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Abstract: We consider the classification problem on the cube [0,1]¢
when the Bayes rule is known to belong to some new functions classes.
These classes are made of prediction rules satisfying some conditions re-
garding their coefficients when developed over the (overcomplete) basis of
indicator functions of dyadic cubes of [0, 1]¢. The main concern of the paper
is on the thorough analysis of the approximation term, which is in general
bypassed in the classification literature. An adaptive classifier is designed to
achieve the minimax rate of convergence (up to a logarithmic factor) over
these functions classes. Lower bounds on the convergence rate over these
classes are established when the underlying marginal of the design is com-
parable to the Lebesgue measure. Connections with some existing models
for classification (RKHS and “boundary fragements”) are established.
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1. Introduction

We denote by D,, = (X;,Yi)1<i<n a sample of n i.i.d. observations of a couple
(X,Y) of random variables with values in [0,1]¢ x {—1,1}. We denote by 7
the probability distribution of the couple (X,Y’). We want to construct some
measurable functions which associate a label y € {—1,1} to each point = of
[0,1]¢. Such functions are called prediction rules. The quality of a prediction
rule f is given by the value

R(f) =P(f(X) #Y)

called misclassification error of f. It is well known (e.g. Devroye et al. [1996])
that there exists an optimal prediction rule which attains the minimum of R(-)
over all measurable functions with values in {—1,1}. This function is called the
Bayes rule and is defined by

[ (@) = sign(2n(x) — 1),
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where 7 is the conditional probability function of Y =1 knowing X defined by
n(z) =P = 1|X = ).

The value
R = R(f") = min R(/)

is known as the Bayes risk. The aim of classification is to construct a prediction
rule, using only the observations D,,, with a risk as close to R* as possible. Such
a construction is called a classifier. Performance of a classifier fn is measured
by the value A A

Ex(fn) = Ex[R(fn) — R']

called the excess risk of fn. In this case, R(f,) = P(f,(X) # Y|D,) and the
symbol E; denotes the expectation w.r.t. D,,, when the probability distribution
of (X;,Y;) is 7 for any i = 1,...,n. Consider (¢(n))nen a decreasing sequence
of positive numbers. We say that a classifier fn learns at the convergence rate
@(n), if there exists an absolute constant C' > 0 such that for any integer n,

E+[R(fn) — R*] < Co(n).
We introduce a loss function on the set of all prediction rules:

d=(f,9) = |R(f) = R(g)|-

This loss function is a semi-distance (it is symmetric, satisfies the triangle in-
equality and d(f, f) = 0). The excess risk of any classifier f,, can be written
as

Eﬂ(fn) = Eﬂ[dﬂ'(fm f*)]a

where the RHS is the risk of fn associated with the loss d.

Theorem 7.2 of Devroye et al. [1996] shows that no classifier can learn with
a given convergence rate for arbitrary underlying probability distribution 7. To
achieve a rate of convergence, we need to assume that the Bayes rule belongs
to some functions classes with a small complexity. For instance, Yang [1999a,b]
provide examples of classifiers learning, with a given convergence rate, under
complexity assumptions on the set of conditional probability functions. Other
rates of convergence have been obtained under the assumption that the Bayes
rule belongs to a class of prediction rules with a finite dimension of Vapnik
and Chervonenkis (cf. Devroye et al. [1996]). In both cases, the problem of
a direct approximation of f* is not treated. In the first case, the problem of
approximation of f* is shifted to the problem of approximation of the regression
function 7. In fact, if f denotes the plug-in rule 15>y /2, where 7 is a function
with values in [0, 1] then the loss of f satisfies

dr(f, ) < 2E[|7(X) - n(X)]] (1)

Thus, under smoothness assumption on the conditional function 7, we can con-
trol the approximation term. However, global smoothness assumptions on 7 are



G. Lecué/Classes of Bayes rules with sparse representation 743

somehow too restrictive for the estimation of f* since the behavior of n away
from the decision boundary {z € [0,1]¢: () = 1/2} has no effect on the esti-
mation of f*. In the second case, the approximation term equals to zero, since
the Bayes rule is assumed to belong to a class with a finite VC dimension and
so we don’t need to approach the Bayes rule by a simpler object.

The main difficulty of a direct approximation of f* relies on the fact that the
loss function d, depends on the unknown probability measure 7. Given a model
P (a set of probability measures on [0, 1]9x{—1, 1}) with a known complexity, we
want to be able to construct a decreasing family (Fe).so of classes of prediction
rules, such that the following approximation result holds:

Vi = (PX,n) € P,Ve > 0,3f. € Fe: dn(fe, [*) <, (2)

where PX is the marginal distribution of 7 on [0,1]¢ and f* = Sign(2n — 1) is
the Bayes rule associated with the regression function n of 7. In fact, we want
the classes F. to be parametric in such a way that, for the estimation problem,
we just have to estimate a parametric object in a class F_, for a well chosen
€n (generally obtained by a trade-off between the bias/approximation term and
the variance term, coming from the estimation of the best parametric object in
Fe,, approaching f*).

We upper bound the loss d,, but we still work with a direct approximation
of f*. For a prediction rule f we have

dx(f, [*) = Bl[20(X) = 1 Wpx)2 - 0] < /DI = FFllvex). (3)

In order to get a distribution-free loss function, we assume that the following
assumption holds. This assumption is close to assuming that the marginal dis-
tribution of X is the Lebesgue measure on [0, 1]%.

Assumption 1 (A1). The marginal probability distribution PX of X is abso-
lutely continuous w.r.t. the Lebesgue measure A\g and there exist two constants
0 < a< A< +oo such that one version of the density function dPX(-)/d\g
satisfies a < dPX(x)/d\g < A, Yz €0,1]%.

The behavior of the regression function 7 near the level 1/2 is a key char-
acteristic of the classification’s quality (cf. e.g. Tsybakov [2004]). In fact, the
closer is 1 to 1/2, the more difficult is the classification problem. Here, we work
under the following assumption introduced by Massart and Nédélec [2006].

Assumption 2 (Strong Margin Assumption (SMA)). There exists an
absolute constant 0 < h <1 such that:

P(125(X) — 1| > h) = 1.

Under assumptions (A1) and (SMA) we have, for any prediction rule f,

ah * * A *
7||f_f ||L1()\d) Sdﬂ'(faf )S EHf_f ||L1()\d)'

Thus, estimation of f* w.r.t. the loss d. is the same as estimation w.r.t. the
L1 (\g)—norm, where )4 is the Lebesgue measure on [0, 1]<.



G. Lecué/Classes of Bayes rules with sparse representation 744

The paper is organized as follows. In the next section, we present in a semi-
informal way, the gist of the approach and an overview of the results. Then, in
Section 3, we introduce a class of functions, with values in {—1, 1}, developed in
a fundamental system of L2([0, 1]¢). Section 4 is devoted to the approximation
and the estimation of Bayes rules having a sparse representation in this system.
In Section 5, we discuss this approach. Proofs are postponed to Section 6.

2. Related works and overview of the results

Many authors pointed out the need for developing a suitable approximation
theory for classification. Given a model C of prediction rules, it is written in
p.34 of Boucheron et al. [2005]: “estimating the model bias mingec(R(f) — R*)
seems to be beyond the reach of our understanding. In fact, estimating R*
is known to be a difficult statistical problem, see Devroye et al. [1996] and
Antos et al. [1999].” In Blanchard et al. [2003], question on the control of the
approximation error for a class of models in the boosting framework is asked. In
this paper, it is assumed that the Bayes rule belongs to the model and form of
distribution satisfying such condition is explored. Another related work is Lugosi
and Vayatis [2004], where, under general conditions, it can be guaranteed that
the approximation error converges to zero for some specific models. In Tsybakov
[2004] and Tsybakov and van de Geer [2005], the author examine classes that
are indexed by a complexity exponent that reflects the smoothness of the Bayes
decision boundary. An argument of entropy is then used to upper bound the
bias term. A generalization of these classes is given in Scott and Nowak [2006].
In Steinwart et al. [2006], the authors present necessary and sufficient conditions
to know wether a function class approximates the Bayes risk for some general
loss functions.

In the present work, we develop the Bayes rule in the overcomplete basis
S made of all the indicator functions of dyadic cubes of [0, 1]¢ assuming that
the coefficients of this development take their values in {—1,0,1}. Then, we
estimate these coeflicients by doing a simple majority vote in each dyadic cell
of a partition of [0, 1]%. The resulting estimator can be seen as a decision tree
algorithm, since we can make a link between the analytical development of f*
in & and the dyadic decision trees representation of the Bayes rule. We obtain
minimax rates of convergence (up to a logarithm factor) for these classes of
Bayes rules.

The best known decision tree algorithms are CART (cf. Breiman et al. [1984])
and C4.5 (cf. Quinlan [1993]). These methods use a growing and pruning algo-
rithm. First, a large tree is grown by splitting recursively nodes along coordi-
nates axes according to an “impurity” criterion. Next, this tree is pruned using
a penalty function. Penalties are usually based on standard complexity regular-
ization like the square root of the size of the tree. Spatially adaptive penalties
depend not only on the complexity of the tree, but also on the spatial dis-
tribution of training samples. More recent constructions of decision trees have
been proposed in Scott and Nowak [2006] and Blanchard et al. [2007]. In Scott
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and Nowak [2006], the authors consider, in the multi-class framework, dyadic
decision trees and exhibit near-minimax rates of convergence by considering
spatial adaptive penalties. They obtained rates of convergence over classes of
prediction functions having a complexity defined in the same spirit as Mammen
and Tsybakov [1999] and Tsybakov [2004]. In Blanchard et al. [2007], a general
framework is worked out including classification for different loss functions. The
authors select among a set of dyadic trees having a finite depth, the best tree
realizing an optimal trade-off between the empirical risk and a penalty term.
Here, the penalty term is proportional to the number of leaves in the tree. They
obtained oracle inequalities and derived rates of convergence in the regression
setup under a regularity assumption on the underlying regression function to
estimate. Rates of convergence, for the classification problem, are not derived
from these oracle inequalities, since they do not treat the bias term.

Our estimation procedure does not provide any tree algorithm in the same
spirit as these previous works. The main reason is that, we obtain results under
the assumption on the marginal distribution given by (Al). This assumption
allows us to work at a given “frequency” and we do not need a multi-scale
construction of the dyadic tree as in the previous related work. Once the opti-
mal frequency is obtained (by trade off), the estimation procedure is a regular
histogram rule as considered in Chapter 9 of Devroye et al. [1996].

The present work focuses on the control of the approximation term and the
introduction of classes of prediction rules having different complexities and ap-
proximation qualities (the complexity of a class is given by the way the number
of coefficients, in the development of the Bayes rule in the basis S, non equal
to zero, is controlled in function of the “depth”(or “frequency”) of these co-
efficients). As we shall see, one crucial difference of our estimator is that it is
able to deal with infinite trees. Such infinite trees can be considered since we
control the bias term. Nevertheless, when the complexity is unknown, we use a
multi-scale approach to construct an adaptive procedure.

3. Classes of Bayes rules with sparse representation

In this section, we introduce a class of prediction rules. For that, we consider
two different representations of a prediction rule.

The first way is to represent a prediction rule as an infinite dyadic tree. An
infinite dyadic decision tree is defined as a partitioning of the hypercube [0, 1]¢
obtained by cutting in half perpendicular to one of the axis coordinates, then
cutting recursively the two pieces obtained in half again, and so on. Most of the
time, finite dyadic trees are considered (cf. Blanchard et al. [2007] and Scott and
Nowak [2006]). It means that the previous constructions stop at an arbitrary
point along every branch. For a survey on decision trees we refer to Murthy
[1998]. Here, we consider also infinite dyadic trees.

The other way is more “analytic”. First, we consider the representation of
prediction rules in a fundamental system of L%([0,1]%, \4) (that is a countable
family of functions such that the set made of all their finite linear combinations
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is dense in L2([0,1]%, \s)) inherited from the Haar basis. Then, we control the
number of non-zero coefficients (which are restricted here to take only the values
—1,00r 1).

3.1. Analytic representation of decision trees

First, we construct a fundamental system of L%([0, 1]%, \4). We consider a se-
quence of partitions of [0, 1]¢ by setting for any integer 7,

IV =EY x - x EY),
where k is the multi-index
k= (k... kq) € Is(j) = {0,1,...,27 —1}¢,

and for any integer j and any k € {1,...,27 — 1},

[£ﬂ> k=0, 2 -2
g _ ) 122
k 27 —1 :
[—.,1] ifk=2 —1
DY

Some examples of sets Il({j ) in the 2-dimensional case are given in Figure 1.

1
@ | @
Lo.3)| L1.3)
(1)
Ly
@ | @
Lo.2)| Li12)
1 e
Z(0,0) L0
0 1

F1G 1. Ezample of a finite dyadic partition of [0,1]2.

We use these dyadic partitions to define a fundamental system of L%([0, 1]%, \g).
Definition 1. The class of indicators functions of the dyadic sets of
[0,1]% is

S = (¢§j> je N,ke]d(j)) where ¢ = 11 vj e N,k € 1))

€]
Ik] )

and T4 denotes the indicator of a set A.
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We use this fundamental system of L2([0, 1]9, \4) to construct some statistical
models of prediction rules.

Definition 2. We define the class of functions F to be the closure set in
L2([0,1]%, \g) of all the finite linear combinations of elements in S having coef-
ficients only in {—1,0, 1} intersected with the set of all the prediction rules.

Namely, the functions class F(? is the set of all the prediction rules f :

[0,1]¢ — {—1,1} such that there exists a sequence (ag))Lk of numbers in

{-1,0, 1} satisfying
+oo
=3 > alel.

J=0kelq(j)

Since S is not an orthogonal basis of L2([0,1]% \4), the expansion of a func-
tion f of (@ in S is not unique. Therefore, to avoid any ambiguity, we define
a convention on the choice of the coeflicients of f when developed in the system

S.
Definition 3. Let f be a prediction rule in F? and (ag))jyk be a sequence of

+oo
numbers in {—1,0, 1} such that f = Z Z afg)qﬁg). We say that the function
_ =0 kela(j)
f or the sequence (afj))jyk satisfies the writing convention (W) when

o forany j € Nandk € I4(j), ifa(j) # 0 then for any j' > j and k' € I;(j")
such that (b(J) (J ) # 0 we have a(J ) =

o foranyj €N andk € I4(j), the set of coefficients {angl) s.t (J) (JJrl) #*
0} is not equal to {1} or {—1}.

In what follows, we use the vocabulary appearing in the wavelet literature.
The index “5” of the coefficient a(J ) and the function (bf{j ) is called “level of fre-
quency”. We can describe a mapping f € F(4 satisfying the writing convention
(W) by using an infinite dyadic decision tree with some restriction on the nodes.

Each node is associated with a coefficient af{j ). The root is agg)m o

describing the coeflicient a(J ) , is equal to 1 or —1 then it has no branches (this
is the first point of Deﬁmtlon 3), otherwise it has 2¢ branches, corresponding to
the 27 coefficients {a(J gt (bf{j )qﬁgﬂ) # 0} of the next frequency. The second
point of Definition 3 imposes that a node cannot have all his leaves equal to 1
together (or —1). At the end, all the leaves of the tree equal to 1 or —1 (because
f takes its values only in {—1,1}) and the depth of a leaf is the frequency of
the associated coefficient.

Remark that, this writing convention is not an assumption. The following
proposition proves that all functions in F(# can be written using this conven-
tion.

) If a node,

Proposition 1. Let f be a function in FD_ There exists a sequence of coef-
ficients (ag))jyk with values in {—1,0, 1} satisfying the writing convention (W)



G. Lecué/Classes of Bayes rules with sparse representation 748

such that N
F=3 3 el
J=0keI,(4)

An example of the development of a prediction rule in the basis S and its
associated decision tree representation is given in Figure 2. This figure illustrate
the overcomplete basis S and the writing convention on this simple example.

0

_ (1) (1) (1) (1)
F=800 T200) T o0 T (Vo0 T

= 1

111 \ﬂ Writing conventior: (W) 1

0 1 f ¢(1)3+¢(1)Q+¢(1)3
) ) )
(o) + (1) + S0 + (1)

—
—
=]
—

-1-1 —-1-1

F1G 2. Ezample of the writing convention (W) on the analytical and dyadic tree representa-
tions in the 2-dimensional case.

We can avoid the problem of the non-uniqueness of the expansion of a function
in the overcomplete system S. For instance, by replacing S by the wavelet tensor
product of the Haar basis (cf. Meyer [1990]), we obtain an orthonormal wavelet
basis of L2([0,1]9). In that case, the link with dyadic decision trees is much
more complicated and the obtained results are not easily interpretable.

Remark 1. An interesting fact is that, we can consider the set S, as a dic-
tionary of basic functions. Considering prediction rules as linear combinations
of the functions in this dictionary with coefficients in {—1,0,1} (using the con-
vention of writing (W)), we obtain that, the LASSO estimator (cf. Tibshirani
[1996]) is given, in this framework, by

sl 1 (J)
Arg max o Z Fx#y; + ”YZ |y’

where f = Z Zkeld(J) ak (bfg), Ad —a.s. Since the coefficients a(J) take their
values in {—1,0, 1}, the Iy -type penalty ijk |a§{])| is exactly the number of leaves
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of the dyadic tree associated with the prediction rule f. Thus, LASSO estima-
tor, in this framework and for the dictionary S, is the same as the estimator

considered in Blanchard et al. [2007].

It is easy to see that all measurable functions from [0, 1]¢ to {—1, 1} cannot be
represented in the overcomplete system S. For example, in the one dimensional
case, the set of open subsets {jl(g) :7 € Nk € I1(j)} is a basis of open subsets
of [0, 1]. Thus, saying that any measurable function from [0, 1] to {—1,1} can
be written in the system S with {—1,0, 1} valued coefficients is equivalent to
say that any measurable subset of [0, 1] is almost everywhere equal to an open
subset of [0, 1]. This fact is not true. A simple example is given by the following
construction. Consider (gi)r>1 an enumeration of the rational numbers of (0, 1).
Denote by A the union, over k € N, of the open balls B(gx, 2~ (**+1). This is a
dense open set of Lebesgue measure bounded by 1/2. Now, let O be an open
subset of [0,1]. If O C A€ then O = () because A is dense (so the interior
set of A is empty) so A\ (OAA®) = N(A°) > 1/2. If O € A° then ON A
is a non-empty open subset so A\;(OAA¢) > A(O N A) > 0. In both cases,
we have A\;(OAA°) > 0. Thus, A° cannot be equal almost everywhere to any
open subset of [0,1]. In particular, the prediction rule f = 24 — 1 cannot
be written in the fundamental system S using coeflicients with values only in
{=1,0,1} (f ¢ FM). “Fat Cantor” are other examples of measurable subsets
which cannot be equal almost everywhere to any open subset. Nevertheless,
under a mild assumption (cf. the following definition) a prediction rule belongs
to F(d),

Definition 4. Let A be a Borel subset of [0,1]¢. We say that A is almost ev-
erywhere open if there exists an open subset O of [0, 1] such that \y(AAO) =
0, where \g is the Lebesque measure on [0,1]% and A stands for the symbol of
symmetric difference.

Theorem 1. Let 1) be a function from [0,1]¢ to [0,1]. We consider
1 if n(x) >1/2
folz) = { fn(z) =1/

-1 otherwise.

We assume that {n > 1/2} and {n < 1/2} are almost everywhere open. Then,
there exists g € F9 such that g = fnr Aad — a.s..

For instance, if \g(0{n = 1/2}) = 0 and, either 7 is Ag-almost everywhere
continuous (it means that there exists an open subset of [0, 1]¢ with a Lebesgue
measure equals to 1 such that 7 is continuous on this open subset) or if 7 is
Ag—almost everywhere equal to a continuous function, then f,, € F (d) Moreover,
the Lebesgue measure satisfies the property of regularity, which says that for
any Borel B € [0,1]¢ and any € > 0, there exists a compact subset K and an
open subset O such that K C A C O and A\¢(O — K) < e. Hence, one can easily
check that for any measurable function f from [0,1]¢ to {—1,1} and any € > 0,
there exists a function g € F(@ such that A\g({z € [0,1]?: f(z) # g(2)}) < e
Thus, F(@ is dense in L?()\,) intersected with the set of all measurable functions
from [0, 1] to {1, 1}.
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3.2. Class of Bayes rules

In this subsection, we construct some models of prediction rules by taking some
subsets of F(),

Definition 5. For any function w : N —— N, we denote by f&d) the functions
class made of all prediction rules f € F@ satisfying the writing convention (W)

with N
=303 aled,
7=0 k€la(y)
where afcj) € {-1,0,1} and such that the number of non zero coefficients at each
frequency level satisfies

card {k ela(j):ad) # o} <w(j), ¥jeN.

The richness of the functions class }](Ud) depends on the choice of the function
w. If w is too small then the class }](Ud) is poor. That is the subject of the

following proposition.

Proposition 2. Let w be a mapping from N to N such that w(0) > 1. The two
following assertions are equivalent:

(i) Fi # (Lo ).
(i) 32727 27 Yw(j) > 1.

This proposition is strongly connected to the Kraft’s inequality (see e.g. Cover
and Thomas [1991]). Indeed, Kraft’s inequality for a binary tree 7 says that
Siep 2790 < 1 where £ is the set of all the leaves of 7 (note that a leaf
of a tree is a terminal node). This quantity can be written as

o0

Z 9—depth(l) _ Z Z 277 = f:l 277w (j), (4)

leL j=lleL,

where £; is the set of all the leaves of T of level (or depth) j and w(j) its
cardinality. Kraft’s inequality is a restriction on the sequence N; = (w(j)); of
number of leaves in a tree. This restriction comes from the fact that, with the
notations here, if we want to fill the interval [0, 1] with disjoint dyadic intervals
there is necessarily a restriction on the sequence N (the cumulative mass of
dyadic intervals cannot be greater than 1). In our case, we have to fill all the
interval [0, 1] to construct {—1, 1}-valued functions. So we need the sequence N
to be rich enough to fill all this space. That is why the quantity in equation (4)
is a break point in both approaches.

If w is too large then, the approximation of the model }](Ud), by a parametric
model will be impossible. That is why we give a particular look on the functions
classes introduced in the following definition.
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Definition 6. Let w be a mapping from N to N. If w satisfies

—+oo

3 wl) o (5)

2dj

§=0
then, we say that }](Ud) is a L' —ellipsoid of prediction rules.

We say that FY is a “L! —ellipsoid” for a function w satisfying (5), because,
the sequence (w(j));en belongs to a L' —ellipsoid of N, with sequence of radius
(29 ;en. Moreover, Definition 6 can be linked to the definition of a L!—ellipsoid
for real valued functions (cf. Meyer [1990]), since we have a kind of basis, given
by &, and we have a control on coefficients which increases with the frequency.
Control on coefficients, given in equation (5), is close to the one for coefficients of
a real valued function in a L' —ellipsoid of Sobolev (cf. Korostelev and Tsybakov
[1993]), since it deals with the quality of approximation of the class FD by a
parametric model.

Remark 2. A L'—ellipsoid of prediction rules is made of “sparse” prediction
rules. In fact, for f € .7-'1(,1(1) with w satisfying (5), the proportion of non-zero
coefficients in the decomposition of f (using the writing convention (W)), at
a given frequency, becomes small (w.r.t. the 24 coefficients of level j) as the
frequency grows. That is the reason why f&d) can be called a sparse class of
prediction rules.

Next, we provide examples of functions satisfying (5). Functions Classes f&d)

associated with these functions are used in what follows as statistical models.
We first define the minimal infinite class of prediction rules féd) which is the
class FSY when w = w(()d) where w(()d)(()) =1 and w(()d) () = 24 -1, for all
7 > 1. To understand why this class is important, we introduce a concept of
local oscillation of a prediction rule. This concept defines a kind of “regularity”
for functions with values in {—1,1}. Let f be a function from [0, 1]¢ to {1, 1}
in F@ we consider the writing of f in the fundamental system introduced in
Section 4.1 with writing convention (W):

+oo
=3 alel.

J=0kelq(y)

Let J € N and k € I4(J). We say that Il({J) is a low oscillating block of f
when f has exactly 2¢ — 1 non-zero coefficients, in this block, at each level of
frequencies greater or equal to J + 1. In this case we say that f has a low
oscillating block of frequency J. Remark that, if f has an oscillating block
of frequency J, then f has an oscillating block of frequency J', for all J' > J.

The function class féd) is made of all prediction rules with one oscillating block

(o) for

at level 1 and of the indicator function T ;j«. If we have w(jo) < wy
one jo > 1 and w(j) = w(()d) (j) for j # jo then the associated class FP contains
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only the indicator function Mg ;)a, that is the reason why we say that féd) is

“minimal”. Figure 3 provides an example of function in fé2). In this example
the top left cells of the cube [0, 1]? is a low oscillating block.

1

0 1

Fic 3. Example of a prediction rule in ]_.(gz).

Nevertheless, the following proposition shows that féd) is a rich class of
prediction rules from a combinatorial point of view. We recall some quantities
which measure a combinatorial richness of a class of prediction rules (cf. Devroye
et al. [1996]). For any class F of prediction rules from [0,1]¢ to {—1,1}, we
consider

N(F, (@1, o)) = card ({(F@1)s ., flem)) : £ € FD)
where 21, ...,2, € [0,1]% and m € N,

S(F,m) =max (N(F,(z1,...,Tm)) : T1,...,Tm € [0,1]%)
and the VC-dimension of F is

VC(F) =max(m € N:S(F,m)=2").

Consider z; = (22]]—111, 2].%, cee 2]%) , for any j € N. For any integer m, we
have N (féd), (z1,...,2Zm)) = 2™. Hence, the following proposition holds.
Proposition 3. The class of prediction rules féd) has an infinite VC-dimension.

Every class }](Ud) such that w > w(()d) has an infinite VC-dimension (since
}](Ud) - ffj) whenever w < w’), which is the case for the following classes.
Let K € N*. We denote by fl((d) the class }](Ud) of prediction rules where w is
the function
), .
wid (j) =

This class is called the truncated class of level K.

24 if j < K,
20K otherwise.
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We consider exponential classes. These sets of prediction rules are denoted
by f(gd), where 0 < a < 1, and are equal to }](Ud) when w = w((ld) for

. dj if j < N (a)
@Gy =4 2 s
wy” (j) { [2927]  otherwise ’

where N(@(a) = inf (N € N : [242N] > 24 — 1), that is for N(¥(a) = [log(2?—
1)/(dalog2)].

The classes féd), fl((d) and f(gd) are examples of L'—ellipsoid of prediction
rules.

4. Rates of convergence over F(? under (SMA)
4.1. Approximation result

Let w be a function from N to N and A > 1. We denote by P, 4 the set of
all probability measures 7 on [0,1]% x {—1,1} such that the Bayes rules f*,
associated with 7, belongs to F and the marginal of 7 on [0, 1]¢ is absolutely
continuous and a version of its Lebesgue density is upper bounded by A. The
following theorem can be seen as an approximation theorem for the Bayes rules
w.r.t. the loss d uniformly in 7 € P, 4.

Theorem 2 (Approximation theorem). Let FD be a L' —ellipsoid of pre-

diction rules. We have:

Ve>0,3J €N:Vr € Pya,3fe= Y, B¢
kelq(Je)

where Bl({Jé) e {-1,1} and
dﬂ'(f*afé) S €,

where f* is the Bayes rule associated with w. For instance, J. can be the smallest
integer J satisfying Z;:?Jrl 2= 4w (j) < €/A.

Theorem 2 is the first step to prove an estimation theorem using a trade-off
between a bias term and a variance term. We write

Ex(fn) = Erlde(fu, f)] < Enldn(fa, f] + da(fe, f7).

Since f belongs to a parametric model we expect a good control of the variance
term By [dx(fn, f.)], depending on the dimension of the parametric model which
is linked to the quality of the approximation in the bias term. Remark that, no
assumption on the quality of the classification problem (like an assumption on
the margin) is required to obtain Theorem 2. Only assumption on the “number
of oscillations” of f* is used. Theorem 2 deals with approximation of functions
in the L' —ellipsoid F by functions with values in {—1,1} and no estimation
issues are considered.
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4.2. Estimation result

We consider the following class of estimators indexed by the frequency rank

J eN: A O
=3 ADs0, (6)
kelq(J)

where the coefficients are defined by

A _ {1 i 3x e 7 and N > NS
k —1 otherwise,

where, for any k € IC(IJ), NIEJH = Card{i : X; € Il({J) and Y; = 1} and NIEJ% =
Card{i : X; € Il({J) and Y; = —1}. The estimator ;(lJ) realizes a simple majority
vote in each cell Il({J) for any k € T C(IJ) (for an example we refer to Figure 6.1
p.96 in Devroye et al. [1996]).

To obtain a good control of the variance term, we need to insure a good
quality of the estimation problem. Therefore, estimation results are obtained in
Theorem 3 under the assumption (SMA). Nevertheless, the assumption (SMA)
is not enough to obtain any rate of convergence (cf. Chapter 7 of Devroye et al.
[1996] or corollary 1 at the end of section 4.3). We have to define a model for n
or f* with a finite complexity. Here, we assume that the underlying Bayes rule
f*, associated with 7, belongs to a L' —ellipsoid of prediction rules. For that, we
introduce the following models. Let 0 <h < 1,0 <a <1< A< +oo and w a
mapping from N to N. We denote by Py, 5.q,4 the set of all probability measures
7= (PX,n) on [0,1]¢ x {—1,1} such that

1. The marginal PX satisfies (A1).
2. The Assumption (SMA) is satisfied.

3. The Bayes rule f*, associated with 7, belongs to }](Ud).

Theorem below provides an estimation theorem in the model Py p q, 4.

Theorem 3 (Estimation theorem). Let FY be a L —ellipsoid of prediction
rules. Let w be a probability measure on [0,1]% x {—1,1} in Py h.a.na. The excess

risk of the classifier ;(lJé) satisfies, for any € > 0,

Ex(f)) = Enlda(FI7, 7)) < (1 + A)e+ exp (—na(l — exp(=h?/2))27") ,
where J. is the smallest integer satisfying Z;r:}dl 2=Yw(j) < e/A. Parameters
a, A appear in Assumption (A1) and h is used in (SMA).

4.3. Optimality

This section is devoted to the optimality, in a minimax sense, of estimation in
the classification models fl(ud). We apply a version of the Assouad Lemma to

lower bound the risk over Py, p.q,4-
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Theorem 4. Let w be a function from N to N such that

(i) w(0) >1and ¥j > 1, w(j)>2%-1
(i) Vi =1, w(j—1)=2"%(j).

We have for any n € N,
inf  sup  Ex(fu) > Con~t (w(logn/(dlog2)| + 1) — (2% — 1)),

fn ﬂGPw,h,a,A
where Co = (h/8)exp (—(1 — V1 = h?)). Moreover, if w(j) > 2%,Vj > 1 then

inf sup  Ex(fn) > Con.
fr ®€Pw,h,a,A
Remark 3. For a function w satisfying assumptions of Theorem 4 and under

(SMA), we cannot expect a convergence rate faster than 1/n, which is the usual
lower bound for the classification problem under (SMA).

Theorem 7.1 of Devroye et al. [1996] can be deduced from Theorem 4. We
denote by P; the class of all probability measures on [0, 1]¢ x {—1,1} such that
the marginal distribution PX is Ay (the Lebesgue probability distribution on
[0,1]9) and (SMA) is satisfied with the margin h = 1. The case “h = 17 is
equivalent to R* = 0.

Corollary 1. For any integer n, we have

p 1
inf sup E(fn) = -
fn mEPL 8e
It means that no classifier can achieve any rate of convergence in the classi-
fication model P;.

4.4. Rates of convergence for different classes of prediction rules

In this section, we apply results stated in Theorem 3 and Theorem 4 to different
L'—ellipsoid classes }](Ud) introduced at the end of Section 3. Rates of conver-
gence and lower bounds for these models are stated. Using notation introduced

in Section 3 and Subsection 4.3, we consider the following models. For w = wﬁ?),

we denote by Pg) the set of probability measures P _( , , and by P for
K sha,

the exponential model with w = w((ld).

Theorem 5. For the truncated class .7-'1(((1), we have

logn

sup Eﬂ(‘ﬂ({]ﬂ(l{))) S CK,h,a,A 5
77677;;1) n

where Cg pa,4 > 0 is depending only on K, h,a, A. For the lower bound, there

exists Co K h,a,4 > 0 depending only on K, h,a, A such that, for all n € N,

inf sup Ex(fn) > COyKyhyayAnil'
Fo nepl®
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For the exponential class féd) where 0 < a < 1, we have for any integer n

T logn '™
sup £ () <l (E2) "
ﬂGPéd) n
where C(/l,h,a 4 > 0. For the lower bound, there exists C(/),a,h,a,A > 0 depending

only on «, h,)a, A such that, for all n € N,

. A / —1
Hslf sup Ex(fn) > CO,a,hyayAn e
fn ﬂGPéd)

The levels of frequency Jy, (o) and J,(K) are, up to a multiplying constant,
of the order of [log (an/(2%logn)) /(dlog2)].

A remarkable point is that the class _7_.1(51) has an infinite VC-dimension (cf.
Proposition 3). Nevertheless, the rate logn/n is achieved in this model. Exis-
tence of classes of prediction rules with infinite VC dimension that are consistent
when the marginal distribution of the design X is without atoms has been re-
marked in Devroye et al. [1996].

4.5. Adaptation to the complexity

In this section, we provide an adaptive estimator for the exponential classes.
The estimator ,(lJ"(a)), appearing in equation (7), depends on the complexity

parameter «, since

log(A/(en (21~ — 1))
Tn(@) = { d(1 — «)log?2 -‘

and ¢, = (logn/(nC))'~2, where C' = a(1—e~"*/2)2-d(A~1(2d(0-0) _1))1/(1=e),
In practice, we do not have access to this parameter. Thus, it is important to
construct an estimator free from this parameter and which can learn at the
near-optimal rate ((logn)/n)!~< if the underlying probability distribution be-

longs to P(gd) for any «. This is the problem of adaptation to the complexity
parameter .

To construct an adaptive estimator, we use an aggregation procedure. We
split the sample in two parts. Denote by Dg) the subsample containing the
first m observations and Dl(2) the one containing the [(= n —m) last ones. Sub-
sample Dg) is used to construct classifiers f,(nJ ) for different frequency levels
J € [0, J™)], for an integer J(™) chosen later. Subsample Dl(2) is used to con-
struct the exponential weights of our aggregation procedure (cf. Lecué [2007]).

We aggregate the basis classifiers f,(nJ ), J € [1,J™)], by the procedure

Jm

fo= S wP 7D, (8)
J=1
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where the weights

) eXp (Z?:erl vifs) (Xz))
wy = (n) n ~(J" )
Z:;/:l exp (Zi:erl Yiff(n )(Xi))

are called the exponential weights.
The classifier that we propose is

fn = Sign(fy). (10)

Theorem 6. Assume that J™) is greater than (logn)? and choose | = [n/logn]
for the learning sample size. For any « € (0,1), we have, for n large enough,

vI=1,...,J™ (9)

. 1 11—«
sup a(fn)swgm(()g”) , ()
repl RN

where C(/l,h,a,A > 0 has been introduced in Theorem 5.

The classifier fn does not require the knowledge of the parameter a neither
of a, A, h. Thus, it is also adaptive to the parameters a, A and h.

Remark 4. We may compare our method with the ERM type aggregate defined
by

n
fn € Arg min > Tirxav-
FEU B} iZmn
This aggregate also satisfies (11), if we replace fr by fn (cf. Lecué [2007]). The
difference is that the aggregate (8) uses a multi-scale approach (it associates
a weight to each frequency), whereas the adaptive classifier f, selects the best
“empirical frequency”.

The other way to extend our approach deals with the problem of choice of
the geometry by taking S as fundamental system. One possible solution is to
consider classifiers “adaptive to the geometry”. Using an adaptive procedure,
for instance the same as in (8), we can construct classifiers adaptive to the “ro-
tation” and “translation”. Consider, for example, the dyadic partition of [0, 1]2
at the frequency level J,. We can construct classifiers using the same proce-
dure as (6) but for partitions obtained by translation of the dyadic partitions
by the vector (ni/(27" logn), na/(27* logn)), where ni,ns = 0,. .., [logn]. We
can do the same thing by aggregating classifiers obtained by the procedure (6)
for partitions obtained by rotation of center (1/2,1/2) with angle nzw/(2logn),
where ng = 0,..., [logn], of the initial dyadic partition. In this heuristic we
don’t discuss about the way to solve problems near the boundary of [0, 1]%
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5. Related structures and perspectives
5.1. RKHS

Reproducing kernel Hilbert spaces (RKHS) (cf. Aronszajn [1950]) are functions
spaces which are usually used as statistical models for the classification problem
(and other problems). They are usually associated with the support vectors
machines (SVM) estimators. Some of these functions space have a structure
close to the L'-ellipsoids of this paper.

We consider the one-dimensional Haar basis (¢;x);,, defined by

bo10= @8 and ¢, = 2251 — 9GH)), Vi €Nk =0,...,20 — 1

Any function f € £2([0,1], A1) can be expanded in the Haar basis. We denote
by fjr the (j,k)-th coefficient < f,v;, > of f. We consider a mapping I :
NU{-1} — N such that }_, 2iT(5) 7! < oo and the set of functions

r={f€L0,1]): vz € [0,1], ijwjk ) and Y T(j)|fik]* < 00}
7,k

endowed with the inner product < f,h >p= > ., I'(j) fjxh;r and the associ-
ated norm denoted by || - [|r. It is easy to see that Hr is a Hilbert space. Note
that, for any point € [0, 1], the sum 2;171 Zi:f fi k¥ k(z) converges when
22k FOIfil? < o0

We now prove that Hr is a RKHS. For that, we just have to prove that any
point evaluation is a bounded linear functional. Let x € [0,1] and f € Hr.

00 ity —1y1/2

We have | £(2)] = | 55, 4 fiatia(@)] < (350 2TG) 1) % . Thus, for any
point x, the linear functional f € Hr —— f(z) is continuous and so Hr is a
RKHS. The reproducing kernel associated with is given by

ZF wjk wjk( ),Vaz,ye[o,l].

Let f :[0,1] — {—1,1} be a prediction rule such that Vz € [0,1], f(z) =
>k fikbj(z) with the coefficients f; only in {—279/2,0,277/?} for any j, k.
Let w : N —— N be such that };27/I'(jlw(j + 1) < oo and assume that
card{k € {0,...,27 — 1} : fjx # 0} < w(j). Then, it is easy to see that
feFOnNHr. Comparmg the set Hr intersected with the set of all prediction
rules and some L!-ellipsoids Fu, M is not an easy task. We do not investigate this
comparison further long in this paper.

5.2. Boundary fragments

Considering the classification problem on the square [0, 1]%, a classifier has to
be able to approach, for instance, the “simple” Bayes rule f# which is equal
to 1 inside C, where C is a disc included in [0, 1], and —1 outside C. In our
framework, two questions need to be considered:
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e What is the representation of the simple function fZ in the fundamental
system S using only coefficients with values in {—1,0,1}?

o Is the estimate ﬁ(lJ"), where J,, = [log (an/(2%logn)) /(dlog2)] is the fre-
quency rank appearing in Theorem 5, a good classifier when the underlying
probability measure has fZ for Bayes rule?

At a first glance, our point of view is not the right way to estimate fZ. In
this regular case (the boundary is an infinite differentiable curve), the direct
estimation of the boundary is a better approach. The main reason is that a
2-dimensional estimation problem becomes a 1-dimensional problem. Such a
reduction of the dimension makes the estimation easier (note that, our approach
is specifically good in the 1-dimensional case, since the notion of boundary does
not exist). Nevertheless, our approach is applicable for the estimation of such a
function (cf. Theorem 7). Actually, a direct estimation of the boundary reduces
the dimension but there is a loss of observations since observations far from the
boundary are not used by this estimation point of view (they are only used to
detect the boundary). This may explain why our approach is applicable. Denote
by

N(A, €, ||.]loc) =min (N : Jo1,...,an € R*: A C Uj-vleoo(ajj,e))

the e—covering number of a subset A of [0,1]?, w.r.t. the infinity norm of R?.

For example, the circle C = {(x,y) € R? : (z —1/2)? + (y — 1/2)? = (1/4)*}
satisfies N (C, ¢, ].||co) < (m/4)e™ L. For any set A of [0,1]?, denote by A the
boundary of A.

Theorem 7. Let A be a subset of [0,1]? such that N'(9A, ¢, ||.||c) < d(¢), for
any € > 0, where § is a decreasing function on R’ with values in R satisfying
€20(€) — 0 when € — 0. Consider the prediction rule fo = 214 — 1. For any
€ > 0, denote by €y the greatest positive number satisfying d(eo)ez < €. There
exists a prediction rule constructed in the fundamental system S at the frequency
rank Je, with coefficients in {—1,1} denoted by

Je Je
féo = Z afc o) fc 0),

k€I2(J50)
with Je, = |log(1/€o)/log 2] such that

[ feo — fallLr(n,) < 36e.

For instance, there exists a function f,,, written in the fundamental sys-
tem S at the frequency level J,, = |log(4n/(wlogn))/log2], which approaches
the prediction rule fi with a L'()2)-error upper bounded by 36(logn)/n. This
frequency level is, up to a constant factor, the same as the one appearing in
Theorem 5. In a more general way, any prediction rule with a boundary having
a finite perimetry (for instance polygons) is close (w.r.t. the L!(\2)-norm) to a
function developed in the fundamental system S at the frequency rank J,, with
an error of the order (logn)/n.
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Now, the problem is about finding a L' —ellipsoid of prediction rules such that
for any integer n the approximation function f,, belongs to this ellipsoid. This
problem depends on the geometry of the boundary set JA. It comes naturally
since we made the choice of a particular geometry for the basis partitions: dyadic
partitions of the space [0, 1]¢, and we have to pay a price for this choice which has
been made independently of the type of functions to estimate. But, this choice
of geometry is, in our case, the same as the choice “a prior” of a wavelet basis,
for instance, in the density estimation problem. Depending on the type of Bayes
rules we have to estimate, a special partition can be considered. Here, “dyadic
approach” is very well adapted for the estimation of Bayes rules associated with
chessboard (with the value 1 for black square and —1 for white square). This kind
of Bayes rules are very badly estimated by classification procedures estimating
the boundary since most of these procedures require regularity assumptions
which are not fulfilled in the case of chessboards.

In the general case, the ideal choice of the geometry is adapted to the par-
ticular geometry induced by the measure x on [0, 1]%, defined by

u(a) = [ [20(0) - 11P¥ (),

for any measurable set A C [0, 1]%. Namely, we do not need a good resolution of
the partition for the regions of [0, 1]¢ with a low u—probability. However, we need
a sharper resolution for regions with a high pu—probability. In our case (under
assumptions (Al) and (SMA)), the measure p is equivalent to the Lebesgue
measure. Thus, we do not need different scale of resolution for different areas of
the square [0, 1]%.

Nevertheless, in some cases, it is possible to make some connections between
the “estimation of the boundary” point of view and the geometrical point of
view presented here. For that, we consider the models introduced in Mammen
and Tsybakov [1999]. They obtain minimax rates of convergence for classes of
Bayes rules f = 2llg — 1 where G C [0, 1] is a boundary fragment of smoothness
7. That is G = epi(g) is the epigraph {(s,t) € [0,1]?: g(s) < t} of a function
g :10,1]%7! +— [0, 1] with Hélder regularity v and Lipschitz constant ¢ (that
is Vs,t € RI7L, |g(s) — g(t)] < c|s — 7). We denote by Fil(v,c) this class of
prediction rules. For v > 1, the boundary dG of a boundary fragment G with
smoothness v has a finite perimetry and thus is close to an element of F(@) at
frequency J, (cf. Theorem 7). In this particular case, it is possible to obtain
more precise results written in the following theorem.

Theorem 8. We consider the function w : N +—— N defined by w(j) =
(2¢v/d—1+ 3)270@=1) Vj e N. We have
Frn(Le) € FP.

By applying Theorem 3 and Theorem 4, we can easily obtain that the mini-

max rate of convergence over Fu for w(j) ~ 2941 is between ((logn)/n)!/?
and n~1/?. Moreover, we know by Tsybakov [2004] that the minimax rate of
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~1/d

convergence over Fpp(1l,c) (under (SMA)) isn . First, we can conclude that

the L'-ellipsoid FP s a larger class of prediction rules than féd}(l, c) (it is
easy to construct examples of prediction rules which are in }](Ud) but not in

féd}(l, ¢)) and there is at most a logarithm loss in the minimax rate. Second,
under the (SMA) and (A1), histogram classifiers provide another way to achieve

the minimax rate of convergence for the class féd}(l, ¢). Finally, “geometric”
and “boundary estimation” points of view can provide the same results in some
particular cases.

For previous work on the connections between boundaries fragments and
dyadic trees, we refer the reader to Scott and Nowak [2006].

5.3. Perspectives

We can extend our approach in several ways. First, it seems possible to avoid
assumption (Al) by using the same tools as those used for Histogram rules (cf.
Section 6 in Devroye et al. [1996]). Similarly, assumption (SMA) may be relaxed
in favor of a genral Tsybakov’s noise condition.

Next, consider the dyadic partition of [0, 1] with frequency .J,,. Instead of
choosing 1 or —1 for each square of this partition (like in our approach), we
can do a least square regression in each cell of the partition. Inside a cell Il({J"),
where k € I4(.J,,), we can compute the line minimizing

n

Z(f(X’L) - }/’L‘)2H(Xi€l—l(“]"))’

=1

where f is taken in the set of all indicators of half spaces of [0, 1]¢ intersecting
Il({J"). Of course, depending on the number of observations inside the cell Il({J"),
we can consider larger classes of indicators than the one made of the indicators
of half spaces. Our classifier is close to the histogram estimator in density or
regression framework, which has been extended to smoother procedures.

In this paper, we start by considering a model of prediction rules. Then,
we provide an approximation theorem for these models. The form of object
approaching the Bayes rule in these models leads to a particular form of esti-
mators (here the histogram estimators). Finally, the way the estimator depends
on the complexity of the underlying model (here the level of frequency) impose
a way to construct adaptive estimators. As we can see everything depends on
the starting model we consider.

For the one-dimensional case, another point of view is to consider f* €
L?([0,1]) and to develop f* in an orthonormal wavelet basis of L ([0, 1]). Namely,
=220k fiwhjpwhere fjp =< f*, ¢, > for any j € NU {1} and k =
0,...,27 — 1. For the control of the bias term, a classical assumption is to take
the family of coefficients (fjx);x in a L'—ellipsoid of RY. This point of view
leads to functional analysis and estimation issues. First problem: which func-
tions with values in {—1, 1} have wavelet coefficients in a L' —ellipsoid and which
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wavelet basis is more adapted to this problem (maybe the Haar basis)? Second
problem: what kind of estimators could be used for the estimation of these co-
efficients? As we can see, the main problem is that there is no approximation
theory for functions with values in {—1, 1}. We do not know how to approach,
in L2([0, 1]), measurable functions with values in {—1, 1} by “parametric” func-
tions with values in {—1, 1}. Methods developed in this paper may be seen as
a first step in this direction. We can generalize this approach to functions with
values in Z. When functions take values in R, for instance in the regression prob-
lem, usual approximation theory is used to obtain a control on the bias term.
Finally, remark that functions with values in {—1,1} can be approximated by
real-valued (possibly smooth) functions; this is for example what is used for
SVM or boosting. In those cases, control of the approximation term is still an
open question (cf. Steinwart and Scovel [April 2007] and Lugosi and Vayatis
[2004]).

6. Proofs

In all the proofs, we use the analytical representation of the predictions rules
to underly the similitude with the technics used in the wavelet literature. Nev-
ertheless, these proofs can be obtained by using the dyadic decision tree repre-
sentation.

Proof of Proposition 1. Let € > 0. We construct recursively an integer N and a
family A = (Af{j))jzo ,,,,,
convention (W) and such that || f — Z;V:O D kel Afcj)(bf{j)an()\d) <e

First, we initialize the construction with a family Ay = (Ag’o))jzo ,,,,, Nikela(j)
of elements in {—1,0,1} such that ||f — Z;V:o Zkeld(j)Ag’0)¢g)||Lz(>\d) <e
The integer N and the family Ay exist because f belongs to F(@. Without
loss of generality we can take Ag such that Vj < N,k € Id(j),Ag’O) =0 and

vk € Id(N),Ag’O) # 0 (we can split the cell of frequency j < N up to the
frequency N).

Then, let p be an integer in {0,..., N — 1}. Given is a family A, of elements
(Afcjyp))jzo ..... Jikela(y) in {_15 0, 1} such that Zjvzo Zkeld(j) AE’O)(JjE) takes its
ATy

Nikel(j) of elements in {—1,0, 1} satisfying the writing

values in {—1,1} a.s., we construct a family A,y = ( §=0,....JikeT4(j)
of elements in {—1,0,1} such that: at the frequency J = N —p — 1, for any

multi-index k € I;(.J) such that AL =1 for all K’ € I,(.J + 1) satisfying
(bf{J)(bgH) # 0, we define Af{J’pH) =1 and the other 2¢ coefficients Af{{“’pﬂ) =
0 such that (bf{J)(bgH) # 0. The same construction holds when we replace 1 by
—1. Otherwise we take Af{J’pH) = Af{J’p) and Af{{“’pﬂ) = Af{{“’p) for all
K € I,(J + 1) satisfying ¢{" ol £ 0.

After N iteration, it is easy to see that A = Ay satisfies the writing conven-
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N N
tion (W) and by construction Z Z Ag’o)qﬁf{j) = Z Z AE’N)¢>E). O
J=0keI,(4) J=0keI,(4)
Proof of Theorem 1. Since {n > 1/2} is almost everywhere open there exists an
open subset O of [0,1]¢ such that A\s({n > 1/2}AO) = 0. If O is the empty
set then take g = —1, otherwise, for all z € O denote by Z, the biggest subset

79 for j € N and k € I,(j) such that 2 € 7 and Z¥) C O. Remark that
7, exists because O is open. We can see that for any y € 7, we have 7, = Z,,
thus, (Z,. : z € O) is a partition of O. We denote by I» a subset of index (j, k),
where j € N,k € I;(j) such that {O, : x € O} = {I,gj) : (J,k) € Ip}. For any
(4, k) € Ip we take aff) =1

Take 07 an open subset Ag-almost everywhere equal to {n < 1/2}. If Oy is
the empty set then take g = 1. Otherwise, consider the set of index I, built in

the same way as previously. For any (j, k) € In, we take afcj )= 1.
For any (j,k) ¢ Io U Ip,, we take aff) = 0. Consider

—+oo
=3 ¥ e
j=0kelq(4)

It is easy to check that the function g belongs to F(4), satisfies the writing
convention (W) and, for \q—almost z € [0,1]¢, g(z) = f, (). O

Proof of Proposition 2. Assume that FiD # {1ljgq)e}. Take f € FiD —{1g 14}
Consider the writing of f in the system S using the convention (W),

=33 alel,

jENkeI4(5)

where afcj) € {-1,0,1} for any j € N,k € I4(j). Consider bf{j) = |a§{j)| for
any j € Nk € I4(j). Consider fo = Yy Yeray b 0y Remark that the

function fo € F@ but does not satisfy the writing convention (W). We have
J2 = Ljp qja a.s.. For any j € N we have

card {k € I,(j) : b £ 0} = card {k € I(j) : d¥) £ 0} . (12)

Moreover, one coefficient bf{j ) # 0 contributes to fill a cell of Lebesgue measure
2=% among the hypercube [0, 1]%. Since the mass total of [0, 1]? is 1, we have

1= 2 %card {k € Iy(j) : b # o} : (13)

jEN
Moreover, f € F(@ thus, for any j € N,

w(j) > card {k e Ii(j) : af{j) + O} .
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We obtain the second assertion of Proposition 2 by using the last inequality and
both of the assertions (12) and (13).

Assume that ;r;x; 2=4w(j) > 1. For any integer j # 0, denote by Ind(j)
the set of indexes {(j,k) : k € I4(j)}. We use the lexicographic order of N¢+1
to order sets of indexes. Take Ind,, (1) the family of the first w(1) elements of
Ind(1). Denote by Ind,,(2) the family made of the first w(1) elements of Ind(1)
and add, at the end of this family in the correct order, the first w(2) elements
(2,k) of Ind(2) such that ¢ o> = 0 for any (1,k') € Indy(1),..., for the
step j, construct the family Ind,,(j) made of all the elements of Ind,,(j — 1) in
the same order and add at the end of this family the indexes (j,k) of Ind(j)
among the first w(j) elements of Ind(j) such that (bg)(bg) =0 for any (J, k') €
Ind, (j—1). If there is no more indexes satisfying this condition then, we stop the
construction, otherwise, we go on. Denote by Ind the final family obtained by
this construction (Ind can be finite or infinite). Then, we enumerate the indexes

of Ind by (ji, ki) < (jo,ka) < -+ . For the first (j1,ki) € Ind take a") = 1, for

the second element (jo, ko) € Z take af{jj) = —1, etc. . Consider the function

=303 alel

FENKETL(H)

If the construction stops at a given iteration N then f takes its valuesin {—1,1}

and the writing convention (W) is fulfilled since every cells Il({j ) such that af{j ) #*
0 has a neighboring cell associated to a coefficient non equals to 0 with an

opposite value. Otherwise, for any integer j # 0, the number of coefficient af{j ),

for k € 1;(j), non equals to 0 is w(j) and the total mass of cells Il({j) such that
afg) #0isD ey 2 Ycard{k € I4(j) : afg) # 0} which is greater or equal to 1 by
assumption. Thus, all the hypercube is filled by cells associated with coefficients
non equal to 0. So f takes its values in {—1,1} and the writing convention

(W) is fulfilled since every cells Il({j ) such that af{j ) # 0 has a neighboring cell
associated with a coefficient non equals to 0 with an opposite value. Moreover
f is not ]I[Oyl]d. O

Proof of Theorem 2. Let @ = (PX,n) be a probability measure on [0, 1] x
{=1,1} in Py 4. Denote by f* a Bayes rule associated with 7 (for example
f* =sign(2n — 1)). We have

d=(f, f*) = (1/2)E[[2n(X) = 1[£(X) = f* (X[ < (A/2)I1f = FFlleron)-
Let € > 0. Define by J. the smallest integer satisfying
400 v ¢
j:JZE+12 Tw(j) < T

We write f* in the fundamental system ((bff ), j > Je) using the convention of
writing of section 4.1. Remark that, we start the expansion of f* at the level of
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frequency J. and then, we use the writing convention (W) on the coefficients of
this expansion. Namely, we consider

T AU io S e,

kelq(Je) j=Je+1kelq ()

Next, we define the best approximation of f* at the frequency level J, by

(Je)
(Je) 4 (Je) (Je) _ 1 ifp.’ >1/2
E B here B = 14

kD where By { —1 otherwise (14)
kelq(Je)

and

) _ p(y — )y _ dP*(z)
A =Py =1x e i) = [ i) SEG) (15)

for all k € I;(J;). Note that, if Af{Jé) # 0 then Af{Jé) = Bl({Jé), moreover f* takes
its values in {—1, 1}, thus, we have

[ fe = i

= ¥ /Im| (@) = fel@)|dz + > / — fe(z)|dz

kelqg(Je) kelq(Je)
A(]é);ﬁo A(fe) —0

IN

9=+l card {k € Iy(J.) : AV = 0} <2 Z 2-Ba(j) < 2¢/A.
j=Je+1

O

Proof of Theorem 3. Let m = (PX,n) be a probability measure on [0, 1]¢
{—1, 1} satisfying (A1), (SMA) and such that f* = sign(2n—1), a Bayes classifier
associated with 7, belongs to Fy (@ (an L' —ellipsoid of Bayes rules).

Let € > 0 and J, the smallest integer satisfying ZJ 12 Yw(j) < e/A We
decompose the risk in the bias term and variance term:

E(FL) =B [dn(F7), 1)) B [de(F7), £)] + dalfes £7),

where f,(lJé) is introduced in (6) and f. in (14).
Using the definition of J. and according to the approximation Theorem (The-
orem 2), the bias term satisfies:

dﬂ'(fé;f*) <e
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For the variance term we have (using the notations introduced in (6) and (14)):

B [dn (7450, 0] = 5 [E [Y (.00~ 000

IN

2

_ 1 (J) _ 7
T2 Z E [/Iwe) 1B — Ax
k

kelq(Je)

A 1) _ A0 A 1) _ A0
< 9dJc+1 Z E“Bl(c )_Ak J< 9dJ. Z P(|Bl(< )_Ak
kelq(Je) kelq(Je)

1 P ()1 dPX (a
El/[ 1fua) — F (@)|dPX (2)

2).
Now, we apply a concentration inequality in each cell of the dyadic partition
(Il({Jé) :k e I(J.)). Let k € I4(Je). We introduce the following events:

Q(m) {Card{z e{l,...,n}: X; GII({JE)}:m},VmG {0,...,n}

and p p
Q= (N < NI,

where NIEJEH and NliJé)f have been defined in subsection 4.2. We have

P(AY) = ~1) = POY° N ) + P

and
PO N Q) ST PO N )
m=1
= D Bl Ee”).
m=1
Moreover, if we denote by Z1, ..., Z, ni.i.d. random variables with a Bernoulli

(J (Je)

with parameter p, <) for common probabﬂlty distribution (we recall that p;
is introduced in (15) and is equal to P(Y = 1|X € Il({J ))), we have for any

m=1,...,n,
P ™) = ( Zz< )

The concentration inequality of Hoeffding leads to
i Zm: Z; > pl7) 4] < exp(—2mt?) (16)
mi ‘ -

and

(% Z < p ) < exp(—2mt?), (17)
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forallt>0and m=1,...,n.
Denote by bf{Jﬁ) the probability P(X € Il({Jé)). If pché) > 1/2, applying in-
equality (17) leads to

Je 4 (Je
P (1B — A

- 2) =P(AY) = 1)

- RS T Je n Jo)ym Je)yn—m
< SP|LYzsi -0l -] () o)
m=1

j=1
+ PO
< Yo (-2mof - 1/27) (1) 0Ly oy
m=0
= (100 - (20"~ 1/2)"
< exp (—na(l - exp(=2") — 1/2)2))2~ ).
If pché) < 1/2 then, similar arguments used in the previous case and inequality

(16) lead to

P(1BY - A =2) = PAY) =1
< exp (—na(l - exp(—2(pff€> - 1/2)2))2%&) '

1 py") = 1/2, we use P (B — 4%

2, we use the writing

+oo

kelq(Je) j=Je+1kelq ()

= 2) < 1. Like in the proof of Theorem

Since PX(n =1/2) =0, if Af{Jé) # 0 then pf{Jﬁ) # 1/2. Thus, the variance term
satisfies:

E [dr(for £7)]

A T Al Je) Al
< ALY BB Ai=a)e X (B0 AP =2)
kelq(Je) kelq(Je)
Al 20 A9 =g
A
< san Z exp (—na(l - exp(—2(p§{J€) - 1/2)2))27dJ€) + Ae.
kelq(Je)
Al 20

It Af{Je) # 0 then n > 1/2 or n < 1/2 over the whole set Il({Jé), ©

1 _pf{Jé) '
2 2 PX(II({JE))




G. Lecué/Classes of Bayes rules with sparse representation 768

Moreover 7 satisfies P (|2n(X) — 1| > h) =1, so

’ 1 h
- >
2

Te
—pf{ ) >3

We have shown that for all € > 0,

E(fn) = Eldn(fn, [*)] < (1+ A)e + exp (—na(l — exp(=2(h/2)%))2” ") ,
where J, is the smallest integer satisfying Zj:} 127%w()) < e/A. O
Proof of Theorem 4. For all ¢ € N we consider G, a net of [0, 1]¢ defined by:

2k +1 ey + 1
Gq—{( VSRR v )3(kl,...,kd)6{0,.”,2lI_1}}

and the function 7, from [0, 1]% to G, such that 7,(x) is the closest point of G,
from z (in the case of ex aequo, we choose the smallest point for the usual order

on R9). Associated to this grid, the partition X’gq), s X’gﬁ)q of [0,1]¢ is defined
byxz,ye X ,1(_q) iff nq(z) = nq(y) and we use a special indexation for this partition.

_ (2ki+1 2kg+1 1(q) 1(q) :
Ry = ( AT - s 94T ) We say that «/; " <a’p5 o, if

Denote by x’,(cql)

.....

() ()
77:171(33/15 ,,,,, ka) = 77:171(33/151 ,,,,, k)

or

Do (@0 ) = ngr (@8 o) and (ki ka) < (K1, K a),

.....

.....

der defined above. This order take care of the previous partition by splitting
blocks in the given right order and, inside a block of a partition, we take the
lexicographic order of N¢. We introduce an other parameter m € {1,..., 24}
and we define for all i = 1,...,m, XY = 2" and X\? = [0,1]7 — U, &V,
Parameters ¢ and m will be chosen later. We consider W € [0, m™}], chosen
later, and define the function fx from [0,1]? to R by fx = W/\4(X1) (where
Ag is the Lebesgue measure on [0,1]9) on &1, ..., X, and (1 —mW)/Ag(Xo) on
Xo. We denote by PX the probability distribution on [0, 1]¢ with the density
fx w.r.t. the Lebesgue measure. For all 0 = (01,...,0m) € @ = {—1,1}™ we
consider 7, defined, for any z € [0, 1]¢, by

1+aih
YO trex;j=1,....m,
770(33): 2
1 if € X

We have a set of probability measures {m, : 0 € Q} on [0,1]¢ x {—1, 1} indexed
by the hypercube Q where PX is the marginal on [0, 1]¢ of 7, and 7, its condi-
tional probability function of ¥ = 1 given X. We denote by f the Bayes rule
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associated to 7., we have fi(z) =o;ifx € Xjfor j=1,...,mand 1 ifx € Ay,

for any o € Q.
Now we give conditions on ¢, m and W such that for all ¢ in 2, 7, belongs

t0 Puw,h,a,4- If we choose
W =27 (18)

then, fy = I e (so PX << X and Vz € [0,1]% a < dP¥/d\(z) < A). We
have clearly |2n(x) — 1| > h for any z € [0,1]%. We can see that f € Fu for
all 0 € {—1,1}™ iff

24 — 1 if m < 2%

)
(q) > 24 — 1 if m < 24
W) = inf(z € 29N : 2 > 27%m) otherwise
{ inf(r € 2N : 2 > 27%m) otherwise
1

Since we have w(0) = 1, w(j) > 2% — 1 and w(j — 1) > w(j)/2¢ for all j > 1
then, f* € F for all o € Q iff

w(g+1) > inf(z € 2N : z > m). (19)

Take ¢, m and W such that (18) and (19) are fulfilled then, {r, : 0 € Q} is
a subset of Py, p.q,4. Let 0 € Q and f, be a classifier, we have

Ex, [R(fa) = B*] = (1/2Ex, [1200(X) = 11fa(X) = £3(X)]
> (R/DEx, [|fa(X) - f?ﬁ(X)I]

> (h/2)E, [ [ ) = £ @IP¥ @)+ [ 1) = f3@1aP (@
> (Wh/2) iE I |fn<x>—m|%]
> (Wh/2)E,, li} i — /X 1- Ful2) A(d;;) ] .
We deduce that
iﬁfﬂegﬁgm&(fn)Z(Wh/2)&n€[i§£1] o B [Zlm—mll

Now, we control the Hellinger distance between two neighboring probabil-
ity measures. Let p be the Hamming distance on . Let o,0’ in Q such that
p(o,0’) = 1. We have

H2(7%" 7% ")_2(1— (1_7}12(#;%/))”),
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and a straightforward calculus leads to H?(m,, mor) = 2W (1 — V1 — h2). If we
have W < 1/n then, H?*(7&", 7%") < 8 < 2 where 8 = 2 (1 — exp(1 — V1 — h?)).
One version of the Assouad Lemma (cf. Assouad [1983] or Lecué [2007]) yields

in E,, lz o, — az|] (m/4) (1 - (5/2))*.

Gn€[—1,1]™ ae{ 1 1}m
We conclude that

2
inf  sup  Ex(fn) > Wh (1 - §> . (20)
Fn T€Pwohaa 8 2

Finally, we take m = w (|logn/(dlog2)| + 1) — (2¢ —1), ¢ = |logn/(dlog?2)]
and W = 279 < 1/n. Next, replacing these values in (20), we obtain the
result. (|

Proof of Corollary 1. It suffices to apply Theorem 4 to the function w defined
by w(j) = 2% for any integer j and a = A = 1 for PX = \;. O
Proof of Theorem 5. First, if we assume that J, > K then >.7°% 2~ djw%) (j) =
(245 /(247 (22 — 1)). We take

o Fog(mzdwe(zd— 1>>)w
< dlog?2

j=Je+1

and €, the unique solution of (1 + A)e, = exp(—nCe,), where C = a(1 —
e~"*/2) (24 — 1)[A24E+D) =L Thus, ¢, < (logn)/(Cn). For J,(K) = J,, we

have |
& (Ji(lJ"(K))) < Ck,d h,a,A Ogn,
n

for any integer n such that logn > 245+ (2¢ — 1)~ and J,(K) > K, where
Ck,dhaa =21+ A4)/C.

If we have |logn/(dlog2)| > 2 then w(|logn/(dlog2)|+1) — (2¢ — 1) >
2¢. so we obtain the lower bound with the constant Corx = 2¢Cy and if
|logn/(dlog2)| > K the constant can be Cg x = Cp(2¢5 — (24 —1)).

Second, if we have J. > N@(q), then ZJ T2 2-diy(D (j) < (24— e (9d(1—a) _
1))~1. We take

_ [log(A/(e(29 =) — 1))
Je = { d(1—a)log?2 -‘

Denote by €, the unique solution of (1 + A)e, = eXp(—nCe,l/(lfa)) where C =
a(l — e h*/2)2=d(A=1(2d0-) _ 1))1/(1=2) We have €, < (logn/(nC))*~*. For
In(a) = Je, , we have

11—« —
— 2d(1 a) _ (1 _ €7h2/2) n :
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For the lower bound we have for any integer n,

inf sup &:(fn) > Comax (1,n" (2dno‘ — (27— 1))).
frn wep(®

O

Proof of Theorem 6. Let a € (0,1). For n large enough, we have J™) > J,,(a).
Since the (SMA) assumption is equivalent to the margin assumption introduced
by Mammen and Tsybakov [1999] and Tsybakov [2004] with margin parameter
equal to 1 (cf. proof of Proposition 1 of Lecué [2007]) we have, according to
Corollary 1 of Lecué [2006],

E[R(f,) — R*] < 3 _min E[R( F)y R 4 o dogn) 1ogTEJ<"> +1) (21)

According to Theorem 5, we have

A N logm\1-«a
BIR(FD) = R < Clpan(C22)

Then, combining the last inequality, the fact that m < n/2 and (21), we com-
plete the proof. O

Proof of Theorem 7. Let € > 0. Denote by €y the greatest positive number sat-
isfying 6(eo)ed < €. Consider N(eo) = N (DA, €0, ||-||o0) and @1, ..., Zn () € R
such that 0A C Uj-v:(i“)Boo (z,€0). Since 2770 > ¢, only nine dyadic sets of
frequency J., can be used to cover a ball of radius ¢ for the infinity norm of R2.
Thus, we only need 9N (ey) dyadic sets of frequency J¢, to cover JA. Consider
the partition of [0,1]? by dyadic sets of frequency J.,. Except on the 9N (eq)
dyadic sets used to cover the border 0 A, the prediction rule f4 is constant, equal
. . 270 -1 (Jey) ,(Jep)
to 1 or —1, on the other dyadic sets. Thus, by taking f., = Zkl,kzzo Ay oo Py o
where a,ﬁ{%i is equal to one value of f4 in the dyadic set Ilgffc’z, we have

[ feo — fallnine) < 9N (e0)27 270 < 365(ep)eg < 36e.

O

Proof of Theorem 8. Let g : R¥~! +—— R be a Holder function with regularity
v = 1 and Lipschitz constant c. We denote by G the epigraph of g and by
f =21z —1 the prediction rule associated with the set G. By continuity of g and
Theorem 1, f belongs to F(4). By Proposition 1 there exists a sequence (aff )) Jk
of coefficients with values in {—1,0, 1} satisfying the writing convention (W)
such that f =3, ag)qﬁf{j). We denote by N(j) = card{k € {0,...,29 — 1} :
aff) # 0},Vj € N. We want to prove that f € fl(ud). For that, it is enough to
prove that N(j) < w(j),Vj € N.

Let 7 € N — {0}. It is easy to see that the minimal number of cells (Il(j ).
k € {0,...,27 — 1}9) intersected by G is 2/(“~1) and the maximal number of
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intersected cells of frequency j is ¢/27(4=1) where ¢ = ¢v/d — 1 + 2 (cf. lemma 2
of Scott and Nowak [2006]). We denote by G; the union of all the cells of
(Il(j) :k € {0,...,27 — 1}%) intersected by OG. By the writing convention all
the others cells at frequency j of [0,1]% — G; are associated with a non-negative
coefficient. Thus, we have

J L _ .
[ a6, en-d21-27,
2

p=0 k

in other words, S; = Z;:o 279 N(p) € [1 — ¢'279,1 — 279]. This holds for any
§ > 1, thus we have 279UHUN( +1) <1 - 8; — 270+ < (2¢/ — 1)2- 0+,
This means that Vj > 1, N(j) < w(j). O
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