paris, 283:1107-1110.

Aitchison, J. and Aitken, C. (1976). Multivariate binary discrimination by the kernel method.
Biometrika, 63:413-420.

Aizerman, M., Braverman, E., and Rozonoer, L. (1964a). The method of potential functions
for the problem of restoring the characteristic of a function converter from randomly
observed points. Automation and Remote Control, 25:1546-1556.

Aizerman, M., Braverman, E., and Rozonoer, L. (1964b). The probability problem of pattern
recognition learning and the method of potential functions. Automation and Remote
Control, 25:1307-1323.

Aizerman, M., Braverman, E., and Rozonoer, L. (1964c). Theoretical foundations of the po-
tential function method in pattern recognition learning. Automation and Remote Control,
25.917-936.

Aizerman, M., Braverman, E., and Rozonoer, L. (1970). Extrapolative problems in auto-
matic control and the method of potential functions. American Mathematical Society
Translations, 87:281-303.

Akaike, H. (1954). An approximation to the density function. Annals of the Institute of
Statistical Mathematics, 6:127-132.

Akaike, H. (1974). A new look at the statistical model identification. /EEE Transactions on
Automatic Control, 19:716-723.



594 Referenceg

Alexander, K. (1984). Probability inequalities for empirical processes and a law of the
iterated logarithm. Annals of Probability, 4:1041-1067.

Anderson, A. and Fu, K. (1979). Design and development of a linear binary tree classifier
for leukocytes. Technical Report TR-EE-79-31, Purdue University, Lafayette, IN.

Anderson, J. (1982). Logistic discrimination. In Handbook of Statistics, Krishnaiah, P. and
Kanal, L., editors, volume 2, pages 169-191. North-Holland, Amsterdam.

Anderson, M. and Benning, R. (1970). A distribution-free discrimination procedure based
on clustering. IEEE Transactions on Information Theory, 16:541-548.

Anderson, T. (1958). An Introduction to Multivariate Statistical Analysis. John Wiley, New
York.

Anderson, T. (1966). Some nonparametric multivariate procedures based on statistically
equivalent blocks. In Multivariate Analysis, Krishnaiah, P., editor, pages 5-27. Academic
Press, New York.

Angluin, D. and Valiant, L. (1979). Fast probabilistic algorithms for Hamiltonian circuits
and matchings. Journal of Computing System Science, 18:155-193.

Anthony, M. and Holden, S. (1993). On the power of polynomial discriminators and radial
basis function networks. In Proceedings of the Sixth Annual ACM Conference on Com-
putational Learning Theory, pages 158—-164. Association for Computing Machinery,
New York.

Anthony, M. and Shawe-Taylor, J. (1990). A result of Vapnik with applications. Technical
Report CSD-TR-628, University of London, Surrey.

Argentiero, P., Chin, R., and Beaudet, P. (1982). An automated approach to the design of de-
cision tree classifiers. IEEE Transactions on Pattern Analysis and Machine Intelligence,
4:51-57.

Arkadjew, A. and Braverman, E. (1966). Zeichenerkennung und Maschinelles Lernen. Old-
enburg Verlag, Miinchen, Wien.

Ash, R. (1972). Real Analysis and Probability. Academic Press, New York.

Assouad, P. (1983a). Densité et dimension. Annales de I’ Institut Fourier, 33:233-282.

Assouad, P. (1983b). Deux remarques sur l’estimation. Comptes Rendus de I’ Académie des
Sciences de Paris, 296:1021-1024.

Azuma, K. (1967). Weighted sums of certain dependent random variables. Tohoku Mathe-
matical Journal, 68:357-367.

Bahadur, R. (1961). A representation of the joint distribution of responses to n dichotomous
items. In Studies in Item Analysis and Prediction, Solomon, H., editor, pages 158~168.
Stanford University Press, Stanford, CA.

Bailey, T. and Jain, A. (1978). A note on distance-weighted k-nearest neighbor rules. IEEE
Transactions on Systems, Man, and Cybernetics, 8:311-313.

Barron, A. (1985). Logically smooth density estimation. Technical Report TR 56, Depart-
ment of Statistics, Stanford University, Stanford, CA.

Barron, A. (1989). Statistical properties of artificial neural networks. In Proceedings of the
28th Conference on Decision and Control, pages 280-285. Tampa, FL.

Barron, A. (1991). Complexity regularization with application to artificial neural networks.

In Nonparametric Functional Estimation and Related Topics, Roussas, G., editor, pages
561-576. NATO ASI Series, Kluwer Academic Publishers, Dordrecht.

Barron, A. (1993). Universal approximation bounds for superpositions of a sigmoidal func-
tion. IEEE Transactions on Information Theory, 39:930-944.

Barron, A. (1994). Approximation and estimation bounds for artificial neural networks.
Machine Learning, 14:115-133.



References 595

Barron, A. and Barron, R. (1988). Statistical learning networks: a unifying view. In Pro-
ceedings of the 20th Symposium on the Interface: Computing Science and Statistics,
Wegman, E., Gantz, D., and Miller, I., editors, pages 192-203. AMS, Alexandria, VA.

Barron, A. and Cover, T. (1991). Minimum complexity density estimation. IEEE Transac-
tions on Information Theory, 37:1034-1054.

Barron, A., Gyorfi, L., and van der Meulen, E. (1992). Distribution estimation consistent
in total variation  and in two types of information divergence. IEEE Transactions on
Information Theory, 38:1437-1454.

Barron, R. (1975). Learning networks improve computer-aided prediction and control. Com-
puter Design, 715:65-70.

Bartlett, P. (1993). Lower bounds on the Vapnik-Chervonenkis dimension of multi-layer
threshold networks. In Proceedings of the Sixth annual ACM Conference on Computa-

tional Learning Theory, pages 144-150. Association for Computing Machinery, New
York.

Bashkirov, O., Braverman, E., and Muchnik, I. (1964). Potential function algorithms for
pattern recognition learning machines. Automation and Remote Control, 25:692-695.

Baum, E. (1988). On the capabilities of multilayer perceptrons. Journal of Complexity,
4:193-215.

Baum, E. and Haussler, D. (1989). What size net gives valid generalization? Neural Com-
putation, 1:151-160.

Beakley, G. and Tuteur, F. (1972). Distribution-free pattern verification using statistically
equivalent blocks. IEEE Transactions on Computers, 21:1337-1347.

Beck, J. (1979). The exponential rate of convergence of error for k,-NN nonparametric
regression and decision. Problems of Control and Information Theory, 8:303-311.

Becker, P. (1968). Recognition of Patterns. Polyteknisk Forlag, Copenhagen.

Ben-Bassat, M. (1982). Use of distance measures, information measures and error bounds
in feature evaluation. In Handbook of Statistics, Krishnaiah, P. and Kanal, L., editors,
volume 2, pages 773-792. North-Holland, Amsterdam.

Benedek, G. and Itai, A. (1988). Learnability by fixed distributions. In Computational
Learning Theory: Proceedings of the 1988 Workshop, pages 80-90. Morgan Kaufman,
San Mateo, CA.

Benedek, G. and Itai, A. (1994). Nonuniform learnability. Journal of Computer and Systems
Sciences, 48:311-323.

Bennett, G. (1962). Probability inequalities for the sum of independent random variables.
Journal of the American Statistical Association, 57:33-45.

Beran, R. (1977). Minimum Hellinger distance estimates for parametric models. Annals of
Statistics, 5:445-463.

Beran, R. (1988). Comments on “a new theoretical and algorithmical basis for estimation,
identification and control” by P. Kovanic. Automatica, 24:283-287.

Bernstein, S. (1946). The Theory of Probabilities. Gastehizdat Publishing House, Moscow.

Bhattacharya, P. and Mack, Y. (1987). Weak convergence of k~NN density and regression
estimators with varying k and applications. Annals of Statistics, 15:976-994.

Bhattacharyya, A. (1946). On a measure of divergence between two multinomial popula-
tions. Sankhya, Series A, 7:401-406.

Bickel, P. and Breiman, L. (1983). Sums of functions of nearest neighbor distances, moment
bounds, limit theorems and a goodness of fit test. Annals of Probability, 11:185-214.

Birgé, L. (1983). Approximation dans les espaces métriques et théorie de 1’estimation.
Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebiete, 65:181-237.



596 References

Birgé, L. (1986). On estimating a density using Hellinger distance and some other strange
facts. Probability Theory and Related Fields, 71:271-291.

Blumer, A., Ehrenfeucht, A., Haussler, D., and Warmuth, M. (1989). Learnability and the
Vapnik-Chervonenkis dimension. Journal of the ACM, 36:929-965.

Braverman, E. (1965). The method of potential functions. Automation and Remote Control,
26:2130-2138.

Braverman, E. and Pyatniskii, E. (1966). Estimation of the rate of convergence of algorithms
based on the potential function method. Automation and Remote Control, 27:80-100.

Breiman, L., Friedman, J., Olshen, R., and Stone, C. (1984). Classification and Regression
Trees. Wadsworth International, Belmont, CA.

Breiman, L., Meisel, W., and Purcell, E. (1977). Variable kernel estimates of multivariate
densities. Technometrics, 19:135-144.

Brent, R. (1991). Fast training algorithms for multilayer neural nets. JEEE Transactions on
Neural Networks, 2:346-354,

Broder, A. (1990). Strategies for efficient incremental nearest neighbor search. Pattern
Recognition, 23:171-178.

Broomhead, D. and Lowe, D. (1988). Multivariable functional interpolation and adaptive
networks. Complex Systems, 2:321-323.

Buescher, K. and Kumar, P. (1996a). Learning by canonical smooth estimation, Part I:
Simultaneous estimation. IEEE Transactions on Automatic Control, 41:545-556.

Buescher, K. and Kumar, P. (1996b). Learning by canonical smooth estimation, Part II:
Learning and choice of model complexity. IEEE Transactions on Automatic Control,
41:557-569.

Burbea, J. (1984). The convexity with respect to gaussian distributions of divergences of
order a. Utilitas Mathematica, 26:171-192.

Burbea, J. and Rao, C. (1982). On the convexity of some divergence measures based on
entropy functions. I[EEE Transactions on Information Theory, 28:48—495.

Burshtein, D., Della Pietra, V., Kanevsky, D., and Nédas, A. (1992). Minimum impurity
partitions. Annals of Statistics, 20:1637-1646.

Cacoullos, T. (1965). Estimation of a multivariate density. Annals of the Institute of Statis-
tical Mathematics, 18:179-190.

Carnal, H. (1970). Die konvexe Hiille von n rotationssymmetrisch verteilten Punkten.
Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebiete, 15:168-176.

Casey, R. and Nagy, G. (1984). Decision tree design using a probabilistic model. IEEE
Transactions on Information Theory, 30:93-99.

Cencov, N. (1962). Evaluation of an unknown distribution density from observations. Soviet
Math. Doklady, 3:1559-1562.

Chang, C. (1974). Finding prototypes for nearest neighbor classifiers. IEEE Transactions
on Computers, 26:1179-1184.

Chang, C. (1973). Dynamic programming as applied to feature selection in pattern recog-
nition systems. IEEE Transactions on Systems, Man, and Cybernetics, 3:166-171.

Chen, T., Chen, H., and Liu, R. (1990). A constructive proof and an extension of Cybenko’s
approximation theorem. In Proceedings of the 22nd Symposium of the Interface: Com-
puting Science and Statistics, pages 163—168. American Statistical Association, Alexan-
dria, VA.

Chen, X. and Zhao, L. (1987). Almost sure L;-norm convergence for data-based histogram
density estimates. Journal of Multivariate Analysis, 21:179-188.



References 597

Chen, Z. and Fu, K. (1973). Nonparametric Bayes risk estimation for pattern classification.
In Proceedings of the IEEE Conference on Systems, Man, and Cybernetics. Boston, MA.

Chernoff, H. (1952). A measure of asymptotic efficiency of tests of a hypothesis based on
the sum of observations. Annals of Mathematical Statistics, 23:493-507.

Chernoff, H. (1971). A bound on the classification error for discriminating between popu-
lations with specified means and variances. In Studi di probabilitd, statistica e ricerca
operativa in onore di Giuseppe Pompilj, pages 203-211. Oderisi, Gubbio.

Chou, P. (1991). Optimal partitioning for classification and regression trees. IEEE Trans-
actions on Pattern Analysis and Machine Intelligence, 13:340-354.

Chou, W. and Chen, Y. (1992). A new fast algorithm for effective training of neural classi-
fiers. Pattern Recognition, 25:423-429.

Chow, C. (1965). Statistical mdependence and threshold functions. IEEE Transactions on
Computers, E-14:66-68.

Chow, C. (1970). On optimum recognition error and rejection tradeoff. IEEE Transactions
on Information Theory, 16:41-46.

Chow, Y. and Teicher, H. (1978). Probability Theory, Independence, Interchangeability,
Martingales. Springer-Verlag, New York.

Ciampi, A. (1991). Generalized regression trees. Computational Statistics and Data Anal-
ysis, 12:57-78.

Collomb, G. (1979). Estimation de la regression par la méthode des k points les plus proches:
propriétés de convergence ponctuelle. Comptes Rendus de I’ Académie des Sciences de
Paris, 289:245-247.

Collomb, G. (1980). Estimation de la regression par la méthode des k points les plus proches
avec noyau. Lecture Notes in Mathematics #821, Springer-Verlag, Berlin. 159-175.

Collomb, G. (1981). Estimation non parametrique de la regression: revue bibliographique.
International Statistical Review, 49:75-93.

Conway, J. and Sloane, N. (1993). Sphere-Packings, Lattices and Groups. Springer-Verlag,
Berlin.

Coomans, D. and Broeckaert, 1. (1986). Potential Pattern Recognition in Chemical and
Medical Decision Making. Research Studies Press, Letchworth, Hertfordshire, England.

Cormen, T., Leiserson, C., and Rivest, R. (1990). Introduction to Algorithms. MIT Press,
Boston, MA.

Cover, T. (1965). Geometrical and statistical properties of systems of linear inequalities
with applications in pattern recognition. IEEE Transactions on Electronic Computers,
14:326-334.

Cover, T. (1968a). Estimation by the nearest neighbor rule. IEEE Transactions on Informa-
tion Theory, 14:50-55.

Cover, T. (1968b). Rates of convergence for nearest neighbor procedures. In Proceedings of
the Hawaii International Conference on Systems Sciences, pages 413-415. Honolulu.

Cover, T. (1969). Learning in pattern recognition. In Methodologies of Pattern Recognition,
Watanabe, S., editor, pages 111-132. Academic Press, New York.

Cover, T. (1974). The best two independent measurements are not the two best. IEEE
Transactions on Systems, Man, and Cybernetics, 4:116-117.

Cover, T. and Hart, P. (1967). Nearest neighbor pattern classification. IEEE Transactions
on Information Theory, 13:21-217.

Cover, T. and Thomas, J. (1991). Elements of Information Theory. John Wiley, New York.

Cover, T. and Van Campenhout, J. (1977). On the possible orderings in the measurement
selection problem. IEEE Transactions on Systems, Man, and Cybernetics, 7:657-661.



598 References .

Cover, T. and Wagner, T. (1975). Topics in statistical pattern recognition. Communication
and Cybernetics, 10:15-46.

Cramér, H. and Wold, H. (1936). Some theorems on distribution functions. Journal of the
London Mathematical Society, 11:290-294.

Csibi, S. (1971). Simple and compound processes in iterative machine learning. Technical
Report, CISM Summer Course, Udine, Italy.

Csibi, S. (1975). Using indicators as a base for estimating optimal decision functions. In
Colloquia Mathematica Societatis Jdnos Bolyai: Topics in Information Theory, pages
143-153. Keszthely, Hungary.

Csiszdr, 1. (1967). Information-type measures of difference of probability distributions and
indirect observations. Studia Scientiarium Mathematicarum Hungarica, 2:299-318.

Csiszér, 1. (1973). Generalized entropy and quantization problems. In Transactions of the
Sixth Prague Conference on Information Theory, Statistical Decision Functions, Ran-
dom Processes, pages 159—-174. Academia, Prague.

Csiszdr, I. and Korner, J. (1981). Information Theory: Coding Theorems for Discrete Mem-
oryless Systems. Academic Press, New York.

Cybenko, G. (1989). Approximations by superpositions of sigmoidal functions. Math. Con-
trol, Signals, Systems, 2:303-314.

Darken, C., Donahue, M., Gurvits, L., and Sontag, E. (1993). Rate of approximation results
motivated by robust neural network learning. In Proceedings of the Sixth ACM Work-
shop on Computational Learning Theory, pages 303-309. Association for Computing
Machinery, New York.

Das Gupta, S. (1964). Nonparametric classification rules. Sankhya Series A, 26:25-30.

Das Gupta, S. and Lin, H. (1980). Nearest neighbor rules of statistical classification based
on ranks. Sankhya Series A, 42:419-430.

Dasarathy, B. (1991). Nearest Neighbor Pattern Classification Techniques. IEEE Computer
Society Press, Los Alamitos, CA.

Day, N. and Kerridge, D. (1967). A general maximum likelihood discriminant. Biometrics,
23:313-324.

de Guzman, M. (1975). Differentiation of Integrals in R". Lecture Notes in Mathematics
#481, Springer-Verlag, Berlin.

Deheuvels, P. (1977). Estimation nonparamétrique de la densité par histogrammes gener-
alisés. Publications de I’ Institut de Statistique de I’ Université de Paris, 22:1-23.

Devijver, P. (1978). A note on ties in voting with the k-NN rule. Pattern Recognition, 10:297—
298.

Devijver, P. (1979). New error bounds with the nearest neighbor rule. IEEE Transactions
on Information Theory, 25:749-753.

Devijver, P. (1980). An overview of asymptotic properties of nearest neighbor rules. In
Pattern Recognition in Practice, Gelsema, E. and Kanal, L., editors, pages 343-350.
Elsevier Science Publishers, Amsterdam.

Devijver, P. and Kittler, J. (1980). On the edited nearest neighbor rule. In Proceedings
of the Fifth International Conference on Pattern Recognition, pages 72-80. Pattern
Recognition Society, Los Alamitos, CA.

Devijver, P. and Kittler, J. (1982). Pattern Recognition: A Statistical Approach. Prentice-
Hall, Englewood Cliffs, NJ.

Devroye, L. (1978). A universal k-nearest neighbor procedure in discrimination. In Pro-
ceedings of the 1978 IEEE Computer Society Conference on Pattern Recognition and
Image Processing, pages 142-147. IEEE Computer Society, Long Beach, CA.



References 599

Devroye, L. (1981a). On the almost everywhere convergence of nonparametric regression
function estimates. Annals of Statistics, 9:1310-1309.

Devroye, L. (1981b). On the asymptotic probability of error in nonparametric discrimina-
tion. Annals of Statistics, 9:1320-1327.

Devroye, L. (1981c). On the inequality of Cover and Hart in nearest neighbor discrimination.
IEEE Transactions on Pattern Analysis and Machine Intelligence, 3:75-78.

Devroye, L. (1982a). Bounds for the uniform deviation of empirical measures. Journal of
Multivariate Analysis, 12:72-79.

Devroye, L. (1982b). Necessary and sufficient conditions for the almost everywhere con-
vergence of nearest neighbor regression function estimates. Zeitschrift fiir Wahrschein-
lichkeitstheorie und verwandte Gebiete, 61:467-481. ‘

Devroye, L. (1983). The equivalence of weak, strong and complete convergence in L, for
kernel density estimates. Annals of Statistics, 11:896-904.

Devroye, L. (1987). A Course in Density Estimation. Birkhduser, Boston, MA.

Devroye, L. (1988a). Applications of the theory of records in the study of random trees.
Acta Informatica, 26:123-130.

Devroye, L. (1988b). Automatic pattern recognition: A study of the probability of error.
IEEE Transactions on Pattern Analysis and Machine Intelligence, 10:530-543.

Devroye, L. (1988c). The expected size of some graphs in computational geometry. Com-
puters and Mathematics with Applications, 15:53-64.

Devroye, L. (1988d). The kernel estimate is relatively stable. Probability Theory and Related
Fields, 77:521-536.

Devroye, L. (1991a). Exponential inequalities in nonparametric estimation. In Nonparamet-
ric Functional Estimation and Related Topics, Roussas, G., editor, pages 31-44. NATO
ASI Series, Kluwer Academic Publishers, Dordrecht.

Devroye, L. (1991b). On the oscillation of the expected number of points on a random
convex hull. Statistics and Probability Letters, 11:281-286.

Devroye, L. and Gyorfi, L. (1983). Distribution-free exponential bound on the L; error of
partitioning estimates of a regression function. In Proceedings of the Fourth Pannonian
Symposium on Mathematical Statistics, Konecny, F., Mogyorédi, J., and Wertz, W.,
editors, pages 67-76. Akadémiai Kiad4, Budapest, Hungary.

Devroye, L. and Gy®orfi, L. (1985). Nonparametric Density Estimation: The L, View. John
Wiley, New York.

Devroye, L. and Gyorfi, L. (1992). No empirical probability measure can converge in the
total variation sense for all distributions. Annals of Statistics, 18:1496-1499.

Devroye, L., Gyorfi, L., Krzyzak, A., and Lugosi, G. (1994). On the strong universal consis-
tency of nearest neighbor regression function estimates. Annals of Statistics, 22:1371-
1385.

Devroye, L. and Krzyzak, A. (1989). An equivalence theorem for L; convergence of the
kernel regression estimate. Journal of Statistical Planning and Inference, 23:71-82.
Devroye, L. and Laforest, L. (1990). An analysis of random d-dimensional quadtrees. SIAM
Journal on Computing, 19:821-832.

Devroye, L. and Lugosi, G. (1995). Lower bounds in pattern recognition and learning.
Pattern Recognition, 28:1011-1018.

Devroye, L. and Machell, F. (1985). Data structures in kernel density estimation. /[EEE
Transactions on Pattern Analysis and Machine Intelligence, 7:360--366.

Devroye, L. and Wagner, T. (1976a). A distribution-free performance bound in error esti-
mation. IEEE Transactions Information Theory, 22:586-587.



600 References

Devroye, L. and Wagner, T. (1976b). Nonparametric discrimination and density estimation.
Technical Report 183, Electronics Research Center, University of Texas.

Devroye, L. and Wagner, T. (1979a). Distribution-free inequalities for the deleted and hold-
out error estimates. [EEE Transactions on Information Theory, 25:202-207.

Devroye, L. and Wagner, T. (1979b). Distribution-free performance bounds for potential
function rules. IEEE Transactions on Information Theory, 25:601-604.

Devroye, L. and Wagner, T. (1979c¢). Distribution-free performance bounds with the resub-
stitution error estimate. IEEE Transactions on Information Theory, 25:208-210.

Devroye, L. and Wagner, T. (1980a). Distribution-free consistency results in nonparametric
discrimination and regression function estimation. Annals of Statistics, 8:231-239.

Devroye, L. and Wagner, T. (1980b). On the L; convergence of kernel estimators of regres-
sion functions with applications in discrimination. Zeitschrift fiir Wahrscheinlichkeits-
theorie und verwandte Gebiete, 51:15-21.

Devroye, L. and Wagner, T. (1982). Nearest neighbor methods in discrimination. In Hand-
book of Statistics, Krishnaiah, P. and Kanal, L., editors, volume 2, pages 193-197. North
Holland, Amsterdam.

Devroye, L. and Wise, G. (1980). Consistency of a recursive nearest neighbor regression
function estimate. Journal of Multivariate Analysis, 10:539-550.

Diaconis, P. and Shahshahani, M. (1984). On nonlinear functions of linear combinations.
SIAM Journal on Scientific and Statistical Computing, 5:175-191.

Do-Tu, H. and Installé, M. (1975). On adaptive solution of piecewise linear approxima-
tion problem-—application to modeling and identification. In Milwaukee Symposium on
Automatic Computation and Control, pages 1-6. Milwaukee, WI.

Duda, R. and Hart, P. (1973). Pattern Classification and Scene Analysis. John Wiley, New
York.

Dudani, S. (1976). The distance-weighted k-nearest-neighbor rule. IEEE Transactions on
Systems, Man, and Cybernetics, 6:325-327.

Dudley, R. (1978). Central limit theorems for empirical measures. Annals of Probability,
6:899-929.

Dudley, R. (1979). Balls in R* do not cut all subsets of k+2 points. Advances in Mathematics,
31 (3):306-308.

Dudley, R. (1984). Empirical processes. In Ecole de Probabilité de St. Flour 1982. Lecture
Notes in Mathematics #1097, Springer-Verlag, New York.

Dudley, R. (1987). Universal Donsker classes and metric entropy. Annals of Probability,
15:1306-1326.

Dudley, R., Kulkarni, S., Richardson, T., and Zeitouni, O. (1994). A metric entropy bound
is not sufficient for learnability. IEEE Transactions on Information Theory, 40:883-885.

Durrett, R. (1991). Probability: Theory and Examples. Wadsworth and Brooks/Cole, Pacific
Grove, CA.

Dvoretzky, A. (1956). On stochastic approximation. In Proceedings of the First Berkeley
Symposium on Mathematical Statistics and Probability, Neyman, J., editor, pages 39-55.
University of California Press, Berkeley, Los Angeles.

Dvoretzky, A., Kiefer, J., and Wolfowitz, J. (1956). Asymptotic minimax character of a
sample distribution function and of the classical multinomial estimator. Annals of Math-
ematical Statistics, 33:642-669.

Edelsbrunner, H. (1987). Algorithms for Computational Geometry. Springer-Verlag, Berlin.

Efron, B. (1979). Bootstrap methods: another look at the jackknife. Annals of Statistics,
7:1-26.



References 601

Efron, B. (1983). Estimating the error rate of a prediction rule: improvement on cross
validation. Journal of the American Statistical Association, 78:316-331.

Efron, B. and Stein, C. (1981). The jackknife estimate of variance. Annals of Statistics,
9:586~596.

Ehrenfeucht, A., Haussler, D., Kearns, M., and Valiant, L. (1989). A general lower bound
on the number of examples needed for learning. Information and Computation, 82:247—
261.

Elashoff, J., Elashoff, R., and Goldmann, G. (1967). On the choice of variables in classifi-
cation problems with dichotomous variables. Biometrika, 54:668-670.

Fabian, V. (1971). Stochastic approximation. In Optimizing Methods in Statistics, Rustagi,
J., editor, pages 439-470. Academic Press, New York, London.

Fano, R. (1952). Class Notes for Transmission of Information. Course 6.574. MIT, Cam-
bridge, MA.

Faragd, A., Linder, T., and Lugosi, G. (1993). Fast nearest neighbor search in dissimilarity
spaces. IEEE Transactions on Pattern Analysis and Machine Intelligence, 15:957-962.

Faragd, A.and Lugosi, G. (1993). Strong universal consistency of neural network classifiers.
IEEE Transactions on Information Theory, 39:1146-1151.

Farag6, T. and Gyorfi, L. (1975). On the continuity of the error distortion function for
multiple hypothesis decisions. IEEE Transactions on Information Theory, 21:458-460.

Feinholz, L. (1979). Estimation of the performance of partitioning algorithms in pattern
classification. Master’s Thesis, Department of Mathematics, McGill University, Mon-
treal.

Feller, W. (1968). An Introduction to Probability Theory and its Applications, Vol.I. John
Wiley, New York.

Finkel, R. and Bentley, J. (1974). Quad trees: A data structure for retrieval on composite
keys. Acta Informatica, 4:1-9.

Fisher, R. (1936). The case of multiple measurements in taxonomic problems. Annals of
Eugenics, 7, part I1:179-188.

Fitzmaurice, G. and Hand, D. (1987). A comparison of two average conditional error rate
estimators. Pattern Recognition Letters, 6:221-224.

Fix, E. and Hodges, J. (1951). Discriminatory analysis. Nonparametric discrimination:
Consistency properties. Technical Report 4, Project Number 21-49-004, USAF School
of Aviation Medicine, Randolph Field, TX.

Fix, E. and Hodges, J. (1952). Discriminatory analysis: small sample performance. Tech-
nical Report 21-49-004, USAF School of Aviation Medicine, Randolph Field, TX.

Fix, E. and Hodges, J. (1991a). Discriminatory analysis, nonparametric discrimination, con-
sistency properties. In Nearest Neighbor Pattern Classification Techniques, Dasarathy,
B., editor, pages 32-39. IEEE Computer Society Press, Los Alamitos, CA.

Fix, E. and Hodges, J. (1991b). Discriminatory analysis: small sample performance. In
Nearest Neighbor Pattern Classification Techniques, Dasarathy, B., editor, pages 40—
56. IEEE Computer Society Press, Los Alamitos, CA.

Flick, T., Jones, L., Priest, R., and Herman, C. (1990). Pattern classification using protection
pursuit. Pattern Recognition, 23:1367—1376.

Forney, G. (1968). Exponential error bounds for erasure, list, and decision feedback
schemes. IEEE Transactions on Information Theory, 14:41-46.

Friedman, J. (1977). A recursive partitioning decision rule for nonparametric classification.
IEEE Transactions on Computers, 26:404—408.



602 References

Friedman, J., Baskett, F., and Shustek, L. (1975). An algorithm for finding nearest neighbor.
IEEE Transactions on Computers, 24:1000-1006.

Friedman, J., Bentley, J., and Finkel, R. (1977). An algorithm for finding best matches in
logarithmic expected time. ACM Transactions on Mathematical Software, 3:209-226.

Friedman, J. and Silverman, B. (1989). Flexible parsimonious smoothing and additive mod-
eling. Technometrics, 31:3-39.

Friedman, J. and Stuetzle, W. (1981). Projection pursuit regression. Journal of the American
Statistical Association, 76:817-823.

Friedman, J., Stuetzle, W., and Schroeder, A. (1984). Projection pursuit density estimation.
Journal of the American Statistical Association, 79:599-608.

Friedman, J. and Tukey, J. (1974). A projection pursuit algorithm for exploratory data
analysis. IEEE Transactions on Computers, 23:881-889.

Fritz, J. and Gyorfi, L. (1976). On the minimization of classification error probability in
statistical pattern recognition. Problems of Control and Information Theory, 5:371-382.

Fu,K., Min, P.,and Li, T. (1970). Feature selection in pattern recognition. IEEE Transactions
on Systems Science and Cybernetics, 6:33-39.

Fuchs, H., Abram, G., and Grant, E. (1983). Near real-time shaded display of rigid objects.
Computer Graphics, 17:65-72.

Fuchs, H., Kedem, Z., and Naylor, B. (1980). On visible surface generation by a priori
tree structures. In Proceedings SSIGGRAPH ’ 80, pages 124—133. Published as Computer
Graphics, volume 14.

Fukunaga, K. and Flick, T. (1984). An optimal global nearest neighbor metric. I[EEE Trans-
actions on Pattern Analysis and Machine Intelligence, 6:314-318.

Fukunaga, K. and Hostetler, L. (1973). Optimization of k-nearest neighbor density estimates.
IEEE Transactions on Information Theory, 19:320-326.

Fukunaga, K. and Hummels, D. (1987). Bayes error estimation using Parzen and k-NN
procedures. IEEE Transactions on Pattern Analysis and Machine Intelligence, 9:634—
643.

Fukunaga, K. and Kessel, D. (1971). Estimation of classification error. IEEE Transactions
on Computers, 20:1521-1527.

Fukunaga, K. and Kessel, D. (1973). Nonparametric Bayes error estimation using unclas-
sified samples. IEEE Transactions Information Theory, 19:434-440.

Fukunaga, K. and Mantock, J. (1984). Nonparametric data reduction. [EEE Transactions
on Pattern Analysis and Machine Intelligence, 6:115-118.

Fukunaga, K. and Narendra, P. (1975). A branch and bound algorithm for computing k-
nearest neighbors. IEEE Transactions on Computers, 24:750~753.

Funahashi, K. (1989). On the approximate realization of continuous mappings by neural
networks. Neural Networks, 2:183-192.

Gabor, D. (1961). A universal nonlinear filter, predictor, and simulator which optimizes
itself. Proceedings of the Institute of Electrical Engineers, 108B:422-438.

Gabriel, K. and Sokal, R. (1969). A new statistical approach to geographic variation analysis.
Systematic Zoology, 18:259-278.

Gaenssler, P. (1983). Empirical processes. Lecture Notes—Monograph Series, Institute of
Mathematical Statistics, Hayward, CA.

Gaenssler, P. and Stute, W. (1979). Empirical processes: A survey of results for independent
identically distributed random variables. Annals of Probability, 7:193-243.

Gallant, A. (1987). Nonlinear Statistical Models. John Wiley, New York.



References 603

Ganesalingam, S. and McLachlan, G. (1980). Error rate estimation on the basis of posterior
probabilities. Pattern Recognition, 12:405-413.

Garnett, J. and Yau, S. (1977). Nonparametric estimation of the Bayes error of feature extrac-
tors using ordered nearest neighbour sets. IEEE Transactions on Computers, 26:46-54.

Gates, G. (1972). The reduced nearest neighbor rule. IEEE Transactions on Information
Theory, 18:431-433.

Gelfand, S. and Delp, E. (1991). On tree structured classifiers. In Artificial Neural Networks
and Statistical Pattern Recognition, Old and New Connections, Sethi, 1. and Jain, A.,
editors, pages 71-88. Elsevier Science Publishers, Amsterdam.

Gelfand, S., Ravishankar, C., and Delp, E. (1989). An iterative growing and pruning al-
gorithm for classification tree design. In Proceedings of the 1989 IEEE International
Conference on Systems, Man, and Cybernetics, pages 818-823. IEEE Press, Piscataway,
NJ.

Gelfand, S., Ravishankar, C., and Delp, E. (1991). An iterative growing and pruning algo-
rithm for classification tree design. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 13:163-174.

Geman, S. and Hwang, C. (1982). Nonparametric maximum likelihood estimation by the
method of sieves. Annals of Statistics, 10:401-414.

Gessaman, M. (1970). A consistent nonparametric multivariate density estimator based on
statistically equivalent blocks. Annals of Mathematical Statistics, 41:1344-1346.

Gessaman, M. and Gessaman, P. (1972). A comparison of some multivariate discrimination
procedures. Journal of the American Statistical Association, 67.468-472.

Geva, S. and Sitte, J. (1991). Adaptive nearest neighbor pattern classification. IEEE Trans-
actions on Neural Networks, 2:318-322.

Giné, E. and Zinn, J. (1984). Some limit theorems for empirical processes. Annals of Prob-
ability, 12:929-989.

Glick, N. (1973). Sample-based multinomial classification. Biometrics, 29:241-256.

Glick, N. (1976). Sample-based classification procedures related to empiric distributions.
IEEE Transactions on Information Theory, 22:454-461.

Glick, N. (1978). Additive estimators for probabilities of correct classification. Pattern
Recognition, 10:211-222.

Goldberg, P. and Jerrum, M. (1993). Bounding the Vapnik-Chervonenkis dimension of
concept classes parametrized by real numbers. In Proceedings of the Sixth ACM Work-
shop on Computational Learning Theory, pages 361-369. Association for Computing
Machinery, New York.

Goldstein, M. (1977). A two-group classification procedure for multivariate dichotomous
responses. Multivariate Behavorial Research, 12:335-346.

Goldstein, M. and Dillon, W. (1978). Discrete Discriminant Analysis. John Wiley, New
York.

Golea, M. and Marchand, M. (1990). A growth algorithm for neural network decision trees.
Europhysics Letters, 12:205-210.

Goodman, R. and Smyth, P. (1988). Decision tree design from a communication theory
viewpoint. IEEE Transactions on Information Theory, 34:979-994.

Gordon, L. and Olshen, R. (1984). Almost surely consistent nonparametric regression from
recursive partitioning schemes. Journal of Multivariate Analysis, 15:147-163.

Gordon, L. and Olshen, R. (1978). Asymptotically efficient solutions to the classification
problem. Annals of Statistics, 6:515-533.



604 References

Gordon, L. and Olshen, R. (1980). Consistent nonparametric regression from recursive
partitioning schemes. Journal of Multivariate Analysis, 10:611-627.

Gowda, K. and Krishna, G. (1979). The condensed nearest neighbor rule using the concept of
mutual nearest neighborhood. IEEE Transactions on Information Theory, 25:488-490.

Greblicki, W. (1974). Asymptotically optimal probabilistic algorithms for pattern recogni-
tion and identification. Technical Report, Monografie No. 3, Prace Naukowe Instytutu
Cybernetyki Technicznej Politechniki Wroclawsjiej No. 18, Wroclaw, Poland.

Greblicki, W. (1978a). Asymptotically optimal pattern recognition procedures with density
estimates. JEEE Transactions on Information Theory, 24:250-251.

Greblicki, W. (1978b). Pattern recognition procedures with nonparametric density estimates.
IEEE Transactions on Systems, Man and Cybernetics, 8:309-812.

Greblicki, W. (1981). Asymptotic efficiency of classifying procedures using the Hermite
series estimate of multivariate probability densities. IEEE Transactions on Information
Theory, 27:364-366.

Greblicki, W., Krzyzak, A., and Pawlak, M. (1984). Distribution-free pointwise consistency
of kernel regression estimate. Annals of Statistics, 12:1570-1575.

Greblicki, W. and Pawlak, M. (1981). Classification using the Fourier series estimate of
multivariate density functions. IEEE Transactions on Systems, Man and Cybernetics,
11:726-730.

Greblicki, W. and Pawlak, M. (1982). A classification procedure using the multiple Fourier
series. Information Sciences, 26:115-126.

Greblicki, W. and Pawlak, M. (1983). Almost sure convergence of classification procedures
using Hermite series density estimates. Pattern Recognition Letters, 2:13-17.

Greblicki, W. and Pawlak, M. (1985). Pointwise consistency of the Hermite series density
estimate. Statistics and Probability Letters, 3:65-69.

Greblicki, W. and Pawlak, M. (1987). Necessary and sufficient conditions for Bayes risk
consistency of a recursive kernel classification rule. IEEE Transactions on Information
Theory, 33:408-412.

Grenander, U. (1981). Abstract Inference. John Wiley, New York.

Grimmett, G. and Stirzaker, D. (1992). Probability and Random Processes. Oxford Univer-
sity Press, Oxford.

Guo, H. and Gelfand, S. (1992). Classification trees with neural network feature extraction.
IEEE Transactions on Neural Networks, 3:923-933.

Gyorfi, L. (1975). An upper bound of error probabilities for multihypothesis testing and
its application in adaptive pattern recognition. Problems of Control and Information
Theory, 5:449-457.

Gyorfi, L. (1978). On the rate of convergence of nearest neighbor rules. IEEE Transactions
on Information Theory, 29:509-512.

Gyorfi, L. (1981). Recent results on nonparametric regression estimate and multiple clas-
sification. Problems of Control and Information Theory, 10:43-52.

Gyorfi, L. (1984). Adaptive linear procedures under general conditions. IEEE Transactions
on Information Theory, 30:262-267.

Gyorfi, L. and Gyorfi, Z. (1975). On the nonparametric estimate of a posteriori probabilities
of simple statistical hypotheses. In Colloquia Mathematica Societatis Janos Bolyai:
Topics in Information Theory, pages 299-308. Keszthely, Hungary.

Gyorfi, L. and Gyorfi, Z. (1978). An upper bound on the asymptotic error probability of the

k-nearest neighbor rule for muitiple classes. IEEE Transactions on Information Theory,
24:512-514.



References 605

Gyorfi, L., Gyorfi, Z., and Vajda, 1. (1978). Bayesian decision with rejection. Problems of
Control and Information Theory, 8:445-452.

Gyorfi, L. and Vajda, I. (1980). Upper bound on the error probability of detection in non-
gaussian noise. Problems of Control and Information Theory, 9:215-224.

Haagerup, U. (1978). Les meilleures constantes de 1'inégalite de Khintchine. Comptes
Rendus de I’ Académie des Sciences de Paris A, 286:259-262.

Habbema, J., Hermans, J., and van den Broek, K. (1974). A stepwise discriminant analysis
program using density estimation. In COMPSTAT 1974, Bruckmann, G., editor, pages
101-110. Physica Verlag, Wien.

Hagerup, T. and Riib, C. (1990). A guided tour of Chernoff bounds. Information Processing
Letters, 33:305-308.

Hall, P. (1981). On nonparametric multivariate binary discrimination. Biometrika, 68:287—
294,

Hall, P. (1989). On projection pursuit regression. Annals of Statistics, 17:573-588.

Hall, P. and Wand, M. (1988). On nonparametric discrimination using density differences.
Biometrika, 75:541-547.

Hand, D. (1981). Discrimination and Classification. John Wiley, Chichester, UK.

Hand, D. (1986). Recent advances in error rate estimation. Pattern Recognition Letters,
4:335-346.

Hirdle, W. and Marron, J. (1985). Optimal bandwidth selection in nonparametric regression
function estimation. Annals of Statistics, 13:1465-1481.

Hart, P. (1968). The condensed nearest neighbor rule. IEEE Transactions on Information
Theory, 14:515-516.

Hartigan, J. (1975). Clustering Algorithms. John Wiley, New York.

Hartmann, C., Varshney, P., Mehrotra, K., and Gerberich, C. (1982). Application of in-
formation theory to the construction of efficient decision trees. [EEE Transactions on
Information Theory, 28:565-577.

Hashlamoun, W., Varshney, P., and Samarasooriya, V. (1994). A tight upper bound on
the Bayesian probability of error. I[EEE Transactions on Pattern Analysis and Machine
Intelligence, 16:220-224.

Hastie, T. and Tibshirani, R. (1990). Generalized Additive Models. Chapman and Hall,
London, UK.

Haussler, D. (1991). Sphere packing numbers for subsets of the boolean n-cube with
bounded Vapnik-Chervonenkis dimension. Technical Report, Computer Research Lab-
oratory, University of California, Santa Cruz.

Haussler, D. (1992). Decision theoretic generalizations of the PAC model for neural net and
other learning applications. Information and Computation, 100:78-150.

Haussler, D., Littlestone, N., and Warmuth, M. (1988). Predicting {0, 1} functions from
randomly drawn points. In Proceedings of the 29th IEEE Symposium on the Foundations
of Computer Science, pages 100-109. IEEE Computer Society Press, Los Alamitos, CA.

Hecht-Nielsen, R. (1987). Kolmogorov’s mapping network existence theorem. In /EEE
First International Conference on Neural Networks, volume 3, pages 11-13. IEEE,
Piscataway, NJ.

Hellman, M. (1970). The nearest neighbor classification rule with a reject option. IEEE
Transactions on Systems, Man and Cybernetics, 2:179-185.

Henrichon, E. and Fu, K. (1969). A nonparametric partitioning procedure for pattern clas-
sification. IEEE Transactions on Computers, 18:614-624.



606 References

Hertz, J., Krogh, A., and Palmer, R. (1991). Introduction to the Theory of Neural Compu-
tation. Addison-Wesley, Redwood City, CA.

Hills, M. (1966). Allocation rules and their error rates. Journal of the Royal Statistical
Society, B28:1-31.

Hjort, N. (1986a). Contribution to the discussion of a paper by P. Diaconis and Freeman.
Annals of Statistics, 14:49-55.

Hjort, N. (1986b). Notes on the theory of statistical symbol recognition. Technical Report
778, Norwegian Computing Centre, Oslo.

Hoeffding, W. (1963). Probability inequalities for sums of bounded random variables. Jour-
nal of the American Statistical Association, 58:13-30.

Holmstrom, L. and Klemeld, J. (1992). Asymptotic bounds for the expected /; error of a
multivariate kernel density estimator. Journal of Multivariate Analysis, 40:245-255.
Hora, S. and Wilcox, J. (1982). Estimation of error rates in several-population discriminant

analysis. Journal of Marketing Research, 19:57-61.

Horibe, Y. (1970). On zero error probability of binary decisions. IEEE Transactions on
Information Theory, 16:347-348.

Horne, B. and Hush, D. (1990). On the optimality of the sigmoid perceptron. In International
Joint Conference on Neural Networks, volume 1, pages 269-272. Lawrence Erlbaum
Associates, Hillsdale, NJ.

Hornik, K. (1991). Approximation capabilities of multilayer feedforward networks. Neural
Networks, 4:251-257.

Homik, K. (1993). Some new results on neural network approximation. Neural Networks,
6:1069-1072.

Homik, K., Stinchcombe, M., and White, H. (1989). Multi-layer feedforward networks are
universal approximators. Neural Networks, 2:359-366.

Huber, P. (1985). Projection pursuit. Annals of Statistics, 13:435-525.

Hudimoto, H. (1957). A note on the probability of the correct classification when the
distributions are not specified. Annals of the Institute of Statistical Mathematics, 9:31—
36.

Ito, T. (1969). Note on a class of statistical recognition functions. IEEE Transactions on
Computers, C-18:76-79.

Ito, T. (1972). Approximate error bounds in pattern recognition. In Machine Intelligence,
Meltzer, B. and Mitchie, D, editors, pages 369-376. Edinburgh University Press, Edin-
burgh.

Ivakhnenko, A. (1968). The group method of data handling—a rival of the method of
stochastic approximation. Soviet Automatic Control, 1:43-55.

Ivakhnenko, A. (1971). Polynomial theory of complex systems. IEEE Transactions on
Systems, Man, and Cybernetics, 1:364-378.

Ivakhnenko, A., Konovalenko, V., Tulupchuk, Y., and Tymchenko, I. (1968). The group
method of data handling in pattern recognition and decision problems. Soviet Automatic
Control, 1:31-41.

Ivakhnenko, A., Petrache, G., and Krasyts’kyy, M. (1968). A GMDH algorithm with random
selection of pairs. Soviet Automatic Control, 5:23-30.

Jain, A., Dubes, R., and Chen, C. (1987). Bootstrap techniques for error estimation. JEEE
Transactions on Pattern Analysis and Machine Intelligence, 9:628-633.

Jeffreys, H. (1948). Theory of Probability. Clarendon Press, Oxford.

Johnson, D. and Preparata, F. (1978). The densest hemisphere problem. Theoretical Com-
puter Science, 6:93-107.



References 607

Kirkova, V. (1992). Kolmogorov’s theorem and multilayer neural networks. Neural Net-
works, 5:501-506.

Kailath, T. (1967). The divergence and Bhattacharyya distance measures in signal detection.
IEEE Transactions on Communication Technology, 15:52-60.

Kanal, L. (1974). Patterns in pattern recognition. IEEE Transactions on Information Theory,
20:697-722.

Kaplan, M. (1985). The uses of spatial coherence in ray tracing. SIGGRAPH ’85 Course
Notes, 11:22-26.

Karlin, A. (1968). Total Positivity, Volume 1. Stanford University Press, Stanford, CA.

Karp, R. (1988). Probabilistic Analysis of Algorithms. Class Notes, University of California,
Berkeley.

Karpinski, M. and Macintyre, A. (1994). Quadratic bounds for vc dimension of sigmoidal
neural networks. Submitted to the ACM Symposium on Theory of Computing.

Kazmierczak, H. and Steinbuch, K. (1963). Adaptive systems in pattern recognition. IEEE
Transactions on Electronic Computers, 12:822—-835.

Kemp, R. (1984). Fundamentals of the Average Case Analysis of Particular Algorithms.
B.G. Teubner, Stuttgart.

Kemperman, J. (1969). On the optimum rate of transmitting information. In Probability and
Information Theory, pages 126-169. Springer Lecture Notes in Mathematics, Springer-
Verlag, Berlin.

Kiefer, J. and Wolfowitz, J. (1952). Stochastic estimation of the maximum of a regression
function. Annals of Mathematical Statistics, 23:462—-466.

Kim, B. and Park, S. (1986). A fast k-nearest neighbor finding algorithm based on the
ordered partition. JEEE Transactions on Pattern Analysis and Machine Intelligence,
8:761-766.

Kittler, J. and Devijver, P. (1981). An efficient estimator of pattern recognition system error
probability. Pattern Recognition, 13:245-249.

Knoke, J. (1986). The robust estimation of classification error rates. Computers and Math-
ematics with Applications, 12A:253-260.

Kohonen, T. (1988). Self-Organization and Associative Memory. Springer-Verlag, Berlin.

Kohonen, T. (1990). Statistical pattern recognition revisited. In Advanced Neural Comput-
ers, Eckmiller, R., editor, pages 137-144. North-Holland, Amsterdam.

Kolmogorov, A. (1957). On the representation of continuous functions of many variables by
superposition of continuous functions of one variable and addition. Doklady Akademii
Nauk USSR, 114:953-956.

Kolmogorov, A. and Tikhomirov, V. (1961). e-entropy and e-capacity of sets in function
spaces. Translations of the American Mathematical Society, 17:277-364.

Koutsougeras, C. and Papachristou, C. (1989). Training of a neural network for pattern
classification based on an entropy measure. In Proceedings of IEEE International Con-
ference on Neural Networks, volume 1, pages 247-254. IEEE San Diego Section, San
Diego, CA.

Kraaijveld, M. and Duin, R. (1991). Generalization capabilities of minimal kernel-based
methods. In International Joint Conference on Neural Networks, volume 1, pages 843—
848. Piscataway, NIJ.

Kronmal, R. and Tarter, M. (1968). The estimation of probability densities and cumulatives
by Fourier series methods. Journal of the American Statistical Association, 63:925-952.

Krzanowski, W. (1987). A comparison between two distance-based discriminant principles.
Journal of Classification, 4:73-84.



608 References ‘

Krzyzak, A. (1983). Classification procedures using multivariate variable kernel density
estimate. Pattern Recognition Letters, 1:293-298.

Krzyzak, A. (1986). The rates of convergence of kernel regression estimates and classifica-
tion rules. IEEE Transactions on Information Theory, 32:668-679.

Krzyzak, A. (1991). On exponential bounds on the bayes risk of the kernel classification
rule. IEEE Transactions on Information Theory, 37:490-499.

Krzyzak, A., Linder, T., and Lugosi, G. (1993). Nonparametric estimation and classification
using radial basis function nets and empirical risk minimization. IEEE Transactions on
Neural Networks. To appear.

Krzyzak, A. and Pawlak, M. (1983). Universal consistency results for Wolverton-Wagner
regression function estimate with application in discrimination. Problems of Control and
Information Theory, 12:33-42.

Krzyzak, A. and Pawlak, M. (1984a). Almost everywhere convergence of recursive kernel
regression function estimates. IEEE Transactions on Information Theory, 31:91-93.

Krzyzak, A. and Pawlak, M. (1984b). Distribution-free consistency of a nonparametric
kernel regression estimate and classification. IEEE Transactions on Information Theory,
30:78-81.

Kulkarni, S. (1991). Problems of computational and information complexity in machine
vision and learning. PhD Thesis, Department of Electrical Engineering and Computer
Science, MIT, Cambridge, MA.

Kullback, S. (1967). A lower bound for discrimination information in terms of variation.
IEEE Transactions on Information Theory, 13:126~1217.

Kullback, S. and Leibler, A. (1951). On information and sufficiency. Annals of Mathematical
Statistics, 22:79-86.

Kushner, H. (1984). Approximation and Weak Convergence Methods for Random Processes
with Applications to Stochastic Systems Theory. MIT Press, Cambridge, MA.

Lachenbruch, P. (1967). An almost unbiased method of obtaining confidence intervals for
the probability of misclassification in discriminant analysis. Biometrics, 23:639-645.

Lachenbruch, P. and Mickey, M. (1968). Estimation of error rates in discriminant analysis.
Technometrics, 10:1-11.

LeCam, L. (1970). On the assumptions used to prove asymptotic normality of maximum
likelihood estimates. Annals of Mathematical Statistics, 41:802-828.

LeCam, L. (1973). Convergence of estimates under dimensionality restrictions. Anrals of
Statistics, 1:38-53.

Li, X. and Dubes, R. (1986). Tree classifier design with a permutation statistic. Pattern
Recognition, 19:229-235.

Lin, Y. and Fu, K. (1983). Automatic classification of cervical cells using a binary tree
classifier. Pattern Recognition, 16:69-80.

Linde, Y., Buzo, A., and Gray, R. (1980). An algorithm for vector quantizer design. I[EEE
Transactions on Communications, 28:84-95.

Linder, T., Lugosi, G., and Zeger, K. (1994). Rates of convergence in the source coding theo-
rem, empirical quantizer design, and universal lossy source coding. IEEE Transactions
on Information Theory, 40:1728-1740.

Lissack, T. and Fu, K. (1976). Error estimation in pattern recognition via [* distance between
posterior density functions. JEEE Transactions on Information Theory, 22:34-45.

Ljung, L., Pflug, G., and Walk, H. (1992). Stochastic Approximation and Optimization of
Random Systems. Birkhduser, Basel, Boston, Berlin.



References 609

Lloyd, S. (1982). Least squares quantization in pcM. IEEE Transactions on Information
Theory, 28:129-137.

Loftsgaarden, D. and Quesenberry, C. (1965). A nonparametric estimate of a multivariate
density function. Annals of Mathematical Statistics, 36:1049-1051.

Logan, B. (1975). The uncertainty principle in reconstructing functions from projections.
Duke Mathematical Journal, 42:661-706.

Logan, B. and Shepp, L. (1975). Optimal reconstruction of a function from its projections.
Duke Mathematical Journal, 42:645-660.

Loh, W. and Vanichsetakul, N. (1988). Tree-structured classification via generalized dis-
criminant analysis. Journal of the American Statistical Association, 83:715-728.

Loizou, G. and Maybank, S. (1987). The nearest neighbor and the Bayes error rates. IEEE
Transactions on Pattern Analysis and Machine Intelligence, 9:254-262.

Lorentz, G. (1976). The thirteenth problem of Hilbert. In Proceedings of Symposia in Pure
Mathematics, volume 28, pages 419-430. Providence, RI.

Lugosi, G. (1992). Learning with an unreliable teacher. Pattern Recognition, 25:79-87.

Lugosi, G. and Nobel, A. (1996). Consistency of data-driven histogram methods for density
estimation and classification. Annals of Statistics, 24:687-706.

Lugosi, G. and Pawlak, M. (1994). On the posterior-probability estimate of the error rate of
nonparametric classification rules. IEEE Transactions on Information Theory, 40:475—
481.

Lugosi, G. and Zeger, K. (1995). Nonparametric estimation via empirical risk minimization.
IEEE Transactions on Information Theory, 41:677-678.

Lugosi, G. and Zeger, K. (1996). Concept learning using complexity regularization. IEEE
Transactions on Information Theory, 42:48-54.

Lukécs, E. and Laha, R. (1964). Applications of Characteristic Functions in Probability
Theory. Griffin, London.

Lunts, A. and Brailovsky, V. (1967). Evaluation of attributes obtained in statistical decision
rules. Engineering Cybernetics, 3:98-109.

Maass, W. (1993). Bounds for the computational power and learning complexity of ana-
log neural nets. In Proceedings of the 25th Annual ACM Symposium on the Theory of
Computing, pages 335-344. Association of Computing Machinery, New York.

Maass, W. (1994). Neural nets with superlinear vc-dimension. Neural Computation, 6:875—
882.

Macintyre, A. and Sontag, E. (1993). Finiteness results for sigmoidal “neural” networks.
In Proceedings of the 25th Annual ACM Symposium on the Theory of Computing, pages
325-334. Association of Computing Machinery, New York.

Mack, Y. (1981). Local properties of k—nearest neighbor regression estimates. SIAM Journal
on Algebraic and Discrete Methods, 2:311-323.

Mahalanobis, P. (1936). On the generalized distance in statistics. Proceedings of the National
Institute of Sciences of India, 2:49-55.

Mabhalanobis, P. (1961). A method of fractile graphical analysis. Sankhya Series A, 23:41—
64.

Marron, J. (1983). Optimal rates of convergence to Bayes risk in nonparametric discrimi-
nation. Annals of Statistics, 11:1142-1155.

Massart, P. (1983). Vitesse de convergence dans le theoréme de la limite centrale pour le
processus empirique. PhD Thesis, Université Paris-Sud, Orsay, France.

Massart, P. (1990). The tight constant in the Dvoretzky-Kiefer-Wolfowitz inequality. Annals
of Probability, 18:1269-1283.



610 References

Mathai, A. and Rathie, P. (1975). Basic Concepts in Information Theory and Statistics.
Wiley Eastern Ltd., New Delhi.

Matloff, N. and Pruitt, R. (1984). The asymptotic distribution of an estimator of the bayes
error rate. Pattern Recognition Letters, 2:271-274.

Matula, D. and Sokal, R. (1980). Properties of Gabriel graphs relevant to geographic varia-
tion research and the clustering of points in the plane. Geographical Analysis, 12:205—
222.

Matushita, K. (1956). Decisionrule, based ondistance, for the classification problem. Annals
of the Institute of Statistical Mathematics, 8:67-77.

Matushita, K. (1973). Discrimination and the affinity of distributions. In Discriminant Anal-
ysis and Applications, Cacoullos, T., editor, pages 213-223. Academic Press, New York.

Max, J. (1960). Quantizing for minimum distortion. IEEE Transactions on Information
Theory, 6:7-12.

McDiarmid, C. (1989). On the method of bounded differences. In Surveys in Combinatorics
1989, pages 148-188. Cambridge University Press, Cambridge.

McLachlan, G. (1976). The bias of the apparent error rate in discriminant analysis.
Biometrika, 63:239-244.

McLachlan, G. (1992). Discriminant Analysis and Statistical Pattern Recognition. John
Wiley, New York.

Meisel, W. (1969). Potential functions in mathematical pattern recognition. /JEEE Transac-
tions on Computers, 18:911-918.

Meisel, W. (1972). Computer Oriented Approaches to Pattern Recognition. Academic Press,
New York.

Meisel, W. (1990). Parsimony in neural networks. In International Conference on Neural
Networks, pages 443446, Lawrence Erlbaum Associates, Hillsdale, NJ.

Meisel, W. and Michalopoulos, D. (1973). A partitioning algorithm with application in
pattern classification and the optimization of decision tree. IEEE Transactions on Com-
puters, 22:93-103.

Michel-Briand, C. and Milhaud, X. (1994). Asymptotic behavior of the AID method. Tech-
nical Report, Université Montpellier 2, Montpellier.

Mielniczuk, J. and Tyrcha, J. (1993). Consistency of multilayer perceptron regression esti-
mators. Neural Networks, To appear.

Minsky, M. (1961). Steps towards artificial intelligence. In Proceedings of the IRE, vol-
ume 49, pages 8-30.

Minsky, M. and Papert, S. (1969). Perceptrons: An Introduction to Computational Geometry.
MIT Press, Cambridge, MA.

Mitchell, A. and Krzanowski, W. (1985). The Mahalanobis distance and elliptic distribu-
tions. Biometrika, 72:464-467.

Mizoguchi, R., Kizawa, M., and Shimura, M. (1977). Piecewise linear discriminant func-
tions in pattern recognition. Systems-Computers-Controls, 8:114-121.

Moody, J. and Darken, J. (1989). Fast learning in networks of locally-tuned processing
units. Neural Computation, 1:281-294.

Moore, D., Whitsitt, S., and Landgrebe, D. (1976). Variance comparisons for unbiased
estimators of probability of correct classification. IEEE Transactions on Information
Theory, 22:102-105.

Morgan, J. and Sonquist, J. (1963). Problems in the analysis of survey data, and a proposal.
Journal of the American Statistical Association, 58:415-434.



References 611

Mui, 1. and Fu, K. (1980). Automated classification of nucleated blood cells using a binary
tree classifier. IEEE Transactions on Pattern Analysis and Machine Intelligence, 2:429~
443,

Myles, J. and Hand, D. (1990). The multi-class metric problem in nearest neighbour dis-
crimination rules. Pattern Recognition, 23:1291-1297.

Nadaraya, E. (1964). On estimating regression. Theory of Probability and its Applications,
9:141-142.

Nadaraya, E. (1970). Remarks on nonparametric estimates for density functions and regres-
sion curves. Theory of Probability and its Applications, 15:134-137.

Narendra, P. and Fukunaga, K. (1977). A branch and bound algorithm for feature subset
selection. IEEE Transactions on Computers, 26:917-922.

Natarajan, B. (1991). Machine Learning: A Theoretical Approach. Morgan Kaufmann, San
Mateo, CA.

Nevelson, M. and Khasminskii, R. (1973). Stochastic Approximation and Recursive Es-
timation. Translations of Mathematical Monographs, Vol. 47. American Mathematical
Society, Providence, RI.

Niemann, H. and Goppert, R. (1988). An efficient branch-and-bound nearest neighbour
classifier. Pattern Recognition Letters, 7.67-72.

Nilsson, N. (1965). Learning Machines: Foundations of Trainable Pattern Classifying Sys-
tems. McGraw-Hill, New York.

Nishizeki, T. and Chiba, N. (1988). Planar Graphs: Theory and Algorithms. North Holland,
Amsterdam.

Nobel, A. (1994). Histogram regression estimates using data-dependent partitions. Techni-
cal Report, Beckman Institute, University of Illinois, Urbana-Champaign.

Nobel, A. (1992). On uniform laws of averages. PhD Thesis, Department of Statistics,
Stanford University, Stanford, CA.

Nolan, D. and Pollard, D. (1987). U-processes: Rates of convergence. Annals of Statistics,
15:780-799.

Okamoto, M. (1958). Some inequalities relating to the partial sum of binomial probabilities.
Annals of the Institute of Statistical Mathematics, 10:29-35.

Olshen, R. (1977). Comments on a paper by C.J. Stone. Annals of Statistics, 5:632-633.

Ott, J. and Kronmal, R. (1976). Some classification procedures for multivariate binary data
using orthogonal functions. Journal of the American Statistical Association, 71:391-
399.

Papadimitriou, C. and Bentley, J. (1980). A worst-case analysis of nearest neighbor search-
ing by projection. In Automata, Languages and Programming 1980, pages 470-482.
Lecture Notes in Computer Science #85, Springer-Verlag, Berlin.

Park, J. and Sandberg, I. (1991). Universal approximation using radial-basis-function net-
works. Neural Computation, 3:246-257.

Park, J. and Sandberg, I. (1993). Approximation and radial-basis-function networks. Neural
Computation, 5:305-316.

Park, Y. and Sklansky, J. (1990). Automated demgn of linear tree classifiers. Pattern Recog-
nition, 23:1393-1412.

Parthasarathy, K. and Bhattacharya, P. (1961). Some limit theorems in regression theory.
Sankhya Series A, 23:91-102.

Parzen, E. (1962). On the estimation of a probability density function and the mode. Annals
of Mathematical Statistics, 33:1065-1076.



612 References

Patrick, E. (1966). Distribution-free minimum conditional risk learning systems. Technical
Report TR-EE-66-18, Purdue University, Lafayette, IN.

Patrick, E. and Fischer, F. (1970). A generalized k-nearest neighbor rule. Information and
Control, 16:128-152.

Patrick, E. and Fisher, F. (1967). Introduction to the performance of distribution-free
conditional risk learning systems. Technical Report TR-EE-67-12, Purdue University,
Lafayette, IN.

Pawlak, M. (1988). On the asymptotic properties of smoothed estimators of the classification
error rate. Pattern Recognition, 21:515-524.

Payne, H. and Meisel, W. (1977). An algorithm for constructing optimal binary decision
trees. IEEE Transactions on Computers, 26:905-916.

Pearl, J. (1979). Capacity and error estimates for boolean classifiers with limited complexity.
IEEE Transactions on Pattern Analysis and Machine Intelligence, 1:350-355.

Penrod, C. and Wagner, T. (1977). Another look at the edited nearest neighbor rule. JEEE
Transactions on Systems, Man and Cybernetics, 7:92-94.

Peterson, D. (1970). Some convergence properties of a nearest neighbor decision rule. [EEE
Transactions on Information Theory, 16:26-31.

Petrov, V. (1975). Sums of Independent Random Variables. Springer-Verlag, Berlin.

Pippenger, N. (1977). Information theory and the complexity of boolean functions. Math-
ematical Systems Theory, 10:124-162.

Poggio, T. and Girosi, F. (1990). A theory of networks for approximation and learning.
Proceedings of the IEEE, 78:1481-1497.

Pollard, D. (1981). Strong consistency of k-means clustering. Annals of Statistics, 9:135—
140.

Pollard, D. (1982). Quantization and the method of k-means. IEEE Transactions on Infor-
mation Theory, 28:199-205.

Pollard, D. (1984). Convergence of Stochastic Processes. Springer-Verlag, New York.

Pollard, D. (1986). Rates of uniform almost sure convergence for empirical processes in-
dexed by unbounded classes of functions. Manuscript.

Pollard, D. (1990). Empirical Processes: Theory and Applications. NSF-CBMS Regional
Conference Series in Probability and Statistics, Institute of Mathematical Statistics,
Hayward, CA.

Powell, M. (1987). Radial basis functions for multivariable interpolation: a review. Algo-
rithms for Approximation. Clarendon Press, Oxford.

Preparata, F. and Shamos, M. (1985). Computational Geometry—An Introduction. Springer-
Verlag, New York.

Psaltis, D., Snapp, R., and Venkatesh, S. (1994). On the finite sample performance of the
nearest neighbor classifier. IEEE Transactions on Information Theory, 40:820-837.

Qing-Yun, S. and Fu, K. (1983). A method for the design of binary tree classifiers. Pattern
Recognition, 16:593-603.

Quesenberry, C. and Gessaman, M. (1968). Nonparametric discrimination using tolerance
regions. Annals of Mathematical Statistics, 39:664-673.
Quinlan, J. (1993). C4.5: Programs for Machine Learning. Morgan Kaufmann, San Mateo.

Rabiner, L., Levinson, S., Rosenberg, A., and Wilson, J. (1979). Speaker-independent recog-
nition of isolated words using clustering techniques. IEEE Transactions on Acoustics,
Speech, and Signal Processing, 27:339-349.



References 613

Rao, R. (1962). Relations between weak and uniform convergence of measures with appli-
cations. Annals of Mathematical Statistics, 33:659-680.

Raudys, S. (1972). On the amount of a priori information in designing the classification
algorithm. Technical Cybernetics, 4:168—174.

Raudys, S. (1976). On dimensionality, learning sample size and complexity of classification
algorithms. In Proceedings of the 3rd International Conference on Pattern Recognition,
pages 166-169. IEEE Computer Society, Long Beach, CA.

Raudys, S. and Pikelis, V. (1980). On dimensionality, sample size, classification error, and
complexity of classification algorithm in pattern recognition. IEEE Transactions on
Pattern Analysis and Machine Intelligence, 2:242-252.

Raudys, S. and Pikelis, V. (1982). Collective selection of the best version of a pattern
recognition system. Pattern Recognition Letters, 1:7-13.

Rejtd, L. and Révész, P. (1973). Density estimation and pattern classification. Problems of
Control and Information Theory, 2:67-80.

Rényi, A. (1961). On measures of entropy and information. In Proceedings of the Fourth
Berkeley Symposium, pages 547-561. University of California Press, Berkeley.

Révész, P. (1973). Robbins-Monroe procedures in a Hilbert space and its application in the
theory of learning processes. Studia Scientiarium Mathematicarum Hungarica, 8:391—
398.

Ripley, B. (1993). Statistical aspects of neural networks. In Networks and Chaos—Statistical
and Probabilistic Aspects, Barndorff-Nielsen, O., Jensen, J., and Kendall, W., editors,
pages 40-123. Chapman and Hall, London, U.K.

Ripley, B. (1994). Neural networks and related methods for classification. Journal of the
Royal Statistical Society, 56:409-456.

Rissanen, J. (1983). A universal prior for integers and estimation by minimum description
length. Annals of Statistics, 11:416-431.

Ritter, G., Woodruff, H., Lowry, S., and Isenhour, T. (1975). An algorithm for a selective
nearest neighbor decision rule. IEEE Transactions on Information Theory, 21:665-669.

Robbins, H. and Monro, S. (1951). A stochastic approximation method. Annals of Mathe-
matical Statistics, 22:400-407.

Rogers, W. and Wagner, T. (1978). A finite sample distribution-free performance bound for
local discrimination rules. Annals of Statistics, 6:506-514.

Rosenblatt, F. (1962). Principles of Neurodynamics: Perceptrons and the Theory of Brain
Mechanisms. Spartan Books, Washington, DC.

Rosenblatt, M. (1956). Remarks on some nonparametric estimates of a density function.
Annals of Mathematical Statistics, 27:832-837.

Rounds, E. (1980). A combined nonparametric approach to feature selection and binary
decision tree design. Pattern Recognition, 12:313-317.

Royall, R. (1966). A Class of Nonparametric Estimators of a Smooth Regression Function.
PhD Thesis, Stanford University, Stanford, CA.

Rumelhart, D., Hinton, G., and Williams, R. (1986). Learning internal representations by er-
ror propagation. In Parallel Distributed Processing Vol. I, Rumelhart, D., J.L.McCelland,
and the PDP Research Group, editors. MIT Press, Cambridge, MA. Reprinted in: J.A.
Anderson and E. Rosenfeld, Neurocomputing—Foundations of Research, MIT Press,
Cambridge, MA., pp. 673-695, 1988.

Ruppert, D. (1991). Stochastic approximation. In Handbook of Sequential Analysis, Ghosh,
B. and Sen, P., editors, pages 503-529. Marcel Dekker, New York.



614 References

Samet, H. (1984). The quadtree and related hierarchical data structures. Computing Surveys,
16:187-260.

Samet, H. (1990a). Applications of Spatial Data Structures. Addison-Wesley, Reading, MA.

Samet, H. (1990b). The Design and Analysis of Spatial Data Structures. Addison-Wesley,
Reading, MA.

Sansone, G. (1969). Orthogonal Functions. Interscience, New York.

Sauer, N. (1972). On the density of families of sets. Journal of Combinatorial Theory Series
A, 13:145-147.

Scheffé, H. (1947). A useful convergence theorem for probability distributions. Annals of
Mathematical Statistics, 18:434-458.

Schiaffli, L. (1950). Gesammelte Mathematische Abhandlungen. Birkhiuser-Verlag, Basel.

Schmidt, W. (1994). Neural Pattern Classifying Systems. PhD Thesis, Technical University,
Delft, The Netherlands.

Schoenberg, 1. (1950). On Pélya frequency functions, II: variation-diminishing integral
operators of the convolution type. Acta Scientiarium Mathematicarum Szeged, 12:97—
106.

Schwartz, S. (1967). Estimation of probability density by an orthogonal series. Annals of
Mathematical Statistics, 38:1261-1265.

Schwemer, G. and Dunn, O. (1980). Posterior probability estimators in classification sim-
ulations. Communications in Statistics—Simulation, B9:133-140.

Sebestyen, G. (1962). Decision-Making Processes in Pattern Recognition. Macmillan, New
York.

Serfling, R. (1974). Probability inequalities for the sum in sampling without replacement.
Annals of Statistics, 2:39-48.

Sethi, I. (1981). A fast algorithm for recognizing nearest neighbors. IEEE Transactions on
Systems, Man and Cybernetics, 11:245-248.

Sethi, I. (1990). Entropy nets: from decision trees to neural nets. Proceedings of the IEEE,
78:1605-1613.

Sethi, I. (1991). Decision tree performance enhancement using an artificial neural network
interpretation. In Artificial Neural Networks and Statistical Pattern Recognition, Old
and New Connections, Sethi, 1. and Jain, A., editors, pages 71-88. Elsevier Science
Publishers, Amsterdam.

Sethi, I. and Chatterjee, B. (1977). Efficient decision tree design for discrete variable pattern
recognition problems. Pattern Recognition, 9:197-206.

Sethi, I. and Sarvarayudu, G. (1982). Hierarchical classifier design using mutual informa-
tion. /EEE Transactions on Pattern Analysis and Machine Intelligence, 4:441-445.

Shannon, C. (1948). A mathematical theory of communication. Bell Systems Technical
Journal, 27:379-423.

Shawe-Taylor, J. (1994). Sample sizes for sigmoidal neural networks. Technical Report,
Department of Computer Science, Royal Holloway, University of London, Egham, Eng-
land.

Shawe-Taylor, J., Anthony, M., and Biggs, N.L. (1993). Bounding sample size with the
Vapnik-Chervonenkis dimension. Discrete Applied Mathematics, 42:65~73.

Shiryayev, A. (1984). Probability. Springer-Verlag, New York.

Short, R. and Fukunaga, K. (1981). The optimal distance measure for nearest neighbor
classification. IEEE Transactions on Information Theory, 27:622-627.



References 615

Simon, H. (1991). The Vapnik-Chervonenkis dimension of decision trees with bounded
rank. Information Processing Letters, 39:137-141.

Simon, H. (1993). General lower bounds on the number of examples needed for learning
probabilistic concepts. In Proceedings of the Sixth Annual ACM Conference on Compu-
tational Learning Theory, pages 402-412. Association for Computing Machinery, New
York.

Sklansky, J. and Michelotti (1980). Locally trained piecewise linear classifiers. IEEE Trans-
actions on Pattern Analysis and Machine Intelligence, 2:101-111.

Sklansky, J. and Wassel, G. (1979). Pattern Classifiers and Trainable Machines. Springer-
Verlag, New York.

Slud, E. (1977). Distribution inequalities for the binomial law. Annals of Probability, 5:404—
412.

Specht, D. (1967). Generation of polynomial discriminant functions for pattern classifica-
tion. IEEE Transactions on Electronic Computers, 15:308-319.

Specht, D. (1971). Series estimation of a probability density function. Technometrics,
13:409-424.

Specht, D. (1990). Probabilistic neural networks and the polynomial Adaline as complemen-
tary techniques for classification. IEEE Transactions on Neural Networks, 1:111-121.

Spencer, J. (1987). Ten Lectures on the Probabilistic Method. SIAM, Philadelphia, PA.

Sprecher, D. (1965). On the structure of continuous functions of several variables. Trans-
actions of the American Mathematical Society, 115:340-355.

Steele, J. (1975). Combinatorial entropy and uniform limit laws. PhD Thesis, Stanford
University, Stanford, CA.

Steele, J. (1986). An Efron-Stein inequality for nonsymmetric statistics. Annals of Statistics,
14:753-758.

Stengle, G. and Yukich, J. (1989). Some new Vapnik-Chervonenkis classes. Annals of
Statistics, 17:1441-1446.

Stoffel, J. (1974). A classifier design technique for discrete variable pattern recognition
problems. IEEE Transactions on Computers, 23:428-441.

Stoller, D. (1954). Univariate two-population distribution-free discrimination. Journal of
the American Statistical Association, 49:770-777.

Stone, C. (1977). Consistent nonparametric regression. Annals of Statistics, 5:595-645.

Stone, C. (1982). Optimal global rates of convergence for nonparametric regression. Annals
of Statistics, 10:1040-1053.

Stone, C. (1985). Additive regression and other nonparametric models. Annals of Statistics,
13:689-705.

Stone, M. (1974). Cross-validatory choice and assessment of statistical predictions. Journal
of the Royal Statistical Society, 36:111-147.

Stute, W. (1984). Asymptotic normality of nearest neighbor regression function estimates.
Annals of Statistics, 12:917-926.

Sung, K. and Shirley, P. (1992). Ray tracing with the BSP tree. In Graphics Gems I, Kirk,
D., editor, pages 271-274. Academic Press, Boston, MA.

Swonger, C. (1972). Sample set condensation for a condensed nearest neighbor decision
rule for pattern recognition. In Frontiers of Pattern Recognition, Watanabe, S., editor,
pages 511-519. Academic Press, New York.

Szarek, S. (1976). On the best constants in the Khintchine inequality. Studia Mathematica,
63:197-208.



616 Referenceﬁs

Szegd, G. (1959). Orthogonal Polynomials, volume 32. American Mathematical Society,
Providence, RI.

Talagrand, M. (1987). The Glivenko-Cantelli problem. Annals of Probability, 15:837-870.

Talagrand, M. (1994). Sharper bounds for Gaussian and empirical processes. Annals of
Probability, 22:28-76.

Talmon, J. (1986). A multiclass nonparametric partitioning algorithm. In Pattern Recog-
nition in Practice I1, Gelsema, E. and Kanal, L., editors. Elsevier Science Publishers,
Amsterdam.

Taneja, I. (1983). On characterization of J-divergence and its generalizations. Journal of
Combinatorics, Information and System Sciences, 8:206-212.

Taneja, I. (1987). Statistical aspects of divergence measures. Journal of Statistical Planning
and Inference, 16:137-145.

Tarter, M. and Kronmal, R. (1970). On multivariate density estimates based on orthogonal
expansions. Annals of Mathematical Statistics, 41:718-722.

Tomek, I. (1976a). A generalization of the k-NN rule. [EEE Transactions on Systems, Man
and Cybernetics, 6:121-126.

Tomek, 1. (1976b). Two modifications of CNN. IEEE Transactions on Systems, Man and
Cybernetics, 6:769-772.

Toussaint, G. (1971). Note on optimal selection of independent binary-valued features for
pattern recognition. IEEE Transactions on Information Theory, 17:618.

Toussaint, G. (1974a). Bibliography on estimation of misclassification. I[EEE Transactions
on Information Theory, 20:472-479.

Toussaint, G. (1974b). On the divergence between two distributions and the probability of
misclassification of several decision rules. In Proceedings of the Second International
Joint Conference on Pattern Recognition, pages 27-34. Copenhagen.

Toussaint, G. and Donaldson, R. (1970). Algorithms for recognizing contour-traced hand-
printed characters. IEEE Transactions on Computers, 19:541-546.

Tsypkin, Y. (1971). Adaptation and Learning in Automatic Systems. Academic Press, New
York.

Tutz, G. (1985). Smoothed additive estimators for non-error rates in multiple discriminant
analysis. Pattern Recognition, 18:151-159.

Tutz, G. (1986). An alternative choice of smoothing for kernel-based density estimates in
discrete discriminant analysis. Biometrika, 73:405-411.

Tutz, G. (1988). Smoothing for discrete kernels in discrimination. Biometrics Journal,
6:729-739.

Tutz, G. (1989). On cross-validation for discrete kernel estimates in discrimination. Com-
munications in Statistics—Theory and Methods, 18:4145-4162.

Ullmann, J. (1974). Automatic selection of reference data for use in a nearest-neighbor
method of pattern classification. JEEE Transactions on Information Theory, 20:541—
543.

Vajda, L. (1968). The estimation of minimal error probability for testing finite or countable
number of hypotheses. Problemy Peredaci Informacii, 4:6-14.

Vajda, 1. (1989). Theory of Statistical Inference and Information. Kluwer Academic Pub-
lishers, Dordrecht.

Valiant, L. (1984). A theory of the learnable. Communications of the ACM, 27:1134-1142.

Van Campenhout, J. (1980). The arbitrary relation between probability of error and mea-
surement subset. Journal of the American Statistical Association, 75:104-109.



References 617

Van Ryzin, J. (1966). Bayes risk consistency of classification procedures using density
estimation. Sankhya Series A, 28:161-170.

Vapnik, V. (1982). Estimation of Dependencies Based on Empirical Data. Springer-Verlag,
New York. - .

Vapnik, V. and Chervonenkis, A. (1971). On the uniform convergence of relative frequencies
of events to their probabilities. Theory of Probability and its Applications, 16:264-280.

Vapnik, V. and Chervonenkis, A. (1974a). Ordered risk minimization. I. Automation and
Remote Control, 35:1226-1235.

Vapnik, V. and Chervonenkis, A. (1974b). Ordered risk minimization. Il. Automation and
Remote Control, 35:1403-1412.

Vapnik, V. and Chervonenkis, A. (1974c). Theory of Pattern Recognition. Nauka, Moscow.
(in Russian); German translation: Theorie der Zeichenerkennung, Akademie Verlag,
Berlin, 1979.

Vapnik, V. and Chervonenkis, A. (1981). Necessary and sufficient conditions for the uniform
convergence of means to their expectations. Theory of Probability and its Applications,
26:821-832.

Vidal, E. (1986). An algorithm for finding nearest neighbors in (approximately) constant
average time. Pattern Recognition Letters, 4:145-157.

Vilmansen, T. (1973). Feature evaluation with measures of probabilistic dependence. IEEE
Transactions on Computers, 22:381-388.

Vitushkin, A. (1961). The absolute e-entropy of metric spaces. Translations of the American
Mathematical Society, 17:365-367.

Wagner, T. (1971). Convergence of the nearest neighbor rule. IEEE Transactions on Infor-
mation Theory, 17:566-571.

Wagner, T. (1973). Convergence of the edited nearest neighbor. IEEE Transactions on
Information Theory, 19:696-699.

Wang, Q. and Suen, C. (1984). Analysis and design of decision tree based on entropy
reduction and its application to large character set recognition. /[EEE Transactions on
Pattern Analysis and Machine Intelligence, 6:406-417.

Warner, H., Toronto, A., Veasey, L., and Stephenson, R. (1961). A mathematical approach
to medical diagnosis. Journal of the American Medical Association, 177:177-183.

Wassel, G. and Sklansky, J. (1972). Training a one-dimensional classifier to minimize the
probability of error. IEEE Transactions on Systems, Man, and Cybernetics, 2:533-541.

Watson, G. (1964). Smooth regression analysis. Sankhya Series A, 26:359-372.

Weiss, S. and Kulikowski, C. (1991). Computer Systems that Learn. Morgan Kaufmann,
San Mateo, CA.

Wenocur, R. and Dudley, R. (1981). Some special Vapnik-Chervonenkis classes. Discrete
Mathematics, 33:313-318.

Wheeden, R. and Zygmund, A. (1977). Measure and Integral. Marcel Dekker, New York.

White, H. (1990). Connectionist nonparametric regression: multilayer feedforward net-
works can learn arbitrary mappings. Neural Networks, 3:535-549.

White, H. (1991). Nonparametric estimation of conditional quantiles using neural networks.
In Proceedings of the 23rd Symposium of the Interface: Computing Science and Statis-
tics, pages 190-199. American Statistical Association, Alexandria, VA.

Widrow, B. (1959). Adaptive sampled-data systems—a statistical theory of adaptation. In
IRE WESCON Convention Record, volume part 4, pages 74-85.



618 References

Widrow, B. and Hoff, M. (1960). Adaptive switching circuits. In IRE WESCON Convention
Record, volume part 4, pages 96-104. Reprinted in J.A. Anderson and E. Rosenfeld,
Neurocomputing: Foundations of Research, MIT Press, Cambridge, MA., 1988.

Wilson, D. (1972). Asymptotic properties of nearest neighbor rules using edited data. IEEE
Transactions on Systems, Man and Cybernetics, 2:408—421.

Winder, R. (1963). Threshold logic in artificial intelligence. In Artificial Intelligence, pages
107-128. IEEE Special Publication S-142.

Wolverton, C. and Wagner, T. (1969a). Asymptotically optimal discriminant functions for
pattern classification. IEEE Transactions on Systems, Science and Cybernetics, 15:258—
265.

Wolverton, C. and Wagner, T. (1969b). Recursive estimates of probability densities. IEEE
Transactions on Systems, Science and Cybernetics, 5:307.

Wong, W. and Shen, X. (1992). Probability inequalities for likelihood ratios and convergence
rates of sieve MLE’s. Technical Report 346, Department of Statistics, University of
Chicago, Chicago, IL.

Xu, L., Krzyzak, A., and Oja, E. (1993). Rival penalized competitive learning for clustering
analysis, RBF net and curve detection. IEEE Transactions on Neural Networks, 4:636—
649.

Xu, L., Krzyzak, A., and Yuille, A. (1994). On radial basis function nets and kernel regres-
sion: Approximation ability, convergence rate and receptive field size. Neural Networks.
To appear.

Yatracos, Y. (1985). Rates of convergence of minimum distance estimators and kol-
mogorov’s entropy. Annals of Statistics, 13:768-774.

Yau, S. and Lin, T. (1968). On the upper bound of the probability of error of a linear pattern
classifier for probabilistic pattern classes. Proceedings of the IEEE, 56:321-322.

You, K. and Fu, K. (1976). An approach to the design of a linear binary tree classifier. In
Proceedings of the Symposium of Machine Processing of Remotely Sensed Data, pages
3A-10. Purdue University, Lafayette, IN.

Yukich, J. (1985). Laws of large numbers for classes of functions. Journal of Multivariate
Analysis, 17:245-260.

Yunck, T. (1976). A technique to identify nearest neighbors. IEEE Transactions on Systems,
Man, and Cybernetics, 6.678—683.

Zhao, L. (1987). Exponential bounds of mean error for the nearest neighbor estimates of
regression functions. Journal of Multivariate Analysis, 21:168-178.

Zhao, L. (1989). Exponential bounds of mean error for the kernel estimates of regression
functions. Journal of Multivariate Analysis, 29:260~273.

Zhao, L., Krishnaiah, P., and Chen, X. (1990). Almost sure L,-norm convergence for data-
based histogram estimates. Theory of Probability and its Applications, 35:396-403.

Zygmund, A. (1959). Trigonometric Series I. University Press, Cambridge.



Author Index

Abou-Jaoude, S., 143, 144, 364
Abram, G.D., 342

Aitchison, J., 474, 476

Aitken, C.G.G., 474, 476
Aizerman, M.A., 159

Akaike, H., 149, 292, 295
Alexander, K., 207

Anderson, A.C., 340
Anderson, J.A., 259

Anderson, M.W., 375
Anderson, T.W., 49, 322, 374, 375
Angluin, D., 130

Anthony, M., 493, 534

Antos, A., vi

Argentiero, P, 340, 342
Arkadjew, A.G., 149
Ash,R.B., 575

Assouad, P, 231, 232, 243
Azuma, K., 133, 135

Bahadur, R.R., 472

Bailey, T., 73

Barron, A.R., vi, 144, 208, 292, 295, 364,
494, 509, 518, 520, 527, 531, 533

Barron, R.L., vi, 509, 532, 533

Bartlett, P., 522, 544

Bashkirov, O., 159, 540

Baskett, F., 62

Baum, E.B., 521, 522

Beakley, G.W., 375

Beaudet, P., 340, 342

Beck, J., 169

Becker, P, 42, 56

Beirlant, J., vi

Ben-Bassat, M., 562

Benedek, G.M., 211, 297, 301, 485

Bennett, G., 124

Benning, R.D., 375

Bentley, J.L., 62, 333

Beran, R.H., 23

Berlinet, A., vi

Bernstein, S.N., 124

Bhattacharya, PX., 169, 320

Bhattacharyya, A., 23

Bickel, PJ., 169

Birgé, L., 118,243

Blumer, A., 202, 233, 236, 245

Bosq, D., vi

Brailovsky, V.L., 125

Braverman, E.M., 149, 159, 540

Breiman, L., 169, 185, 318, 336, 337, 339,
342,347, 360, 364, 376, 383, 447

Brent, R.P., 542

Broder, A.J., 62



620 Author Index

Broeckaert, 1., 149

Broniatowski, M., vi

Broomhead, D.S., 540

Buescher, K.L., 211, 212, 297, 485
Burbea, 1., 28

Burman, P., vi

Burshtein, D., 340

Buzo, A., 380

Cacoullos, T., 149

Cao, R., vi

Carnal, H., 229

Casey, R.G., 340

Cencov, N.N., 279

Chang, C.L., 310

Chang, C.Y., 563

Chatterjee, B., 340

Chen, C., 125, 557, 558

Chen, H., 518

Chen, T., 518

Chen, X.R., 364

Chen, Y.C., 541, 542

Chen, Z., 128

Chernoff, H., 24, 41, 51, 56, 122, 123, 129

Chervonenkis, A.Y., v, 5, 50, 126, 187, 189,
190, 197, 198, 199, 203, 216, 235,
240,291, 491, 492

Chin, R., 340, 342

Chou, PA., 339

Chou, W.S., 541, 542

Chow, CK., 18, 466

Chow, Y.S., 575

Ciampi, A., 339

Collomb, G., 169

Conway, J.H., 475

Coomans, D., 149

Cormen, T.H., 316, 326

Cover, TM., v, vi, 5, 22, 25, 26, 62, 70, 80,
81, 87, 114, 125, 169, 198, 219,
222,223,230, 292, 295, 395, 562,
564, 579

Cramér, H., 45

Csibi, S., v, 16, 506

Csiszar, 1., 31, 37, 144, 219

Cslros, M., vi, 301

Cuevas, A., vi

Cybenko, G., 518

Darken, C., 540, 547

Dasarathy, B.V., 62, 309

Das Gupta, S., 84, 375

Day, N.E., 260

de Guzmaén, M., 580

Deheuvels, P., vi, 433

Della Pietra, V.D., 340

Delp, E.J., 339

Devijver, PA., vi, 22, 30, 45, 62, 74, 77,
82, 88, 304, 309, 313, 455, 554,
562, 563

Devroye, L., 16, 33, 62, 70, 76, 77, 86, 87,
88,90, 112, 114, 126, 134, 137,
138, 143, 149, 150, 160, 161, 162,
164,169, 170, 171, 176, 177, 178,
182, 183, 198, 202, 206, 208, 212,
223,229, 236, 240, 243, 278, 304,
333,334, 388, 389, 398, 403, 411,
414, 415, 416, 421, 430, 484, 588

Diaconis, P, 538, 546

Dillon, W.R., 463

Donahue, M., 547

Donaldson, R.W., 556

Do-Tu, H., 56

Dubes, R.C., 125, 339, 557, 558

Duda, R.O., 49, 225, 270, 472, 501, 566,
572

Dudani, S.A., 88

Dudley, RM., 193, 198, 211, 221, 223,
231, 365, 485, 496, 498

Duin, R.P.W., 540, 542

Dunn, O.J., 554

Durrett, R., 575

Dvoretzky, A., 207, 505

Edelsbrunner, H., 339, 380, 512
Efron, B., 125, 137, 556
Ehrenfeucht, A., 202, 233, 236, 245
Elashoff, J.D., 564

Elashoff, R M., 564

Fabian, V., 505

Fano, R.M., 26

Faragd, A., vi, 62, 231, 523, 525
Faragd, T., 567

Feinholz, L., 198, 394

Feller, W., 587

Finkel, R.A., 62, 333

Fisher, F.P, 85, 184, 374

Fisher, R.A., 46



Fitzmaurice, G.M., 554

Fix, E., 61, 149, 169

Flick, T.E., 455, 538

Forney, G.D., 18

Fraiman, R., vi

Friedman, J.H., 62, 318, 336, 337, 339,
342,347, 360, 364, 375, 376, 383,
535, 538

Fritz, I., v, 56, 58

Fu, K.S., 36, 128, 340, 342, 343, 375, 562

Fuchs, H., 341, 342

Fukunaga, K., 62, 128, 307, 415, 455, 554,
555, 563

Funahashi, K., 518

Gabor, D., 532

Gabriel, K.R., 90

Gaenssler, P., 198, 207

Gallant, A.R., 527

Ganesalingam, S., 554

Garnett, .M., 128

Gates, G.W., 307, 455

Gelfand, S.B., 339

Geman, S., 527, 540

Gerberich, C.L., 340

Gessaman, M.P., 374, 375, 393

Gessaman, PH., 374

Geva, S., 310

Gijbels, L., vi

Giné, E., 198

Girosi, E., 540, 547

Glick, N, vi, 16, 96, 125, 225, 463, 474,
550

Goldberg, P., 524

Goldmann, G.E., 564

Goldstein, M., 463

Golea, M., 542

Gonzalez-Manteiga, W., vi

Goodman, R.M., 339

Goppert, R., 62

Gordon, L., 96, 339, 347, 364, 376

Gowda, K.C., 307

Grant, E.D., 342

Gray, R.M., 380

Greblicki, W., 149, 161, 165, 166, 279

Grenander, U., 527, 540

Grimmett, G.R., 575

Guo, H., 339

Gurvits, L., 547

Author Index 621

Gyorfi, L., 16, 18, 33, 56, 57, 58, 76, 86,
138, 144, 150, 161, 162, 169, 170,
171, 176, 208, 430, 505, 567, 588
Gyorfi, Z., 18, 76, 169

Haagerup, U, 588

Habbema, J.D.E,, 444

Hagerup, T., 130

Hall, P, vi, 474, 538

Hand, D.J., 149, 455, 554, 557, 558

Hirdle, W., 445

Hart, PE., v, 5,22, 49, 62, 70, 81, 87, 225,
270, 304, 455, 472, 501, 566, 572,
579

Hartigan, J.A., 377

Hartmann, C.R.P., 340

Hashlamoun, W.A., 29, 36

Hastie, T., 356, 537, 538

Haussler, D., 202, 210, 233, 235, 236, 245,
493, 496, 498, 506, 522, 526, 527

Hecht-Nielsen, R., 534

Hellman, ML.E., 81

Henrichon, E.G., 340, 342, 343, 375

Herman, C., 538

Hermans, J., 444

Hertz, J., 56, 509

Hills, M., 474

Hinton, G.E., 525

Hjort, N., 270

Hodges, J.L., 61, 149, 169

Hoeffding, W., 122, 133, 135, 589

Hoff, M.E., 54, 531

Holden, S.B., 534 )

Holmstrém, L., 150, 430

Hora, S.C., 554

Horibe, Y., 24

Horne, B., 59

Hornik, K., 518, 543

Hostetler, L.D., 455

Huber, P.J., 538

Hudimoto, H., 24

Hummels, D.M., 128

Hush, D., 59

Hwang, C.R., 527, 540

Installé, M., 56
Isenhour, T.L., 307, 455
Isogai, E., vi

Ttai, A., 211,297, 485



622 Author Index

Ito, T., 24,472
Ivakhnenko, A.G., 532, 533

Jain, A.K., 73, 125, 557, 558
Jeffreys, H., 27

Jerrum, M., 524

Johnson, D.S., 54

Jones, L.K., 538

Kailath, T., 24

Kanal, L.N., 125, 562

Kanevsky, D., 340

Kaplan, M.R., 342

Karlin, A.S., 434

Karp, RM,, 130

Karpinski, M., 525

Kazmierczak, H., 476

Kearns, M., 233, 236, 245

Kedem, Z.M., 342

Kégl, B., vi

Kemp, R., 469, 476

Kemperman, J.H.B., 37

Kerridge, N.E., 260

Kessel, D.L., 128, 415, 554, 555

Khasminskii, R.Z., 505

Kiefer, J., 207, 505

Kim, B.S., 62

Kittler, J., 22, 30, 45, 77, 88, 304, 309, 313,
455, 554, 562, 563

Kizawa, M., 342

Klemeld, J., 150, 430

Knoke, J.D., 550

Kohonen, T., 310

Kolmogorov, A.N., 22, 479, 481, 482, 486,
487, 510, 534, 536, 537

Konovalenko, V.V., 532

Korner, J., 219

Koutsougeras, C., 542

Kraaijveld, M.A., 540, 542

Krasits'kyy, M.S., 532

Krishna, G., 307

Krishnaiah, PR., 364

Krogh, A., 56, 509

Kronmal, R.A., 279, 473

Krzanowski, W.I., 31, 463

Krzyzak, A., vi, 149, 150, 161, 163, 164,
165, 166, 169, 170, 176, 447, 540,
541, 547

Kulikowski, C.A., 509

Kulkarni, S.R., 211, 485
Kullback, S., 27, 37
Kumar, PR., 211, 212, 297
Kurkovd, V., 537

Kushner, H.J., 505

Lachenbruch, PA., 415

Laforest, L., 334

Laha, R.G., 45

Landgrebe, D.A., 554

LeCam, L., 23, 33

Leibler, A., 27

Leiserson, C.E., 316, 326

Levinson, S.E., 85

Li, TL., 562

Li, X., 339

Lin, H.E,, 84

Lin, T.T., 45

Lin, Y.K., 343

Linde, Y., 380

Linder, T., vi, 62, 506, 540, 541, 547

Lissack, T., 36

Littlestone, N., 210, 233, 235

Liu, R., 518

Ljung, L., 505

Lloyd, S.P., 380

Loftsgaarden, D.O., 184

Logan, B.F., 539

Loh, WY, 342, 343

Loizou, G, 84

Lorentz, G.G., 510, 534

Lowe, D., 540

Lowry, S.L., 307, 455

Lugosi, G., 62, 89, 109, 169, 170, 176, 210,
236, 240, 243, 292, 301, 364, 365,
369, 378, 383, 506, 523, 525, 527,
528, 540, 541, 547, 551, 554, 555,
559

Lukics, E., 45

Lunts, AL., 125

Maass, W., 523, 524
Machell, F,, 160
Macintyre, A., 524, 525
Mack, Y.P, vi, 169, 185
Mahalanobis, P.C., 30, 320
Mantock, J.M., 307
Marchand, M., 542
Marron, J.S., 114, 445



Massart, P., 44, 198, 207

Mathai, A.M., 22

Matloff, N., 554

Matula, D.W., 90

Matushita, K., 23, 31

Max, J., 380

Maybank, S.J., 84

McDiarmid, C., 3, 133, 134, 136

McLachlan, G.J., 49, 125, 251, 259, 270,
399, 415, 468, 472, 554, 557, 558

Mehrotra, K.G., 340

Meisel, W., 149, 185, 339, 359, 365, 447,
542, 562

Michalopoulos, W.S., 359, 365

Michel-Briand, C., 339

Michelotti, 342

Mickey, PA., 415

Mielniczuk, J., 527

Milhaud, X., 339

Min, P.J., 562

Minsky, M.L., 466, 509

Mitchell, A.ES., 31

Mizoguchi, R., 342

Monro, S., 505

Moody, J., 540

Moore, D.S., 554

Morgan, J.N., 339

Muchnik, LE., 159, 540

Mui, J. K., 343

Myles, J.P., 455

Nadaraya, E.A., 149

Nadas, A., vi, 340

Nagy, G., 340

Narendra, PM., 62, 563

Natarajan, B.K., 202, 468

Naylor, B., 342

Nevelson, M.B., 505

Niemann, H., 62

Nilsson, N.J., 44, 509, 525

Nobel, A.B., vi, 364, 365, 369, 378, 383,
499

Nolan, D., 498, 499

Oja, E., 540

Okamoto, M., 51, 75, 122, 131

Olshen, R.A., 96, 178, 318, 336, 337, 339,
342, 347, 360, 364, 376, 383

ott, J., 472

Author Index 623

Pali, L, vi

Palmer, R.G., 56, 509

Papachristou, C.A., 542

Papadimitriou, C.H., 62

Papert, S., 509

Park, J., 547

Park, S.B., 62

Park, Y., 342

Parthasarathy, K.R., 320

Parzen, E., 149, 161

Patrick, E.A., 85, 184, 374

Pawlak, M., vi, 149, 161, 165, 166, 279,
551, 554, 555, 559

Payne, H.J., 339

Pearl, J., 470

Penrod, C.S., 309, 313

Peterson, D.W., 87

Petrache, G., 532

Petrov, V.V, 416

Petry, H., vi

Pflug, G., vi, 505

Pikelis, V., 49, 567 €

Pinsker, M., 37

Pintér, M., vi

Pippinger, N., 470

Poggio, T., 540, 547

Pollard, D., 193, 198, 365, 492, 493, 496,
498, 499, 500, 506

Powell, M.].D., 540

Preparata, F.P., 54, 177

Priest, R.G., 538

Pruitt, R., 554

Psaltis, D., 87

Purcell, E., 185, 447

Pyatniskii, E.S., 159

Qing-Yun, S., 340, 342
Quesenberry, C.P.,, 184, 374
Quinlan, I.R., 339

Rabiner, L.R., 85

Rao, CR,, 28

Rao, R.R., 228
Rathie, P.N., 22
Raudys, S., 49, 567
Ravishankar, C.S., 339
Rejts, L., 149

Rényi, A., 28

Révész, P, v, 149, 161



624 Author Index

Richardson, T., 211, 485

Ripley, B.D., 509

Rissanen, J., 292, 295

Ritter, G.L., 307, 455

Rivest, R.L., 316, 326

Robbins, H., 505

Rogers, WH., 4,411,413
Rosenberg, A.E., 85

Rosenblatt, R, 5, 14, 39, 44, 509
Rosenblatt, M., 149, 161
Rounds, E.M., 339

Roussas, G., vi

Royall, RM., 71, 73, 179, 185, 453
Rozonoer, LI, 159

Riib, C., 130

Rumelhart, D.E., 525

Ruppert, D., 505

Samarasooriya, V.N.S., 29, 36
Samet, H., 326, 333, 342
Sandberg, IL.W., 547
Sansone, G., 281
Sarvarayudu, G.PR., 339
Sauer, N., 216

Scheffé, H., 32, 208, 211, 383
Schliffli, L., 395

Schmidt, W.E, 525
Schoenberg, LJ., 434
Schroeder, A., 538
Schwartz, S.C., 279
Schwemer, G.T., 554
Sebestyen, G., 149, 340, 432, 562
Serfling, R.J., 589

Sethi, LK., 62, 339, 340, 542
Shahshahani, M., 538, 546
Shamos, M.L., 177

Shannon, C.E., 25
Shawe-Taylor, J., 493, 525
Shen, X., 254, 527

Shepp, L., 539

Shimura, M., 342

Shirley, P., 342

Shiryayev, A.N., 575

Short, R.D., 455

Shustek, L.J., 62

Silverman, B.W., 536, 538
Simar, L., vi

Simon, H.U., 198, 240, 477
Sitte, J., 310

Sklansky, J., 56, 342

Sloane, N.J.A., 475

Shud, E.V., 87, 588

Smyth, P., 339

Snapp. R.R., 87

Sokal, R.R., 90

Sonquist, J.A., 339

Sontag, E., 524, 547

Specht, D.F., 160, 279, 531, 532

Spencer, J., 496

Sprecher, D.A., 534

Steele, M., 137, 221, 229

Stein, C., 137

Steinbuch, K., 476

Stengle, G., 198

Stephenson, R., 468

Stinchcombe, M., 518

Stirzaker, D.R., 575

Stoffel, J.C., 340

Stoller, D.S., 40, 43

Stone, C.J., v, 3, 6, 65,70, 97, 98, 100, 101,
114, 169, 175, 179, 181, 183, 318,
336, 337, 339, 342, 347, 360, 364,
376, 383, 538

Stone, M., 125

Stuetzle, W., 538

Stute, W., vi, 169, 207

Suen, C.Y., 339

Sung, K., 342

Swonger, C.W., 307

Szabados, T., vi

Szabd, R., 301

Szarek, S.J., 588

Szegd, G., 289

Talagrand, M., 199, 207

Talmon, J.L., 339

Taneja, L], 28

Tarter, M.E., 279

Thomas, J.A., 25, 26, 219

Tibshirani, R.J., 536, 537, 538

Tikhomirov, V.M., 479, 481, 482, 486, 487

Tomek, 1., 307, 309, 455

Toronto, A.F., 468

Toussaint, G.T., vi, 28, 35, 125, 556, 564,
565

Tsypkin, Y.Z., 505

Tukey, J., 538

Tulupchuk, Y.M., 532



Tuteur, F.B., 375

Tutz, GE., 441, 474, 477, 550
Tymchenko, L.K., 532

Tyrcha, J., 527

Ullmann, J.R., 307, 455

Vajda, Igor, vi, 22, 32

Vajda, Istvén, 18, 56, 57

Valiant, L.G., 130, 202, 233, 236, 245

Van Campenhout, .M., 562, 564

van den Broek, K., 444

van der Meulen, E.C., vi, 144, 208

Vanichsetakul, N., 342, 343

Van Ryzin, J., 16, 149

Vapnik, V.N., v, 5, 50, 126, 187, 189, 190,
197, 198, 199, 202, 203, 206, 207,
211, 216, 235, 240, 291, 485, 491,
492, 493, 501

Varshney, PK., 29, 36, 340

Veasey, L.G., 468

Venkatesh, S.S., 87

Vidal, E., 62

Vilmansen, T.E., 563

Vitushkin, A.G., 482

Wagner, T.J., v, vi, 4, 16, 20, 62, 84, 125,
149, 161, 198, 202, 206, 304, 309,
313, 389, 398, 403, 411, 413, 414,
415, 416, 421, 455

Walk, H., vi, 505

Wand, M.P, 474

Wang, Q.R., 339

Warmuth, M.K., 202, 210, 233, 235, 236,
245

Warner, HR., 468

Author Index

Wassel, G.N., 56
Watson, G.S., 149
Weiss, S.M., 509

.~ Wenocur, R.S., 498

Wheeden, R.L., 580

White, H., 518, 527
Whitsitt, S.J., 554

Widrow, B., 54, 531
Wilcox, J.B., 554
Williams, R.J., 525

Wilson, D.L., 309, 313, 455
Wilson, J.G., 85

Winder, R.O., 466

Wise, G.L., 177, 182
Wold, H., 45

Wolfowitz, J., 207, 505
Wolverton, C.T., 16, 20, 161
Wong, W.H., 254, 527
Woodruff, H.B., 307, 455
Wouters, W., v

Xu, L., 540

Yakowitz, S., vi
Yatracos, Y.G., vi, 278
Yau, S.S., 45,128
You, K.C., 340

Yuille, A.L., 540
Yukich, J.E., 198
Yunck, T.P, 62

Zeitouni, O., 211, 485
Zhao, L.C., 150, 169, 170, 364

Zeger, K., vi, 292, 301, 506, 527, 528

Zinn, J., 198
Zygmund, A., 281, 575, 580

625






Subject Index

absolute error, 11

accuracy, 201, 202, 206, 246

Adaline, 531

. additive model, 536, 538, 546

admissible transformation, 570, 571, 572,
573

agreement, 163

AID criterion, 339

Alexander’s inequality, 207, 210, 211, 278,
295, 300

ancestral rule, 180, 181, 185, 420

a posteriori probability, 10, 11, 16, 92, 97,
102, 108, 113, 301, 479, 483, 493,
549, 551, 552, 554, 555, 563, 568,
570, 572

apparent error rate, see error estimation,
resubstitution

approximation error, 188, 284, 290, 295,
297, 395, 430, 431, 454, 487, 517,
523,529, 547

arrangement, 511, 512, 513, 514, 515, 516,
517, 542

arrangement classifier, 511, 512, 514, 515,
516, 517

association inequality, 22, 583

asymptotic optimality, 390, 393, 431, 445

back propagation, 525
Bahadur-Lazarsfeld expansion, 472
bandwidth, see smoothing factor
Barron network, 545, 546
basis function, 225, 266, 279, 285, 290,
398, 501, 506
complete orthonormal, 280, 281, 282,
287
Haar, 281, 288
Hermite, 279, 281, 288
Laguerre, 281, 288
Legendre, 281, 288
Rademacher, 282
Rademacher-Walsh, 470, 472
trigonometric, 279, 287, 288
Walsh, 282
Bayes classifier (or rule), 2, 10, 11, 12, 13,
14, 15, 16,17, 19, 20, 47, 48, 57,
58,59, 61, 69, 202, 226, 239, 249,
264, 265, 266, 271, 272, 274, 275,
276, 277, 280, 294, 295, 300, 301,
307, 357, 387, 464, 466, 467, 471,
472, 473, 474, 487, 527, 569, 570
Bayes decision, see Bayes classifier
Bayes error, 2, 11, 12, 13, 14, 15, 17, 18,
19, 21, 23, 28, 29, 30, 31, 35, 36,
39,57,79, 82,90,91, 111, 112,



628 Subject Index

N

113, 128, 129, 176, 188, 236, 237,
241, 276, 285, 289, 295, 297, 298,
307, 308, 313, 357, 389, 401, 451,
533, 545, 561, 562, 563, 565, 567,
568, 569, 570, 571, 572, 573
estimation of, 4, 128, 566
Bayes problem, 2, 9
Bayes risk, see Bayes error
Bennett’s inequality, 124, 130
Beppo-Levy theorem, 577
Bernstein perceptron, 544
Bernstein polynomial, 544
Bernstein’s inequality, 124, 130, 210, 494
beta distribution, 77, 88, 266, 276
Bhattacharyya affinity, 23, 24, 343
bias, 121, 125, 126, 144, 151, 395, 555
binary space partition tree, 316, 317, 318,
338, 340, 341, 342, 343, 344, 347,
362, 383, 542
balanced, 362
raw, 342, 362
binomial distribution, 51, 71, 72, 75, 76,
77,78, 79, 81, 82, 83, 84, 85, 86,
89, 94, 106, 109, 122, 124, 127,
129, 130, 131, 152, 184, 230, 238,
242,276, 306, 309, 321, 332, 345,
410, 444, 449, 462, 586, 587, 588
binomial theorem, 218
boolean classification, 461, 468
Borel-Cantelli lemma, 142, 193, 227, 284,
293,357, 367, 381, 425, 452, 505,
585
bracketing metric entropy, 253, 254, 262
branch-and-bound method, 563
BSP tree, see binary space partition tree

CART, 336, 338, 339

Catalan number, 469, 476

Cauchy-Schwarz inequality, 20, 33, 52, 76,
93, 95,99, 103, 104, 141, 155, 158,
173, 256, 345, 401, 402, 414, 463,
582,583

central limit theorem, 85, 270

channel, 109

characteristic function, 45

Chebyshev-Cantelli inequality, 42, 237,
463, 582

Chebyshev’s inequality, 45, 56, 97, 194,
210, 269, 276, 322, 332, 414,

494, 582

Chernoff’s affinity, 24, 35

Chernoft’s bounding method, 117, 123,
129, 130, 131, 135, 230, 261

x2-divergence, 34, 36

class-conditional density, 14, 15, 17, 19,
31, 148, 149, 150, 166, 184, 260,
263, 264, 266, 268, 269, 271, 272,
276,271, 280, 282, 285

class-conditional distribution, 56, 118, 263,
264, 265, 271, 274, 275, 276

classifier selection, 125, 127, 132, 187,
188, 189, 193, 199, 201, 233, 234,
245, 250, 404, 549, 554, 555, 559

lower bounds for, 206, 233, 234, 239,

245,246, 275

class probability, 15, 17, 18, 19, 32, 34, 58,
150

clustering, 343, 363, 377, 378, 379, 380,
384,392, 506, 542

 committee machine, 525, 526, 543

complexity penalty, 291, 292, 297, 300,
301, 395
complexity regularization, 266, 289, 290,
291,292, 293, 294, 295, 296, 298,
300, 301, 395, 524, 525, 527, 531
concept learning, see learning
confidence, 201, 202, 246
consistency, 92, 93, 104, 106, 109, 128,
132, 184, 188, 232, 268, 296, 389,
390, 468, 513, 555
definition of, 3, 91
of Fourier series rule, 282, 284
of generalized linear rules, 286
of kernel rules, 160, 161, 163, 171, 439,
441, 442, 446, 448, 474
of maximum likelihood, 249, 250, 252,
253,254,257, 259, 262, 268, 473
of nearest neighbor rules, 80, 174, 176,
307, 308, 309, 310, 311, 312, 313,
457
of neural network classifiers, 514, 523,
525,527,531, 534, 542, 544, 545
of partitioning rules, 94, 96, 319, 320,
322,323, 324, 332, 333, 335, 338,
339, 340, 341, 342, 343, 344, 346,
348, 349, 350, 357, 358, 359, 361,
362, 364, 368, 370, 374, 376, 377,
381, 384, 385, 392, 394, 395



of skeleton estimates, 483, 487
of squared error minimization, 490, 493
strong, see strong consistency
strong universal, see strong universal
consistency
universal, see universal consistency
weak, 91, 100; 103, 133, 139, 149, 162,
169, 184, 425, 430, 452
consistent rule, see consistency
convex hull, 229, 232
Cover-Hart inequality, 5, 22, 24, 27, 35, 62,
70, 448
covering
of a class of classifiers, 211, 212
of a class of functions, 479, 480, 483,
484, 485, 486, 487, 489, 499, 500
empirical, 211, 298, 485
simple empirical, 289, 296, 297, 298,
300, 301
covering lemma, 67, 153, 157, 158, 164,
165,171, 176, 181, 182
covering number, 479, 483, 492, 493, 494,
496, 499, 504, 526, 530, 547
cross-validation, 125, 445
curse of dimensionality, 469, 486, 561

decision with rejection, 18
denseness
in Ly, 286, 287, 517, 520, 542
in Lo, 502, 503
inL,, 543,579
with respect to the supremum norm, 287,
517, 518, 533, 539
density estimation, 107, 118, 143, 149,
150, 151, 161, 162, 169, 184, 208,
266, 278, 279, 364, 433, 445, 447,
484, 527
density of a class of sets, 231
diamond, 231
dimension, 17, 49, 52, 222, 363, 482, 567
reduction of, 561, 567
distance
data-based, 169, 391, 451, 456, 459
empirical, 178, 182
Euclidean, 63, 101, 149, 169, 368, 370,
378, 456
generalized, 182
L, 182
rotation-invariant, 179, 180

Subject Index 629

tie breaking, 4, 61, 69, 101, 170, 174,
175,176, 177, 178, 180, 181, 182,
304, 305, 377, 413, 414, 451, 456,
458,553
distribution
beta, 77, 88, 266, 276
binomial, 51, 71, 72, 75, 76, 77, 78, 79,
81, 82, 83, 84, 85, 86, 89, 94, 106,
109, 122, 124, 127, 129, 130, 131,
152, 184, 230, 238, 242, 276, 306,
309, 321, 332, 345, 410, 444, 449,
462, 586, 587, 588
class-conditional, 56, 118, 263, 264,
265,271,274, 275,276
exponential, 361, 590
gamma, 266, 268, 276, 573, 590
geometric, 80, 153, 161, 167
hypergeometric, 589
Maxwell, 266
multinomial, 227, 321, 589
normal, 31, 35, 47, 48, 49, 56, 57, 59,
76, 85, 86, 249, 264, 265, 266, 276,
343, 390, 399, 415, 564, 566, 567,
572,588, 590
Rayleigh, 266, 277
strictly separable, 104, 162
distribution function, 142
class-conditional, 40, 41, 45
empirical, 142, 193, 325, 375
divergence, see Kullback-Leibler
divergence
dominated convergence theorem, 63, 156,
267,329, 514, 577
Dvoretzky-Kiefer-Wolfowitz-Massart
inequality, 44, 57, 207

elementary cut, 350

embedding, 64

empirical classifier selection, see classifier
selection

empirical covering, see covering

empirical error, 43, 49, 54, 56, 125, 187,
188, 191, 200, 310, 335, 351, 362,
482

empirically optimal classifier, 187, 188,
200, 206, 225, 275

empirical measure, 43, 142, 190, 193, 203,
208, 210, 211, 213, 265, 270, 271,



630 Subject Index

272,278, 304, 365, 366, 367, 398,
414,443, 553, 556
empirical risk, see empirical error
empirical risk minimization, 5, 6, 49, 50,
53, 54,56, 125,126, 131, 187, 191,
192, 193, 199, 201, 202, 209, 210,
211,212, 225, 227,232, 234, 235,
239, 246, 249, 251, 257, 258, 265,
266, 268, 274, 275, 277, 285, 286,
287, 289, 290, 291, 292, 294, 306,
310, 311, 334, 339, 346, 347, 354,
375, 388, 404, 420, 428, 441, 444,
454, 455, 457, 458, 467, 469, 476,
477, 479, 483, 487, 489, 491, 493,
501, 502, 506, 512, 514, 521, 523,
525, 526, 527, 534, 537, 539, 540,
541, 542, 546, 549, 551
empirical squared Euclidean distance error,
377,378, 380, 384
entropy, 25, 26, 29, 35, 218, 219, 252, 286,
337, 339, 373
e-covering number, see covering number
€-entropy, see metric entropy
€,,-optimality, 390, 393, 454
e-packing number, see packing number
error estimation, 4, 121, 124, 125, 127,
132, 343, 397, 408, 409, 549
0.632 estimator, 557
bootstrap, 125, 549, 556, 557, 558
complexity penalized, 291, 297, 396
cross validated, see leave-one-out
estimate
deleted, see leave-one-out estimate
double bootstrap, 557
EQ estimator, 557
error counting, 121, 123, 126, 131, 549,
550
holdout, 125, 347, 388, 389, 391, 393,
395, 397, 428, 430, 453, 549, 556
leave-one-out, 4, 125, 309, 397, 407,
408, 410, 413, 414, 415, 417, 419,
420, 441, 444, 446, 458, 459, 474,
549, 550, 554, 555, 556, 557
variance of, 415, 419, 552, 556
posterior probability, 549, 554, 555, 559
randomized bootstrap, 557
resubstitution, 125, 304, 343, 347, 382,
397, 398, 399, 400, 402, 405, 407,
415, 419, 439, 458, 474, 476, 549,

550, 557
bias of, 343, 397, 398, 399, 400, 405,
419, 550
rotation, 125, 556
smoothed, 125, 549, 550, 551, 552, 554,
555
U-method, see leave-one-out estimate
estimation error, 188, 284, 290, 295, 395,
431, 454, 455, 471, 487, 523, 529
Euclidean norm, 99, 370, 567
Euler’s theorem, 380
exponential distribution, 361, 590
exponential family, 266, 275, 276

Fano’s inequality, 26, 35

Fatou’s lemma, 577

f-divergence, 31, 32, 34, 36

feature extraction, 14, 21, 128, 561, 562,
567,572,573

F-error, 29, 32, 34, 36, 573

fingering, 191, 192, 277

fingering dimension, 192, 209

Fisher linear discriminant, 47, 49, 58

flexible grid, 367, 368, 369

Fourier series classifier, 279, 280, 282, 285,
471

Fourier series density estimation, 279

Fubini’s theorem, 139, 157, 371, 579, 582,
583

fundamental rule, 440, 461, 462, 463, 471,
474

fundamental theorem of mathematical
statistics, see Glivenko-Cantelli
theorem

Gabriel graph, 90

Gabriel neighbor, 90

gamma distribution, 266, 268, 276, 573,
590

gaussian distribution, see normal
distribution

gaussian noise, 57, 285

geometric distribution, 80, 153, 161, 167

Gessaman’s rule, 375, 376, 384, 393

ghost sample, 193, 203, 210, 213

Gini index, 338, 339, 340, 343, 361, 362

Glivenko-Cantelli theorem, 192, 193, 321,
374

gradient optimization, 54, 56, 251, 525



Grenander’s method of sieves, 527, 540
grid complexity, 357
group method of data handling, 532

Hamming distance, 474, 477

ham-sandwich theorem, 339

Hart’s rule, 304, 305, 306

Hellinger distance, 23, 32, 243, 474

Hellinger integral, 32, 36

histogram density estimation, 107, 143,
208

histogram rule, 94, 95, 96, 98, 106, 109,
133, 138, 139, 143, 144, 145, 147,
152, 153, 155, 159, 170, 253, 261,
287, 288, 290, 301, 318, 342, 347,
351, 363, 368, 370, 378, 384, 394,
399, 400, 401, 404, 405, 408, 409,
417, 418, 419, 420, 462, 463, 506,
518, 549, 552, 553, 555, 559

cubic, 95, 96, 107, 133, 138, 144, 381,

382, 384, 465, 475, 512

data-dependent, 317, 365, 368, 369, 373,

382, 385, 391, 403, 404
lazy, 143, 152, 408, 409, 414
randomized, 475
Hoeffding’s inequality, 51, 52, 75, 122,
124, 127, 133, 134, 135, 137, 190,
193, 198, 212, 213, 284, 299, 306,
311, 366, 428, 440, 445, 448, 483,
487, 490, 495
Holder’s inequality, 108, 582
hypergeometric distribution, 589

imperfect training, 89, 109

impurity function, 336, 337, 338, 340, 343,

361, 362
inequality
Alexander’s, 207, 210, 211, 278, 295,
300
association, 22, 583
Bennett’s, 124, 130
Bernstein’s, 124, 130, 210, 494

Cauchy-Schwarz, 20, 33, 52, 76, 93, 95,

99, 103, 104, 141, 155, 158, 173,
256, 345, 401, 402, 414, 463, 582,
583
Chebyshev-Cantelli, 42, 237, 463, 582
Chebyshev’s, 45, 56, 97, 194, 210, 269,
276, 322, 332,414, 494, 582

Subject Index 631

Cover-Hart, 5,22, 24, 27, 35, 62, 70, 448

Dvoretzky-Kiefer-Wolfowitz-Massart,
44, 57,207

Fano’s, 26, 35

Hoeffding’s, 51, 52, 75, 122, 124, 127,
133, 134, 135, 137, 190, 193, 198,
212,213, 284, 299, 306, 311, 366,
428, 440, 445, 448, 483, 487, 490,
495

Holder’s, 108, 582

Jensen’s, 23, 26, 29, 32, 76, 99, 141,
242,252,288, 401, 402, 418, 463,
558, 568, 583

Khinchine’s, 410, 588

large deviation, 136, 190, 364, 365, 379

LeCam’s, 33, 244

Markov’s, 76, 117, 123, 256, 309, 379,
582

McDiarmid’s, 3, 136, 142, 158, 162,
172, 174,201, 211, 346, 414, 448,
553, 558

Pinsker’s, 37

Rogers-Wagner, 4, 411, 413, 417, 418

Vapnik-Chervonenkis, 5, 138, 192, 196,
197, 198, 201, 202, 203, 206, 225,
226,229, 233,271, 273, 275, 278,
295, 304, 312, 356, 357, 364, 365,
366, 388, 399, 429, 436, 467, 476,
492,494

information divergence, see Kullback-

Leibler divergence

Jeffreys’ divergence, 27, 28, 29

Jensen’s inequality, 23, 26, 29, 32, 76, 99,
141,242, 252, 288, 401, 402, 418,
463, 558, 568, 583 ‘

Jessen-Marcinkiewitz-Zygmund theorem,
329, 580, 581

Karhunen-Logéve expansion, 568
k-d tree, 321, 326, 327, 328, 333, 334, 358,
359, 375
chronological, 327, 328, 343, 344, 358
deep, 327, 333, 358
permutation-optimized chronological,
344
well-populated, 327
kernel, 147, 148, 149, 151, 153, 159, 160,
161, 162, 163, 165, 166, 185, 416,



632 Subject Index

420,421, 423, 428, 430, 432, 438,
439, 440, 441, 446, 447, 448, 474,
476, 518, 540, 541, 542, 547, 549
Cauchy, 148, 149, 165
Deheuvels’, 433
de la Vallée-Poussin, 446
devilish, 162
Epanechnikov, 148, 149, 162
exponential, 433
gaussian, 105, 109, 148, 149, 165, 416,
421, 426, 433, 448, 531
Hermite, 151
multiparameter, 435, 447
naive, 148, 149, 150, 153, 156, 157, 158,
163, 167, 416, 420, 426, 442, 445
negative valued, 151, 153
polynomial, 434
product, 435, 447
regular, 149, 150, 156, 158, 164, 165,
166, 185, 415, 424, 425, 426, 433,
446
star-shaped, 432
uniform, see naive kernel
window, see naive kernel
kernel complexity, 429, 430, 431, 432, 433,
434,435, 436, 446, 447
kernel density estimation, 149, 150, 151,
161, 162, 208, 433, 447
kernel rule, 98, 105, 109, 147, 148, 149,
150, 151, 153, 159, 160, 161, 162,
163, 166, 167, 171, 185, 285, 290,
390, 408, 409, 415, 416, 417, 423,
428,429, 430, 439, 440, 442, 444,
445, 446, 447,462,474, 476, 4717,
531, 532, 540, 547, 552
automatic, 150, 423, 424, 425, 426
variable, 447, 448
Khinchine’s inequality, 410, 588
k-local rule, 64, 69, 414
k-means clustering, 380, 381, 384, 542
Kolmogorov-Lorentz network, 535
Kolmogorov-Lorentz representation, 511,
534,535, 538, 546
Kolmogorov-Smirnov distance, 41, 271,
272,274
generalized, 271, 272, 273, 274, 277,
278
Kolmogorov-Smirnov statistic, 142, 207
Kolmogorov variational distance, 22, 36

k-spacing rule, 320, 363, 373, 374, 376,
420

Kullback-Leibler divergence, 27, 34, 36,
252, 258, 261

L, consistency, 109, 143, 161, 162, 184
L, convergence, 93, 270
L distance, 15, 16, 492
L error, 20, 107, 108, 150, 162, 208, 525,
526, 527, 528, 542
L, consistency, 102, 284, 559
L, error, 104, 283, 284, 445, 526, 542
large deviation inequality, 136, 190, 364,
365, 379
learning, 2, 201, 202, 211, 233
algorithm, 201
supervised, 2
with a teacher, 2
learning vector quantization, 310
Lebesgue’s density theorem, 580
LeCam’s inequality, 33, 244
likelihood product, 250, 258, 259, 260, 268
linear classifier, 14, 19, 39, 40, 44, 47, 48,
49, 50, 51, 53, 54, 55, 57, 58, 59,
191, 224, 225,260, 311, 342, 343,
390, 399, 466, 467, 468, 476, 490,
501, 507, 510, 540, 567
generalized, 39, 160, 224, 225, 266, 279,
285, 287, 289, 290, 398, 399, 501,
505, 506, 532, 549
linear discriminant, see linear classifier
linear independence, 222
linear ordering by inclusion, 231
Lloyd-Max algorithm, 380
local average estimator, 98
logistic discrimination, 259
log-linear model, 472
L, error, 525, 526, 527
lying teacher, see imperfect training

Mahalanobis distance, 30, 36, 47, 48, 57,
566, 572

majority vote, 61, 84, 86, 94, 96, 98, 101,
106, 109, 147, 152, 166, 170, 176,
177, 178, 183, 317, 319, 322, 327,
328, 333, 334, 339, 341, 342, 343,
346, 347, 349, 356, 361, 363, 368,
376, 377, 383, 384, 392, 420, 435,



463, 474, 475, 512, 513, 514, 516,
525
Markov’s inequality, 76, 117, 123, 256,
309, 379, 582
martingale, 134, 135, 142
martingale difference sequence, 133, 134,
135, 136
Matushita error, 23, 29, 34, 36, 109
maximum likelihood, 249, 250, 251, 252,
253, 254, 257, 259, 260, 261, 262,
265, 266, 268, 269, 270, 276, 277,
444,467, 472, 473, 475, 527, 540,
551
distribution format, 250, 260
regression format, 249, 250, 260
set format, 249
Maxwell distribution, 266
McDiarmid’s inequality, 3, 136, 142, 158,
162, 172, 174, 201, 211, 346, 414,
448, 553,558
median tree, 322, 323, 324, 325, 334, 358,
362, 375
theoretical, 323, 324, 358
method of bounded differences, 133, 135
metric, see distance
metric entropy, 480, 481, 484, 486, 492,
526
minimax lower bound, 234, 235, 236
minimum description length principle, 292,
295
minimum distance estimation, 265, 266,
270,271,272,274, 277,278
moment generating function, 56, 589
monomial, 468, 469, 476, 531, 533, 534
monotone layer, 183, 226, 227, 229, 232,
487
moving window rule, 147, 148, 150, 552,
553, 555, 559
multinomial discrimination, 461
multinomial distribution, 227, 321, 589
multivariate normal distribution, see
normal distribution

natural classifier, 317, 318, 320, 323, 327,
342,347,358, 513, 514, 542
nearest neighbor, 62, 63, 69, 80, 84, 85, 89,
90, 101, 166, 169, 170, 171, 175,
177, 179, 180, 181, 182, 184, 185,

Subject Index 633

307,310, 392, 413, 414, 441, 448,
453, 456, 553
nearest neighbor clustering, 377, 379
nearest neighbor density estimation, 184
nearest neighbor error, 22, 23, 29, 31, 57,
63, 69, 132,307, 308, 361, 551, 559
nearest neighbor rule
1-nN, 5, 70, 80, 84, 87, 88, 106, 107,
152, 169, 180, 181, 185, 285, 303,
304, 305, 306, 307, 308, 309, 310,
311, 313, 359, 360, 387, 390, 391,
395, 398, 405, 407, 414, 454, 458,
475, 550
3-NN, 14, 80, 84, 86, 405, 565, 566
admissibility of the 1-NN rule, 5, 81, 87,
174
asymptotic error probability of the 1-NN
rule, see nearest neighbor error
asymptotic error probability of the k-NN
rule, 70, 71, 73,75, 79, 82, 169
automatic, 169, 387, 451
based on reference data, see prototype
NN rule
condensed, 303, 304, 307, 309, 455
data-based, see automatic nearest
neighbor rule
edited, 62, 307, 309, 313, 455
k-NN, 3,4, 5,6, 61,62,64,69, 70,73, 74,
80, 81, 82, 83, 85, 86, 87, 98, 100,
101, 169, 170, 175, 176, 177, 179,
180, 181, 182, 185, 290, 309, 313,
343, 389, 397, 408, 413, 414, 415,
420, 421,451, 452, 453, 455, 456,
457, 458, 459, 549, 552, 553, 555
(k, [)-NN, 81, 82, 88
layered, 183
prototype, 307, 309, 310, 311, 377, 455
recursive, 177, 179, 182
relabeling, 169, 180, 181, 185, 309, 420
selective, 455
variable metric, 455
weighted, 61, 71, 73, 74, 85, 87, 88, 90,
179, 183, 451, 453
neural network, 444, 507, 510, 514, 520,
527, 528, 530, 531
classifier, 5, 39, 290, 516, 517, 543, 549
multilayer, 509, 523, 545
with one hidden layer, 507, 508, 509,
510, 517, 518, 519, 520, 521, 525,



634 Subject Index

538, 543, 544
with two hidden layers, 509, 510, 514,

515,516, 517, 522, 537, 542, 546

Neyman-Pearson lemma, 18

normal distribution, 31, 35, 47, 48, 49, 56,
57,59, 76, 85, 86, 249, 264, 265,
266, 276, 343, 390, 399, 415, 564,
566, 567, 572, 588, 590

order statistics, 88, 178, 257, 320, 328, 358,
363, 372, 382

outer layer, see monotone layer

overfitting, 188, 286, 291, 297, 348, 395,
454,527, 532, 544

packing number, 481, 496
Padaline, 531, 532, 545
parameter estimation, 250, 268, 270, 277,
399
parametric classification, 24, 250, 263,
270, 275, 390, 415, 472
Parseval’s identity, 283
partition, 94, 106, 109, 140, 143, 144, 147,
152, 287, 301, 307, 310, 312, 315,
317, 318, 319, 320, 321, 327, 328,
333, 343, 346, 347, 349, 350, 351,
352, 353, 354, 356, 357, 360, 363,
364, 365, 366, 368, 372, 373, 374,
378, 381, 382, 383, 392, 394, 395,
399, 400, 402, 403, 404, 417, 418,
419, 420, 454, 477, 506, 511, 513,
553
complexity of a family of, 365, 367, 369,
403, 404
cubic, 95, 96, 107, 133, 138, 143, 382,
475
data-dependent, 94, 363, 364, 370, 404,
420
e-effective cardinality of, 144
family of, 365, 367, 368, 369, 403, 404,
405
u-approximating, 144
partitioning rule, see histogram rule
perceptron, 6, 14, 39, 40, 44, 507, 509, 510,
514, 515, 516, 532, 544
perceptron criterion, 59
pigeonhole principle, 238, 476
Pinsker’s inequality, 37
planar graph, 312, 380

plug-in decision, 15, 16, 17, 19, 20, 24, 93,
265, 266, 267, 270, 271, 276, 277,
467, 468, 471, 472, 475

polynomial discriminant function, 160,
279, 287, 531

polynomial network, 532, 533, 534

potential function rule, 159, 160, 279, 540

principal component analysis, 455

probabilistic method, 112, 234, 496

projection pursuit, 538, 539, 546

pseudo dimension, 498, 506

pseudo probability of error, 82

quadratic discrimination rule, 225, 265,
276, 343, 390, 468, 476
quadtree, 321, 333, 334, 348, 361
chronological, 333, 361
deep, 333, 361
quantization, 380, 461, 463, 567

radial basis function, 540, 541, 542, 547

Radon-Nikodym derivative, 272, 313

Radon-Nikodym theorem, 578, 586

rate of convergence, 4, 102, 104, 108, 111,
113,114, 118, 128, 239, 262, 264,
267,269, 275, 276, 284, 294, 295,
296, 297, 300, 357, 390, 483, 485,
486, 494, 527

Rayleigh distribution, 266, 277

record, 330, 331, 358

recursive kernel rule, 160, 161, 166

regression function, 9, 11, 93, 254, 261,
445, 454, 474, 475, 479, 483, 484,
487, 489

estimation, 92, 93, 102, 103, 104, 108,

114, 149, 169, 172, 185, 405, 445,
527

relative stability, 162

Rogers-Wagner inequality, 4, 411, 413,
417, 418

rotation invariance, see transformation
invariance

Royall’s rule, 185

sample complexity, 201, 202, 205, 206,
211, 234, 245

sample scatter, 46, 47

sampling without replacement, 213



scale invariance, see transformation
invariance
scaling, 144, 166, 177, 179, 381, 385, 387,
391
scatter matrix, 46
Scheffé’s theorem, 32, 36, 208, 211, 278,
383
search tree, 62, 326
balanced, 322
shatter coefficient, 196, 197, 198, 200, 212,
215,216, 219, 220, 222, 223, 226,
271,273, 312, 347, 365, 389, 390,
404, 429, 453, 492, 493, 496, 497,
512,522, 541
shattering, 196, 198, 199, 217, 218, 219,
220, 221,222,223, 226, 229, 235,
239,277, 436, 437, 438, 476, 477,
498, 499, 521, 541
sieve method, 444
sigmoid, 56, 59, 507, 510, 515, 517, 519,
520, 521, 524, 526, 528, 542, 543,
544, 545
arctan, 508, 524
gaussian, 508, 524
logistic, see standard sigmoid
piecewise polynomial, 524
standard, 508, 524, 525
threshold, 507, 508, 516, 517, 519,
521, 522, 523, 524, 525, 526, 537,
543, 544
signed measure, 272, 273
skeleton estimate, 292, 480, 482, 483, 484,
486, 487, 489, 493
smart rule, 106, 109
smoothing factor, 148, 149, 153, 160, 162,
163, 165, 166, 185, 390, 416, 423,
424, 428, 429, 435, 436, 439, 441,
442,444,446, 462, 474, 531
data-dependent, 423, 424, 425, 426, 474
spacing, 328, 358, 372
splitting criterion, 334, 335, 336, 337, 338,
339, 348
splitting function, 334
splitting the data, 132, 185, 211, 298, 309,
347,387, 388, 389, 390, 391, 392,
397, 428, 436, 452, 453, 454, 541
squared error, 11, 54, 55, 56, 58, 59, 445,
448, 489, 490, 491, 492, 493, 501,
502, 505, 506, 525, 526, 527, 551,

Subject Index 635

559
standard empirical measure, see empirical
measure
statistically equivalent blocks, 178, 363,
372,374, 375, 384, 393
Stirling’s formula, 83, 238, 415, 449, 587
stochastic approximation, 161, 505
stochastic process
expansion of, 573
sampling of, 573
Stoller split, 40, 334, 335, 336, 338, 350,
361, 375
empirical, 43, 339, 343
theoretical, 40, 41, 42, 43, 56
Stoller’s rule, 43, 44
Stone’s lemma, 65, 66, 69, 83
Stone’s theorem, 97, 100, 101, 107, 181,
182, 183, 185, 456
Stone-Weierstrass theorem, 281, 287, 519,
538, 543, 580
strictly separable distribution, 104, 162
strong consistency, 92, 93, 128
definition of, 3, 91
of Fourier series rule, 282, 284
of kernel rules, 149, 161, 162, 431
of nearest neighbor rules, 100, 169, 174,
451
of neural network classifiers, 528
of partitioning rules, 143, 155, 341, 347,
368, 369, 370, 376, 378, 383
strong universal consistency, 395
of complexity regularization, 290, 292,
298
definition of, 92
of generalized linear rules, 287, 502, 505
of kernel rules, 149, 150, 166, 424, 426,
429, 430, 435
of nearest neighbor rules, 170, 176, 453,
458, 459
of neural network classifiers, 523, 528,
545
of partitioning rules, 96, 133, 138, 142,
143, 144, 170, 288, 369, 376, 381,
382, 384, 462
structural risk minimization, see complexity
regularization
sufficient statistics, 268, 270, 571, 572,
573, 574
superclassifier, 5, 118



636 Subject Index

support, 63, 80, 84, 579
symmetric rule, 109, 411, 413, 414, 419
symmetrization, 193, 194, 203, 278

tennis rule, 82, 88
testing sequence, 121, 124, 125, 126, 127,
131, 388, 390, 392, 393, 397, 428,
453, 455, 457
total boundedness, 480, 483, 486, 487, 493,
494
total positivity, 434
total variation, 22, 32, 36, 208
transformation invariance, 6, 62, 84, 177,
178, 179, 182, 183, 285, 318, 319,
320, 328, 334, 337, 348, 373, 375,
385,512, 531
tree
«-balanced, 358
binary, 315, 316, 364
BSP, see binary space partition tree
classifier, 6, 39, 316, 319, 322, 341, 343,
347, 364, 383, 390, 394, 477, 516,
542
depth of, 315, 333, 358
expression, 469
greedy, 348, 349, 350
height of, 315, 334, 474
Horton-Strahler number of, 477
hyperplane, see binary space partition
: tree
k-d, see k-d tree
median, see median tree
ordered, 316
ordinary, 316, 317, 318
perpendicular splitting, 334, 336, 348
pruning of, see trimming of a tree
sphere, 316, 317
trimming of, 327, 336, 338, 339

unbiased estimator, 121, 285

uniform deviations, see uniform laws of
large numbers

uniform laws of large numbers, 190, 196,
198, 199, 207, 228, 366, 490, 529

uniform marginal transformation, 319
universal consistency, 97, 98, 106, 109,

113, 118, 226, 285, 387, 510

of complexity regularization, 293

definition of, 3, 92

of generalized linear rules, 286, 501, 502

of kernel rules, 149, 153, 163, 164, 165,
166, 167, 423, 425, 441, 442

of nearest neighbor rules, 61, 100, 169,
170, 175, 177, 178, 180, 181, 182,
183, 184, 185, 453, 454, 455

of neural network classifiers, 512, 524,
526, 528, 532, 539, 540, 547

of partitioning rules, 95, 96, 107, 133,
253, 344, 346, 364, 382, 393

Vapnik-Chervonenkis dimension, see vC

dimension

Vapnik-Chervonenkis inequality, 5, 138,

192, 196, 197, 198, 201, 202, 203,
206, 225, 226, 229, 233,271, 273,
275, 278, 295, 304, 312, 356, 357,
364, 365, 366, 388, 399, 429, 436,
467, 476, 492, 494

variation, 144

vc class, 197, 210, 251, 290, 297
vc dimension, 5, 192, 196, 197, 200, 201,

202, 206, 210, 215, 216, 218, 219,
220, 221,223, 224, 226, 229, 230,
231, 232, 233, 235, 236, 238, 239,
240, 243, 245, 247, 257, 272, 273,
275,277, 278, 286, 289, 290, 291,
292,294, 295, 297, 298, 300, 301,
346, 347, 398, 436, 439, 444, 447,
467, 471, 476, 477, 486, 496, 521,
522,523, 524, 526, 530, 533, 534,
537, 538, 541, 542, 544, 546, 547

Voronoi cell, 62, 304, 312, 378

Voronoi partition, 62, 304, 312, 377, 378,
380

weighted average estimator, 98

X-property, 319, 320, 322, 333, 334, 339,
342, 343, 357, 358, 362, 513



Pattern recognition presents one of the most significant challenges
for scientists and engineers, and many different approaches have
been proposed. The aim of this book is to provide a self-contained
account of probabilistic analysis of these approaches. The book
includes a discussion of distance measures, nonparametric methods
based on kernels or nearest neighbors, Vapnik—Chervonenkis theo-
ry, epsilon entropy, parametric classification, error estimation, tree
classifiers, and neural networks.

Wherever possible, distribution-free properties and inequalities are
derived. A substantial portion of the results or the analysis is new.
Over 430 problems and exercises complement the material.

ISBN 0-387-94618-7

I

80387"'946184
ISBN 0-387-94618-7



	Cover
	Series: Applications of Mathematics Volume 31
	A Probabilistic Theory of Pattern Recognition
	Copyright - ISBN: 0387946187
	Preface
	Contents
	1 Introduction���������������������
	2 The Bayes Error������������������������
	2.1 The Bayes Problem����������������������������
	2.2 A Simple Example���������������������������
	2.3 Another Simple Example���������������������������������
	2.4 Other Formulas for the Bayes Risk��������������������������������������������
	2.5 Plug-In Decisions����������������������������
	2.6 Bayes Error Versus Dimension���������������������������������������
	Problems and Exercises�����������������������������

	3 Inequalities and Alternate Distance Measures�����������������������������������������������������
	3.1 Measuring Discriminatory Information�����������������������������������������������
	3.2 The Kolmogorov Variational Distance����������������������������������������������
	3.3 The Nearest Neighbor Error�������������������������������������
	3.4 The Bhattacharyya Affinity�������������������������������������
	3.5 Entropy������������������
	3.6 Jeffreys' Divergence�������������������������������
	3.7 F-Errors�������������������
	3.8 The Mahalanobis Distance�����������������������������������
	3.9 f-Divergences
	Problems and Exercises�����������������������������

	4 Linear Discrimination������������������������������
	4.1 Univariate Discrimination and Stoller Splits�������������������������������������������������������
	4.2 Linear Discriminants�������������������������������
	4.3 The Fisher Linear Discriminant�����������������������������������������
	4.4 The Normal Distribution����������������������������������
	4.5 Empirical Risk Minimization��������������������������������������
	4.6 Minimizing Other Criteria������������������������������������
	Problems and Exercises�����������������������������

	5 Nearest Neighbor Rules�������������������������������
	5.1 Introduction�����������������������
	5.2 Notation and Simple Asymptotics������������������������������������������
	5.3 Proof of Stone's Lemma���������������������������������
	5.4 The Asymptotic Probability of Error����������������������������������������������
	5.5 The Asymptotic Error Probability of Weighted Nearest Neighbor Rules
	5.6 k-Nearest Neighbor Rules: Even k
	5.7 Inequalities for the Probability of Error����������������������������������������������������
	5.8 Behavior When L* Is Small������������������������������������
	5.9 Nearest Neighbor Rules When L* = 0���������������������������������������������
	5.10 Admissibility of the Nearest Neighbor Rule������������������������������������������������������
	5.11 The (k, l)-Nearest Neighbor Rule
	Problems and Exercises�����������������������������

	6 Consistency��������������������
	6.1 Universal Consistency��������������������������������
	6.2 Classification and Regression Estimation���������������������������������������������������
	6.3 Partitioning Rules�����������������������������
	6.4 The Histogram Rule�����������������������������
	6.5 Stone's Theorem��������������������������
	6.6 The k-Nearest Neighbor Rule
	6.7 Classification Is Easier Than Regression Function Estimation�����������������������������������������������������������������������
	6.8 Smart Rules����������������������
	Problems and Exercises�����������������������������

	7 Slow Rates of Convergence����������������������������������
	7.1 Finite Training Sequence�����������������������������������
	7.2 Slow Rates���������������������
	Problems and Exercises�����������������������������

	8 Error Estimation�������������������������
	8.1 Error Counting�������������������������
	8.2 Hoeffding's Inequality���������������������������������
	8.3 Error Estimation Without Testing Data������������������������������������������������
	8.4 Selecting Classifiers��������������������������������
	8.5 Estimating the Bayes Error�������������������������������������
	Problems and Exercises�����������������������������

	9 The Regular Histogram Rule�����������������������������������
	9.1 The Method of Bounded Differences��������������������������������������������
	9.2 Strong Universal Consistency���������������������������������������
	Problems and Exercises�����������������������������

	10 Kernel Rules����������������������
	10.1 Consistency�����������������������
	10.2 Proof of the Consistency Theorem��������������������������������������������
	10.3 Potential Function Rules������������������������������������
	Problems and Exercises�����������������������������

	11 Consistency of the k-Nearest Neighbor Rule
	11.1 Strong Consistency������������������������������
	11.2 Breaking Distance Ties����������������������������������
	11.3 Recursive Methods�����������������������������
	11.4 Scale-Invariant Rules���������������������������������
	11.5 Weighted Nearest Neighbor Rules�������������������������������������������
	11.6 Rotation-Invariant Rules������������������������������������
	11.7 Relabeling Rules����������������������������
	Problems and Exercises�����������������������������

	12 Vapnik-Chervonenkis Theory������������������������������������
	12.1 Empirical Error Minimization����������������������������������������
	12.2 Fingering���������������������
	12.3 The Glivenko-Cantelli Theorem�����������������������������������������
	12.4 Uniform Deviations of Relative Frequencies from Probabilities�������������������������������������������������������������������������
	12.5 Classifier Selection��������������������������������
	12.6 Sample Complexity�����������������������������
	12.7 The Zero-Error Case�������������������������������
	12.8 Extensions����������������������
	Problems and Exercises�����������������������������

	13 Combinatorial Aspects of Vapnik-Chervonenkis Theory�������������������������������������������������������������
	13.1 Shatter Coefficients and VC Dimension�������������������������������������������������
	13.2 Shatter Coefficients of Some Classes������������������������������������������������
	13.3 Linear and Generalized Linear Discrimination Rules��������������������������������������������������������������
	13.4 Convex Sets and Monotone Layers�������������������������������������������
	Problems and Exercises�����������������������������

	14 Lower Bounds for Empirical Classifier Selection���������������������������������������������������������
	14.1 Minimax Lower Bounds��������������������������������
	14.2 The Case L_c = 0
	14.3 Classes with Infinite VC Dimension����������������������������������������������
	14.4 The Case L_c > 0
	14.5 Sample Complexity�����������������������������
	Problems and Exercises�����������������������������

	15 The Maximum Likelihood Principle������������������������������������������
	15.1 Maximum Likelihood: The Formats�������������������������������������������
	15.2 The Maximum Likelihood Method: Regression Format������������������������������������������������������������
	15.3 Consistency�����������������������
	15.4 Examples��������������������
	15.5 Classical Maximum Likelihood: Distribution Format�������������������������������������������������������������
	Problems and Exercises�����������������������������

	16 Parametric Classification�����������������������������������
	16.1 Example: Exponential Families�����������������������������������������
	16.2 Standard Plug-In Rules����������������������������������
	16.3 Minimum Distance Estimates��������������������������������������
	16.4 Empirical Error Minimization����������������������������������������
	Problems and Exercises�����������������������������

	17 Generalized Linear Discrimination�������������������������������������������
	17.1 Fourier Series Classification�����������������������������������������
	17.2 Generalized Linear Classification���������������������������������������������
	Problems and Exercises�����������������������������

	18 Complexity Regularization�����������������������������������
	18.1 Structural Risk Minimization����������������������������������������
	18.2 Poor Approximation Properties of VC Classes�������������������������������������������������������
	18.3 Simple Empirical Covering�������������������������������������
	Problems and Exercises�����������������������������

	19 Condensed and Edited Nearest Neighbor Rules�����������������������������������������������������
	19.1 Condensed Nearest Neighbor Rules��������������������������������������������
	19.2 Edited Nearest Neighbor Rules�����������������������������������������
	19.3 Sieves and Prototypes���������������������������������
	Problems and Exercises�����������������������������

	20 Tree Classifiers��������������������������
	20.1 Invariance����������������������
	20.2 Trees with the X-Property�������������������������������������
	20.3 Balanced Search Trees���������������������������������
	20.4 Binary Search Trees�������������������������������
	20.5 The Chronological k-d Tree��������������������������������������
	20.6 The Deep k-d Tree�����������������������������
	20.7 Quadtrees���������������������
	20.8 Best Possible Perpendicular Splits����������������������������������������������
	20.9 Splitting Criteria Based on Impurity Functions����������������������������������������������������������
	20.10 A Consistent Splitting Criterion���������������������������������������������
	20.11 BSP Trees����������������������
	20.12 Primitive Selection��������������������������������
	20.13 Constructing Consistent Tree Classifiers�����������������������������������������������������
	20.14 A Greedy Classifier��������������������������������
	Problems and Exercises�����������������������������

	21 Data-Dependent Partitioning�������������������������������������
	21.1 Introduction������������������������
	21.2 A Vapnik-Chervonenkis Inequality for Partitions�����������������������������������������������������������
	21.3 Consistency�����������������������
	21.4 Statistically Equivalent Blocks�������������������������������������������
	21.5 Partitioning Rules Based on Clustering��������������������������������������������������
	21.6 Data-Based Scaling������������������������������
	21.7 Classification Trees��������������������������������
	Problems and Exercises�����������������������������

	22 Splitting the Data����������������������������
	22.1 The Holdout Estimate��������������������������������
	22.2 Consistency and Asymptotic Optimality�������������������������������������������������
	22.3 Nearest Neighbor Rules with Automatic Scaling���������������������������������������������������������
	22.4 Classification Based on Clustering����������������������������������������������
	22.5 Statistically Equivalent Blocks�������������������������������������������
	22.6 Binary Tree Classifiers�����������������������������������
	Problems and Exercises�����������������������������

	23 The Resubstitution Estimate�������������������������������������
	23.1 The Resubstitution Estimate���������������������������������������
	23.2 Histogram Rules���������������������������
	23.3 Data-Based Histograms and Rule Selection����������������������������������������������������
	Problems and Exercises�����������������������������

	24 Deleted Estimates of the Error Probability����������������������������������������������������
	24.1 A General Lower Bound���������������������������������
	24.2 A General Upper Bound for Deleted Estimates�������������������������������������������������������
	24.3 Nearest Neighbor Rules����������������������������������
	24.4 Kernel Rules������������������������
	24.5 Histogram Rules���������������������������
	Problems and Exercises�����������������������������

	25 Automatic Kernel Rules��������������������������������
	25.1 Consistency�����������������������
	25.2 Data Splitting��������������������������
	25.3 Kernel Complexity�����������������������������
	25.4 Multiparameter Kernel Rules���������������������������������������
	25.5 Kernels of Infinite Complexity������������������������������������������
	25.6 On Minimizing the Apparent Error Rate�������������������������������������������������
	25.7 Minimizing the Deleted Estimate�������������������������������������������
	25.8 Sieve Methods�������������������������
	25.9 Squared Error Minimization��������������������������������������
	Problems and Exercises�����������������������������

	26 Automatic Nearest Neighbor Rules������������������������������������������
	26.1 Consistency�����������������������
	26.2 Data Splitting��������������������������
	26.3 Data Splitting for Weighted NN Rules������������������������������������������������
	26.4 Reference Data and Data Splitting���������������������������������������������
	26.5 Variable Metric NN Rules������������������������������������
	26.6 Selection of k Based on the Deleted Estimate��������������������������������������������������������
	Problems and Exercises�����������������������������

	27 Hypercubes and Discrete Spaces����������������������������������������
	27.1 Multinomial Discrimination��������������������������������������
	27.2 Quantization������������������������
	27.3 Independent Components����������������������������������
	27.4 Boolean Classifiers�������������������������������
	27.5 Series Methods for the Hypercube��������������������������������������������
	27.6 Maximum Likelihood������������������������������
	27.7 Kernel Methods��������������������������
	Problems and Exercises�����������������������������

	28 Epsilon Entropy and Totally Bounded Sets��������������������������������������������������
	28.1 Definitions�����������������������
	28.2 Examples: Totally Bounded Classes���������������������������������������������
	28.3 Skeleton Estimates������������������������������
	28.4 Rate of Convergence�������������������������������
	Problems and Exercises�����������������������������

	29 Uniform Laws of Large Numbers���������������������������������������
	29.1 Minimizing the Empirical Squared Error��������������������������������������������������
	29.2 Uniform Deviations of Averages from Expectations������������������������������������������������������������
	29.3 Empirical Squared Error Minimization������������������������������������������������
	29.4 Proof of Theorem 29.1���������������������������������
	29.5 Covering Numbers and Shatter Coefficients�����������������������������������������������������
	29.6 Generalized Linear Classification���������������������������������������������
	Problems and Exercises�����������������������������

	30 Neural Networks�������������������������
	30.1 Multilayer Perceptrons����������������������������������
	30.2 Arrangements������������������������
	30.3 Approximation by Neural Networks��������������������������������������������
	30.4 VC Dimension������������������������
	30.5 L_1 Error Minimization
	30.6 The Adaline and Padaline������������������������������������
	30.7 Polynomial Networks�������������������������������
	30.8 Kolmogorov-Lorentz Networks and Additive Models�����������������������������������������������������������
	30.9 Projection Pursuit������������������������������
	30.10 Radial Basis Function Networks�������������������������������������������
	Problems and Exercises�����������������������������

	31 Other Error Estimates�������������������������������
	31.1 Smoothing the Error Count�������������������������������������
	31.2 Posterior Probability Estimates�������������������������������������������
	31.3 Rotation Estimate�����������������������������
	31.4 Bootstrap���������������������
	Problems and Exercises�����������������������������

	32 Feature Extraction����������������������������
	32.1 Dimensionality Reduction������������������������������������
	32.2 Transformations with Small Distortion�������������������������������������������������
	32.3 Admissible and Sufficient Transformations�����������������������������������������������������
	Problems and Exercises�����������������������������

	Appendix���������������
	A.1 Basics of Measure Theory�����������������������������������
	A.2 The Lebesgue Integral��������������������������������
	A.3 Denseness Results����������������������������
	A.4 Probability����������������������
	A.5 Inequalities�����������������������
	A.6 Convergence of Random Variables������������������������������������������
	A.7 Conditional Expectation����������������������������������
	A.8 The Binomial Distribution������������������������������������
	A.9 The Hypergeometric Distribution������������������������������������������
	A.10 The Multinomial Distribution����������������������������������������
	A.11 The Exponential and Gamma Distributions���������������������������������������������������
	A.12 The Multivariate Normal Distribution������������������������������������������������

	Notation���������������
	References�����������������
	Author Index�������������������
	Subject Index��������������������



