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Abstract

Consider a standard binary classification problem, in which (X,Y)
is a random couple in X x {0,1} and the training data consists of
n i.i.d. copies of (X,Y). Given a binary classifier f : X — {0, 1}, the
generalization error of f is defined by R(f) = P{Y # f(X)}. Its minimum
R* over all binary classifiers f is called the Bayes risk and is attained
at a Bayes classifier. The performance of any binary classifier £\, based
on the training data is characterized by the excess risk R(f;,) —R*. We
study Bahadur’s type exponential bounds on the following minimax
accuracy confidence function based on the excess risk:

ACn(M,A) = inf sup P (R(f) —R* > A),A € [0, 1],
fn PEM



where the supremum is taken over all distributions P of (X,Y) from
a given class of distributions M and the infimum is over all binary
classifiers f;, based on the training data. We study how this quantity
depends on the complexity of the class of distributions M charac-
terized by exponents of entropies of the class of regression functions
or of the class of Bayes classifiers corresponding to the distributions
from M. We also study its dependence on margin parameters of the
classification problem. In particular, we show that, in the case when
X =[0,1]¢ and M is the class all distributions satisfying the margin
condition with exponent « > 0 and such that the regression function
1 belongs to a given Holder class of smoothness 3 > 0,

log ACq(M,A)
n

2+ I -4
< ATrea, A € [Dn ZFetd/B Ap]
for some constants D, Ay > 0.

AMS classification: 62G08, 62G07, 62H05, 68T10
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1 Introduction

Let (X, A) be a measurable space. We consider a random variable (X,Y)
in X x {0, 1} with probability distribution denoted by P. Denote by py the
marginal distribution of X in X and by

n(x) £np(x) £ P(Y =1X=x) = E(YX =x)

the conditional probability of Y = 1 given X = x, which is also the regression
function of Y on X. Assume that we have n i.i.d. observations of the pair
(X,Y) denoted by D, = ((Xi, Yi))iz1,..n. The aim is to predict the output
label Y for any input X in X from the observations D,,.

We recall some standard facts of classification theory. A prediction rule is
a measurable function f : X —— {0, 1}. To any prediction rule we associate
the classification error (probability of misclassification):

R(f) £ P(Y # f(X)).
It is well known (see, e.g., Devroye et al. [4]) that

i R(f) = R(f*) £ R*
f:;ng}{o’”() () )



where the prediction rule f*, called the Bayes rule, is defined by
(x) 2 flt(x) = I{H(X)ZVZ}) Vx € &,

where 15 denotes the indicator function of A. The minimal risk R* is called
the Bayes risk. A classifier is a function, = ?n(X, D.), measurable with
respect to D,, and X with values in {0, 1}, that assigns to the sample D, a
prediction rule %\n(~,Dn) : X —{0,1}. A key characteristic of f,, is its risk
E[R(f,,)], where

R(fh) £ P(Y # fu(X)IDn).

The aim of statistical learning is to construct a classifier f,, such that R({‘\n) is
as close to R* as possible. The accuracy of a classifier £, is usually measured
by the quantity E[R(f,) — R*] called the (expected) excess risk of f,,, where
the expectation E is taken with respect to the distribution of D,. We say
that the classifier f, learns with the convergence rate \p(n), if there exists an
absolute constant C > 0 such that for any integer n, E[R(fy) —R*] < C{(n).
Given a convergence rate, Theorem 7.2 of Devroye et al. [4] shows that
no classifier can learn with this rate for all underlying probability distribu-
tions P. To achieve some rates of convergence, we need to restrict the class
of possible distributions P. For instance, Yang [19] provides examples of clas-
sifiers learning with a given convergence rate under complexity assumptions
expressed via the smoothness properties of the regression function 1. Un-
der complexity assumptions alone, no matter how strong they are, the rates
cannot be faster than n="/2 (cf. Devroye et al. [4]). Nevertheless, they can
approach n™' if we add a control on the behavior of the regression function
n at the level 1/2 (the distance n(-) — 1/2] is sometimes called the margin).
This behavior is usually characterized by the following condition, cf. [15].

Margin condition. The probability distribution P on the space X x{0, 1}

satisfies the Margin condition with exponent 0 < & < oo if there exists Cy >
0 such that

i (0 < M(X)=1/2/ <t) < Cut¥,  YO<t<T. (1)

Equivalently, one can assume that (1) holds only for t € [0, to] with some
to € [0,1). This would imply (1) for all t € [0,1) (with a larger value of
Cm). Under the margin condition, fast rates, that is, rates faster than n~'/2
can be obtained for different classifiers, cf. Tsybakov [15], Blanchard et al.
2], Bartlett et al. [3], Tsybakov and van de Geer [17], Koltchinskii [9],
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Massart and Nédélec [12], Audibert and Tsybakov [1], Scovel and Steinwart
[13] among others.

In this paper, we will study the closeness of R({“\n) to R* in a more refined
way. Our measure of performance is inspired by the Bahadur efficiency of
estimation procedures but in contrast to the classical Bahadur approach (cf.,
e.g., [7]) our results are non-asymptotic.

For a classifier f,, and for a tolerance A > 0, define the accuracy confidence
function (or, shortly, the AC-function):

ACy(fu,A) =P (R(fy) —R* > ).

Here P denotes the probability distribution of the observed sample D,,. Note
that ACn({‘\n,M = 0 for A > 1 since 0 < R(f) < 1 for all classifiers f.
Moreover, R(f,) — R* < 1/2 for all interesting classifiers f... Indeed, it makes
no sense to deal with the probabilities of error R(f,,) greater than 1/2 (note
that R(f,,) = 1/2 is achieved when f,, is the simple random guess classifier).
Therefore, without loss of generality we can consider only A < 1/2. In fact,we
will sometimes use a slightly stronger restriction A < Ay for some Ay < 1/2
independent of n.

It is intuitively clear that if the tolerance is low (A under some critical
value A,,), the probability ACy (i, M) is kept larger than some fixed level. On
the opposite, for A > A,,, the quality of the procedure f,, can be characterized
by the rate of convergence of ACn({C\n, A) towards zero as n — oco. Observe
that evaluating the critical value A, yields, as a consequence, bounds and the
associated rates for the excess risk ]ER({‘\n) — R*, which is a commonly used
measure of performance.

For a class M of probability measures P, we define the minimax AC-
function

AC,(M,A) 2 inf sup P (R(fy) —R* > 7),

1?n €Sn PeM

where S, is the set of all classifiers. We will consider classes M = M(r, «)
defined by the following conditions:

(a) A margin assumption with exponent «.

(b) A complexity assumption expressed in terms of the rate of decay r > 0
of an e-entropy.

The main results of this paper can be summarized as follows. Fix r,a > 0
T4+
and set A, = Dn zr«+ where D > 0. Then, we have an upper bound:
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There exist positive constants C, ¢ such that, for all classes M = M(r, x)
satisfying the above two conditions,

ACn(M,A) < Cexp{—cnATa), VA > A (2)

Furthermore, we prove the corresponding lower bound: there exists a class
M satisfying the same conditions (a) and (b) such that

ACA(M,A) >po,  O<A<A <Ay, (3)
ACA(M,A) > Clexp{—c/mATR), Ay < AL <A < Ag (4)

for some positive constants py, C’, ¢’ and 0 < Ay < 1/2 depending only
on Cy and «. Thus, we quantify the critical level phenomenon discussed
above and we derive the exact exponential rate exp{—cnk%} for minimax
AC-function over the critical level. In particular, this implies the following
bounds on the minimax AC-function in the case when X = [0,1]¢ and M
is the class all distributions satisfying the margin condition with exponent
« > 0 and such that the regression function n belongs to a Holder class of
smoothness 3 > 0 (see Section 5):

ACn(M)}\) Z pO) 0 < )\ S D]n_ﬂlff‘:l/ﬁ,
C’exp{—cMATa} < AC(M,A) < Cexp{—cnAiia),
Dzn_uyfi/ﬁ <A< Ao

Here, r = d/f. As an immediate consequence of (2) — (4) we get the minimax
rate for the excess risk:

inf sup [ER({‘\n) —R] < n- et (5)
fn€Sn PEM

for appropriate classes M, which implies the results previously obtained in
Tsybakov [15] and Audibert and Tsybakov [1].

It is interesting to compare (2) — (4) to the results for the regression prob-
lem in a similar setting (see DeVore et al. [5] and Temlyakov [14]) since there
are similarities and differences. Let us quote these former results: suppose,
in a supervised learning setting, that we observe n i.i.d. observations of the
pair (X,Y), but here Y is valued in [—M, M] instead of {0, 1} and we want to
estimate

E(x) =E(YIX =x).



Let &, (x) denote an estimator of &(x) and consider the loss

||E»n - EHLZ(HX)'

Here and in what follows, || - [|L,(uy), P > 1, denotes the L (x)-norm with
respect to the measure uyx on X. In this context, AC,(M,A) denotes the
quantity

inf sup P (|[&n = &llLogu0 = A) -

&n PEM

It is proved in [5] and [14] that if M = M(O, ux) is the set of probability
measures having px as marginal distribution and such that & belongs to the
set @, and the entropy numbers of ® with respect to IL,(ux) are of order
n" (see [5] and [14] for details), then there exist A, AL, with A, < Al =<
n~/0+29 and constants 8y, Ci, c1, Ca, ¢ such that

ACn(M(Q) HX)»A) 2 60) VA S }\:w (6>
Cre ™ < ACL(M(O,ux),A) < Cre™™™ | WA > AL (7)

These inequalities describe accurately the behavior of the minimax AC-
function for classes M(©, ) with any marginal distribution px. The same
inequalities hold for the following quantity

Sup ACn(M (Gv UX)) }\) .

2238

Our results for the classification problem are somewhat weaker than the
above results for the regression problem. In Sections 3 and 4, we prove
the upper bounds for the corresponding classes in the case of any marginal
distribution px such that the Margin assumption holds. This is analogous
to what was obtained for the regression problem. However, in Section 5, we
only prove the matching lower bounds for a special marginal distribution px.
Thus we obtain an accurate description of the behavior of the supremum
over marginal distributions sup,, AC,(M,A) and not of the individual AC-
functions for each marginal distribution u.

The similarity of the results in the two different settings is that there is
a regime of exponential concentration, which holds for any A greater than a
critical level. This critical level, which is also the minimax rate, depends on
the complexity of the class characterized by r. We can also observe that the

24

exponents in the bounds (7 in classification, 2 in regression) do not depend

on the complexity parameter r.



The differences lie in two facts since the margin condition is entering the
game at two levels. The first one is the critical value itself, n zair. Note
that here « is appearing in a favorable way (the larger it is, the better the
rate). This is intuitively clear since larger « correspond to sharper decision
boundaries.

The second place where a difference occurs is the rate in the exponent
AT compared to A? in a regression setting. The margin condition influences
the rate ﬁ—g, and this time again in a favorable way with respect to « (the
rate improves as « grows). For o« — 0, that is, when there is no margin
condition we approach the same rate as in regression.

2 Properties related to the Margin condition

In this section, we discuss some facts related to the Margin condition. We
first recall that it can be equivalently defined in the following way, cf. [15].
Let Gy = {x: n(x) = 1/2} denote the decision boundary.

Proposition 1. Fiz 0 < x < co. A probability measure P satisfies the Margin
condition (1) if there exists a positive constant cy such that, for any Borel
set G C X,

L 2n(x) — Tlix(dx) > cppx(G)7, (8)

where = (1 4+ «)/oc. Conversely, if the Margin condition (1) holds, then
there exists a positive constant ¢y such that, for any Borel set G C X,

L 2n(x) — Tix(dx) = enpix(G \ Go)”. (9)

Proof:  We prove first (9). Let G be given. Clearly, it suffices to assume
that pux(G \ Go) > 0. Choose t from the equation pux(G \ Gg) = 2Cuqt*, and
set A ={x: n(x) —1/2| < t}. Then by the Margin condition (1),

Ux(G\A) > ux(G\ Go) — ux(A\ Go) > ux(G \ Go) — Cmt™ > Cyt™.
Therefore,
| 2n00—thuxt@n) = 2] ey
G G\A

> 2Cmt*™ = (2Cm) " *ux(G \ Go)'Tx.
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Conversely, assume that for some » > 1 inequality (8) holds for any Borel
set G. Take G ={x: 0 < n(x) —1/2| < t}. Then (8) yields

1/
ux(0 <(X)—=1/2| <t) < (CJJ 2n(x) — 1|ux(d><))
0<m(x)—1/2I<t

< (2cpitux(0 < m(X) =172/ < )"

Solving this inequality with respect to pux(0 < (X)) —1/2] < t) we obtain
the Margin condition (1). O

Remark 1. In what follows we will distinguish between the Margin condi-
tion (1) and the Margin condition (8) with s > 1. If s = 1, then (8) still
makes sense but it cannot be directly linked to Margin condition (1) in terms
of o; formally, one would set o« = +o00 but this lacks rigor. As suggested
in [12], it is more appropriate to define the analog of (1) for » =1 in the
form px (O <X —1/2I < to) = 0, which means that the regression func-
tion M has a jump at the decision boundary. The case » = 1 will be treated
separately in Section 4.

We now state an easy consequence of Proposition 1. For any prediction
rule f, set f;’f = f;l{n#/z} + flp=1/2)

Lemma 1. If the probability measure P satisfies the Margin condition (1),
then for any prediction rule f,

H’J
R(F) = R* > (2Cw) *|If — 5 ll %oy - (10)

Analogously, if the probability measure P satisfies the Margin condition (8)
with some 3 > 1, then for any prediction rule f,

R(f) = R* = emllf — 317, (- (11)

Proof: Note that, for any prediction rule f,

R(f) — R* :J 2n00) — Tpx(dx) zj 2n00) — Tpx(dx),
D (1) D4 (f)

where Dp(f) 2 {x : f5(x) # f(x)} and Dj(f) = {x: fp:(x) # f(x)}. Thus, (10)
follows from (9) and the relations D} (f) \ Gy = D}(f), and

kx(Dp(f)) = [If = Fp ¢l (-

Similar argument for Dp(f) together with (8) imply (11).
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Finally, we have the following property.

Proposition 2. For any Borel function i : X — [0,1] and any distribution
P of (X,Y) satisfying the Margin condition (8) with some » > 1, we have

15 = felltin < 2Cmln = 7elI7 )
where fﬁ (X) = I{ﬁ(X)ZVZ} and x = (1 — %)_].
Proof: By Lemma 5.1 in [1],

R(fy) — R* < 2Cu A —mpll{ "5, )- (12)

This and Lemma 1 yield the result.

Corollary 1. Let P be a class of joint distributions of (X,Y) satisfying the
Margin condition (8) with some s > 1 and all having the same marginal px.
Then, for any pair P,P € P with the corresponding regression functions 1,7
and decision rules f,(x) = Inn>1/21 fa(X) = Igx)>1/2), we have

”fﬁ - fn”h(ux) < 2Cum|n _TIH%OO(“X) .

3 Upper bound under complexity assumption
on the regression function

In this section, we prove an upper bound of the form (2) for a class of
probability distributions P, for which the complexity assumption (b) (cf. the
Introduction) is expressed in terms of the entropy of the class of underlying
regression functions np.

For g: X — R, define the sup-norm ||gl|cc = supyecr 1g(x)I.

Fix some positive constants 1, &, Cyp, B. Let M(r, &) = M(r, &, Cp, B)
be any set of joint distributions P of (X,Y) satisfying the following two con-
ditions.

(i) The Margin condition (1) with exponent & and constant Cy.



(ii) The regression functionmn = np belongs to a known class of functions U,
which admits the e-entropy bound

H(e,U, | - ||oo) < Be™™, Ve > 0. (13)

Here, the e-entropy H(e,U,|| - |lo) is defined as the natural logarithm
of the minimal number of e-balls in the || - ||oo norm needed to cover U.

For any prediction rule f, we define the empirical risk
] n
Ru(f) = — Z1 Tiexo i) -
i=

We consider the classifier ?M (x) = L. x)>1/2), Where

fln = argmin, /¢y, Rn(fy/).

Here f,/(x) = Ipyr>1/2) and N, denotes a minimal e-net on U in the | - ||
norm, i.e., N; is the minimal subset of & such that the union of e-balls in
the || - ||o norm centered at the elements of N. covers U.

Theorem 1. Let r,x,Cym, B be finite positive constants. Set ¢ = ¢, =

n =, Then there exist positive constants ¢ and ¢’ depending only on
T, &, Cpm, B such that

sup  P{R(fn,1) — R(f5) > A} < 2exp{—cnAtiz)
PEM (r,x)

1+
for A > C'M Tratr.
This theorem has an immediate consequence in terms of AC-functions.

Corollary 2. There exist d > 0, ¢ > 0 such that for A, = dn 7% we have

24+«

AC(M(1, x),A) < 2e AT VA AL

PROOF OF THEOREM 1. We follow the argument of Theorem 4.2 in [1] with
suitable modifications. Set d(n’) = R(f,/) — R(f3) = R(f,/) — R(f%,,) where,
for brevity, f5,, = for,- Let 1 € N be such that |7 —np|lee < €. Using
Lemma 5.1 in [1], cf. (12) above, we get

d(@) = R(fz) — R* < 2Cpm |l —mp||10™ < 2Cme'™™ < A/2 (14)
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for any A > 4CMn’%. Define a set of functions G, = {n’ € N, : d(n’) > A},
and introduce the centered empirical increments
Zn(m") = (Ralfn) = Ralfpy.)) — (R(fy) — R(fp,)).
Then
P(R(fo1) —R(f3) = A)

g]

P(Hﬂ/ € ga : Rn(fn’) - Rn(fﬁ) < O)
D P(d(n) + Z.(n') — d(f) — Za(7) < 0).

n’eGe

<
<

Note that for any n’ € G. we have
dn’) —d(n) > dn')/2 > A/2.
Using this remark and (13) we find
P(R(fu1) —R(F5) >A) < ) P(Z.() < —d(n)/4) (15)
n’'€Ge
+P(Z.(n) > A/4)
exp(Be™") maxP(2,(n') < —d(n’)/4)

n’€Ge

+P(Z.(n) = A/4).
NOW, Zn(n/) = %Z?:] 51(1‘!')» where

IN

&) = Lie, v — Ly xowvg — B (hfn/(xi#m - I{f;)n,(xi)aévi}) -
Clearly, [&;(n’)| < 2 and, using (10) of Lemma 1,

E(&(Mn)?) < E([I{fn/(xi)ﬂi}—I{f;,n,(xi)aévi}}z)

= o — ol o

< [2CW)"*(R(fy) — R(f3))] T

= (2Cy)™s (d(n")) T
Therefore, we can apply Bernstein’s inequality to get

nd?(n’)/16
2((2Cm) = (d ") T + d(n’)/3)>
< exp (—%)
ci(d(m’)) =

11

P(Z.(n") < —d(n')/4) < exp (—



where ¢] = 2((2CM)1+% +1/3) and we used that d(n’) < d™=(n’) since
d(n’) < 1. Thus, for any n’ € G, we obtain

P(Zy(n") < —d(n")/4) < exp (—nAT /).
As a consequence,

exp(Be ") max P(Z,(n') < —d(n')/4) < exp(Bnzrer —nATie /c))

n’ege

< exp(—nk%/ZC{) (16)

where we used that A > ¢n "z for some large enough ¢’ > 0. Another
application of Bernstein’s inequality and (14) yields

nA2/16 )
2((2Cw) = (dA(7)) T +A/3)

nA?
<exp| ————= | -
ci(ATHa +A)

For A <1 the last inequality implies

P(Z.(n) = A/4) < exp <—

NnA T+«

P(Zn (1) 2 A/4) < exp (— S )
1

This, together with (15) and (16), yields result of the theorem for A < 1. If
A > 1 it holds trivially since d(n’) < 1 for all n’.

4 Upper bound under complexity assumption
on the Bayes classifier

This section provides a result analogous to that of Section 3 when the com-
plexity assumption (b) (cf. the Introduction) is expressed in terms of the
entropy of the class of underlying Bayes classifiers f; rather than of that of
regression functions np.

First, introduce some definitions. Let F be a class of measurable functions
from a measurable space (S, As, i) into [0, 1]. Here u is a o-finite measure.

12



For T < q < oo, and ¢ > 0, let Nyj(g, F, || - |l qu) denote the Ly(n)-
bracketing numbers of . That is, Ny (e, F, || - ||, () is the minimal number
N of functional brackets

[, f12{g:f; <g<f}ij=1,...,N,

such that

N
Fc| i1 and [ —f [l <€ i=1,...,N.
j=1

The bracketing e-entropy of F in the || - || (-norm is defined by
Hiy(e, Iyl llg) = log Npj(e, 7 [+ [legw)-

We will consider a class of probability distributions P of (X,Y) charac-
terized by the complexity of the corresponding Bayes classifiers. Specifically,
fix some p € (0,1),0 > 0,Cp > O,cy, > 0,B’ > 0, and let M*(p,x) =
M*(p, &, Cm,cyy B') be any set of joint distributions P of (X,Y) satisfying
the following conditions.

(i) The marginal distribution nx of X is absolutely continuous with respect
to a o-finite measure pw on (X, A), and (dux/du)(x) < c, for u-almost
allx € X.

(i) The Margin condition (8) with exponent 3z = (1 + a)/x, 0 < & < 00,
and constant cy 1S satisfied.

(11i) The Bayes classifier f} belongs to a known class of prediction rules F
satisfying the bracketing entropy bound

Hile, Fyll - lyw) < B'e™®, Ve > 0. (17)

We consider a classifier 1/“\“,2 that minimizes the empirical risk over the
class F :
fu2 = argming zR, (f).

The main result of this section is that for 1/:\,1’2 we have the following expo-
nential upper bound.

13



Theorem 2. Let p € (0,1), and let &, cm,cy, B be positive constants. Then
there exist positive constants ¢ and ¢’ depending only on p, &, cm, €y, B’ such
that

sup P{R(fl2) — R(f3) > A} < eexp{—cnAta}
PEM*(p,a)

_ T4+
for A > ¢/n Zralive),

Furthermore, the same classifier ?n,l satisfies a similar exponential bound
under the Margin condition (8) with s = 1. To consider this case, we define
the class of distributions M*(p, 00) = M*(p, cm, ¢y, B') as being a set of joint
distributions P of (X,Y) satisfying the same assumptions as M*(p, «),0 <
o < 00, with the only difference that assumption (ii) is replaced by

(i’) The Margin condition (8) with exponent s =1 and constant cp > 0 is
satisfied.

The upper bound for this class is as follows.

Theorem 3. Let p € (0,1), and let cm,cy, B’ be positive constants. Then
there exist positive constants ¢ and ¢’ depending only on p,cm,cy, B’ such
that

sup  P{R(fn2) — R(f;) > A} < eexp{—cnA}
PeM*(p,00)

1
for A > c¢'n T,

The proof of Theorems 2 and 3 is given in the Appendix. Note that this
proof can be deduced in several different ways from well known general excess
risk bounds in learning theory (see, e.g., Massart [11] or Koltchinskii [10] and
references therein). The version of the proof given below follows [10].

Inspection of the proof shows that Theorems 2 and 3 remain valid if we
drop condition (i) and replace (iii) by the following more general condition:

(i1i’) The Bayes classifier f}, belongs to a known class of prediction rules F
satisfying the bracketing entropy bound

Hile, Fyll - ) < B'e™, Ve > 0.

Condition (iii’) is, in fact, an assumption on both F and the class of possi-
ble marginal densities px. The reason why we have introduced conditions (i)
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and (iii) instead of (iii’) is that they are easily interpretable. Indeed, in this
way we decouple assumptions on F and assumptions on px. The case that
is even easier corresponds to considering a subclass of M*(p, &) composed
of measures P € M*(p, «) with the same marginal px. Then again we only
need to assume (ii) and (iii’) but now (iii’) should hold for one fixed measure
ix and not simultaneously for a set of possible marginal measures.

We finish this section by a comparison of Theorems 1 and 2. They differ
in imposing entropy assumptions on different objects, regression function np
and Bayes classifier f; respectively. Also, in Theorem 1 the complexity is
measured by the usual entropy for the sup-norm, whereas in Theorem 2 it
is done in terms of the bracketing entropy for the Lj-norm. Note that for
many classes the bracketing and the usual e-entropies behave similarly, so
that the relationship between the corresponding rates of decay r in (13) and
p in (17) is only determined by the relationship between the sup-norm of the
regression function 1 and the Lj-norm on the induced Bayes classifier. In
this respect, Corollary 1 is insightful suggesting the correspondence

p=—.
x

Finally, note that the ranges of the complexity parameters as well as the
assumptions on the measure py in Theorems 1 and 2 are somewhat different.
Namely, Theorem 1 holds under no additional assumption on pwy except for
the Margin condition and covers classes with high complexity (all r > 0 are
allowed). Theorem 2 needs a relatively mild additional assumption (i) on
iy and restricts the complexity by the condition p < 1. The classifier f\n,z
of Theorem 2 does not require the knowledge of the margin parameter «.
Thus, ﬁl,z is adaptive to the margin parameter. On the other hand, the
classifier ﬁm of Theorem 1 does require the knowledge of & which is involved
in the definition of parameter ¢ of the net V. Note that for classes F of high
complexity (with p > 1) the empirical risk minimization over the whole class
F usually does not provide optimal convergence rates. In such cases, some
form of regularization is needed. It could be based on penalized empirical
risk minimization (see, e.g., [10]) over proper sieves of subclasses of F (for
instance, sieves of e-nets for F).
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5 Minimax lower bounds

In this section, we will assume that the regression function n belongs to a
Holder class defined as follows.

For any mudllti—index s = (s1y...,8q4) and any x = (x1,...,%xq) € R%, we
A
define [s| = Y s, sl = syl ..sql, x5 =% ...x and ||x]| & (xf+ -+ +
. . A S1+-ts
x3)"/?. Let D® denote the differential operator D$ £ z?x;]—ax;ii'
T

For § > 0, let |B] be the maximal integer that is strictly less than f3.
For any x € [0,1]4 and any |B] times continuously differentiable real valued
function g on [0, 1], we denote by g, its Taylor polynomial of degree |B] at
point x € [0, 1]¢:

o) 2 Y gy,
sI<L) '

Let B >0, L > 0. The Holder class of functions (B, L, [0, 1]¢) is defined
as the set of all functions g : [0,1]¢ — R that are |B] times continuously
differentiable and satisfy, for any x,y € [0,1]¢ , the inequality

Ig(x") — g (x")] < L|Ix" — x|

Fix « > 0, > 0,L > 0, and a probability distribution px on [0, 1]¢.
Denote by M'(ux, &, 3) the class of all joint distributions P of (X,Y) such
that:

(i) The marginal distribution of X is px;
(i1) The Margin condition (1) is satisfied with some constant Cp > 0;
(iii) The regression functionn =np belongs to the Holder class Z(p, L, [0, 1]4).

Theorem 4. There exist a marginal distribution py and positive constants
Ci, C3 ¢’y dy,dy, Al depending only on o, 3,L,d, and Cym such that for
any classifier fy,,

sup  P{R(f,) —R* > A} > Cf
PeEM(ux,,B)

T+
for any 0 <A < d{n_“f’;d/ﬁ, and

sup P{R(fy) —R* > A} > C}exp{—cmATH}
PEM’ (1%, B)

S ol S
for any dym= 7rera/s < A < Af.
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The proof of Theorem 4 including the explicit form of the marginal dis-
tribution py is given in Section 6.

Note that there exists a constant B > 0 such that the set of regression
functions U = {np, P € M'(ug, , )} satisfies the entropy bound

H(e,Uy || - [loo) < Be ™, Ve >0, (18)

where 1 = d/B. Indeed, (18) holds since Y = {n € Z(B,L,[0,1]4) : 0 <
n(x) < 1}, and
Hie, Z(B, L, 10,11, - [loo) < Be™/P,

cf. Kolmogorov and Tikhomirov [8]. Thus, for the choice of p} described in
Section 6, the class of probability distributions M’(u%, &, ) is a particular
case of M(r, ) (with r = d/f) defined in Section 3. Theorem 4 shows that,
for this particular case, it is impossible to obtain faster rates for A C-functions
than those established in Theorem 1. In this sense, Theorem 4 provides a
lower bound that matches the upper bound of Theorem 1.

6 Proof of Theorem 4

The proof of Theorem 4 will be divided in steps. First, we construct a finite
family Pq,...,PN of probability distributions of the pair (X,Y). Second,
we apply the general tools for minimax lower bounds (cf. the Appendix)
to prove a minimax lower bound on this finite family. Finally, we choose
the parameters of the family Py,..., Py in order to embed it into the class
M'(ug, &, ), which leads to the result of Theorem 4.

Construction of a finite family of probability measures. We proceed here
similarly to [1]. Let 0 = (07,...,0p) be a binary vector of length b with
elements o5 € {—1,1}. Let ¢ be an infinitely differentiable function with
compact support in R¢ such that 0 < ¢(x) < c¢ for some constant ¢ €
(0,1/2). Consider functions @i, ..., @, on R¢ satisfying:

a) @; is a shift of @, j =1,...,b,

b) the supports A; of functions ¢; are disjoint.

Denote by X(b) the set of all binary vectors o of length b. For every
o € X(b) define

b
(bc(x) £ Z Gj(pj(x)) T]O'(X) £ (1 + d)U(X))/Z
j=1
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Consider the following class @ of regression functions
® £ {n,, 0 € Z(b)}.

In what follows we assume without loss of generality that b > 16. By the
Varshamov-Gilbert lemma (cf. [16], p. 104), there is a subset S of Z(b) such
that cardinality |S| > 28, and for any two different elements o and ¢’ from
S we have

|lo—o’|l, > b/4.

Let X = [0,1]¢, g € N, and b £ q% Let { be a nonnegative infinitely

differentiable function with support (0,1)¢ such that P < ¢ < 1/2 and
f(o])dll)(x)dx > 0. For given parameters 6 € (0,1) (small parameter) and

« € [0,00), define
o(x) 2 8V (gx).
For a vector k = (ki,...,kq), kj €{0,...,q =1}, j =1,...,d, define a grid
point
X< 2 (XKL xb), x}‘zkj/q, i=1,...,d.

We now consider b functions @y (x) = @(x —x*) and the corresponding class
O of regression functions defined above. We set N £ |S| and consider a subset
' co:

0" £ {ng, 0 € S} =M.
Now, recalling that the regression function 1n(X) is the conditional probability
of Y =1 given X, we define the joint probability measures Py, 0 € S, of (X,Y)
(these measures will be also denoted by Py,i=1,...,N) :

Po(Y=1,X € A) = J e () pix (dx)
A

for any Borel set A, where the marginal distribution ux = pj is specified as
follows. First, for all x such that

1/(4q) <x—x{ <3/(4q), j=1,...,4,

the distribution py has a density w.r.t. the Lebesgue measure

dug N w o
o M E Leb(B(0,1/(4q)) ~ > °W
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where B(x,1) is the {,-ball of radius r centered at x, Leb(-) denotes the
Lebesgue measure, and w = C8%(*% /b for some C € (0,1]. Second, we
set dpy(x)/dx = 0 for all other x such that at least one of n;(x) is not 1/2.
Finally, on the complementary set Ay C [0, 1]¢ where all n;(x) are equal to
1/2, we set duk(x)/dx = (1 —bw)/Leb(Aq) to ensure that [pq duk(x) =1
(we assume that the support of the function 1 belongs to the set [y, 1 — ]
for a small y > 0; then, it is easy to see that Leb(Aq) > 0).

We now impose an extra restriction on ¢ and prove that under this re-
striction the measures P; satisfy the Margin condition with parameter «.
Assume that 1 (x) = ¢, > 0 for x satisfying the inequalities 1/4 < x; < 3/4,
j=1,...,d, and P(x) < c; for other x. Here c; € (0,1/2). Then

b
(0 < Io(X) = 1/21 < 1) = (0 < | ) 0595(X)| < 2t)
j=1

= bu;ﬁ((o < (X) < 2t),

because the supports A; of functions @; are disjoint. Then, using the defini-
tion @(x) = 8"/(+%)(gx) we obtain that

(0 < @(X) <2t) =w if 8"/ <2t
and py (0 < @(X) < 2t) =0 for all other t > 0. Therefore,
by (0 < @(X) < 2t) < C8YM YT si/0vw<y < C(2t/c2)%,  t>0.

Thus, all P; satisfy the Margin condition with parameter o and constant
CM = C(Z/Cz)“.

Minimaz lower bound for the finite set of measures Py,...,Pn. Let us check
the assumptions of Theorem 5 in the Appendix for the set of probability
measures Pq,...,Pyn defined above. Since 0 < ¢ < 1/2 we have 1/4 <
Ni(x) < 3/4 for all 6 € (0,1) and all x € (0,1)4. Next, for any 0,0’ € S we
have

mp, —npc,Hfz(u;) < b||<P||%oo(u w < Cé(zw)mﬂda

X
and for o # o', in view of (6) and (6),

b
165, =65, gy = 23 I{Uiﬁ;}j 29bw dx
=1 B(0,1/(4q))

T+o)
)

= |lo—0o'[[,w > 6%/
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where ¢; = C/4. Thus, the assumptions of Theorem 5 in the Appendix are
satisfied with N = [S| > 2°/8 > 2v/16 1 and

YZ _ C6(2+O€)/“+OC), s = C]éoc/(1+oc). (19)
Therefore, we get the following result.

Proposition 3. Fiz o« > 0, § € (0,1) and q € N such that b = q¢ > 16.
Let Py, ..., PN be the family of probability measures defined above. Then for
any classifier i, we have

Céli‘zx 1 b 2+
> : 16 — T+
g } 215 min(1,27¢ exp{—c3ndi+=}) (20)

where C € (0,1) is the constant used in the construction of P1,...,PN, and
c3 > 0 s a constant depending only on C. Furthermore, for 0 < A < Ao,

A
e Be{ I = 5, 1) 2

> . T . ® Zia
[max Pi(R(fn) = R(fp,) 2 A} 2 35 min(T, 216 exp{—cmAT==}) (21)
where Ag = 167 179/%Cc¢,, and cs > 0 is a constant depending only on C, ¢,
and «.

Proof: Bound (20) follows from Theorem 5 and (19). To prove (21), we
combine (20) with Lemma 1, set A = A0, and use that Cy = C(2/c;)* by
the construction of Py,...,PN.

Minimaz lower bound on the class M'(uy, &, ). We now prove Theo-
rem 4 using a particular instance of the constructions introduced above in

this section. Set q = [(:567@1 where ¢5 > 0 is a constant, and [x] de-
notes the minimal integer greater than x. It is easy to see that if cs5 is small
enough, then we have @ € (B, L, [0,1]¢) implying that n, € (B, L, [0, 1]¢)
for all o € S. Choose such a small c5. It is also easy to see that one can
always choose constants C € (0,1) and ¢; € (0,1/2) in the construction
of Section 6 in such a way that C(2/c;)* = Cym which is needed to satisfy
the margin condition (ii). Then, for any fixed & € (0, 1), the finite family
of probability distributions {Py,...,Pn} constructed above (and depending
on 8) belongs to M’(uf, &, 3). To indicate this dependence on & explicitly,
denote this family by P, where A = Ayd and Ay is defined in Proposition 3.
Since Py C M'(uy, «, B), for any A < Ay we can write

sup  PR(f.) —R* > A} > max P{R(f,,) — R* > A}
PeEM (1}, o,B) PEPA
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and then estimate the right hand side of this inequality using (21) of Propo-
sition 3. Note that in Proposition 3 we have the assumption q¢ > 16, which
is satisfied if & < 8y where §y is a small enough constant depending only on
the constants in the definition of the class M’(uy, &, ). Thus we obtain

. 1 ta
sup  PR(f) —R*>A} > — min(1,2"" exp{—cmATHa})
PEM!(155,0,) 12

1 . ___d 2+
> Emm(],exp{cd\ (Fa)F — cynAT+a })
for all 0 < A < Ay where Ay > 0 and cg > 0 depend only on the constants
in the definition of the class M'(u%, «, 3). This immediately implies the
theorem. O

APPENDIX

Proof of Theorems 2 and 3. We deduce Theorems 2 and 3 from the
following fact that we state here as a proposition.

Proposition 4. Let either 0 < o < 00 and » = ]%‘ or x =00 and »x = 1.

Then there exists a constant C, > 0 such that, for all t > 0,

A . t\ 2z
sup P{R(fn,z) — R(f}) > C. [n_zx—wp V (—> } } <e' .

PeM*(p,a) n

It is easy to see that Theorem 2 follows from this proposition by taking
« _ T+o .
t = cnATie with A > ¢'n" T« for some constants c,c’ > 0, and using

that » = 1%‘ To obtain Theorem 3, we take t = cnA with A > ' T

Proposition 4 will be derived from a general excess risk bound in abstract
empirical risk minimization ([10], Theorem 4.3). We will state this result
here for completeness. To this end, we need to introduce some notation. Let
G be a class of measurable functions from a probability space (S, As, P) into
[0,1] and let Z;,...,Z, be i.i.d. copies of an observation Z sampled from
P. For any probability measure P and any g € G, introduce the following
notation for the expectation:

Pg = J gdP.
s
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Denote by P, the empirical measure based on (Z;,...,Z,), and consider the
minimizer of the empirical risk

Gn = argmingegPng.
For a function g € G, define the excess risk

&pr(g) 2 Pg— inf Pg’.
g’€eg

The set
Fe(8) 2{g€G: &lg) <8}

is called the 6-minimal set. The size of such a set will be controlled in terms
of its L,(P)-diameter

D) & sup [lg—9[lLm
9,9’ €Fp(8)

and also in terms of the following “localized empirical complexity”:

Pn(8) £EE sup |(Pn—P)(g—g')l
g9,g'€Fp(3)

We will use these complexity measures to construct an upper confidence
bound on the excess risk &p(fy2). For a function ¥ : Ry — R, define

9(8) £ sup 1)
o> o
Let
Vi(s) 24 [cbi(é) + /(D2 (8)— + i} 5> 0,t >0,
nd nd
and define

of 2 inf{o: V(o) < 1L

The following result is the first bound of Theorem 4.3 in [10].

Proposition 5. For allt > 0,

P{Ep(frn) > b} < e’

g}
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In addition to this, we will use the well-known inequality for the expected
sup-norm of the empirical process in terms of bracketing entropy, see The-
orem 2.14.2 in [18]. More precisely, we will need the following simplified
version of that result.

Lemma 2. Let T be a class of functions from S into [0, 1] such that || g]|i, ) <
a for all g € T. Assume that H (a, T, | - [|,m) +1 < a®n. Then

C (@ 12
E P.g—Pgl < — H Ty - +1
?el’lﬁl 9 gl < \/—L ( e Ty lle) )

where C > 0 is a universal constant.

de,

Proof of Proposition 4. Note that, if t > n, then (}1)”/(2”’” > 1, and
the result holds trivially with C, = T since R(l/“\n,z) — R(fp) < 1. Thus, it is
enough to consider the case t < mn.

Let S = X x{0, 1} and P be the distribution of Z = (X,Y). We will apply
Proposition 5 to the class G £ {gs: g¢(x,y) = Iy4tx)y T € F} Then, clearly,
ng = R(ﬂ and (C:p(gf) = R(f) — R(f’{,) for gf(X,y) = I{y#f(x)}) which implies
that

Fp(d) ={gr: f € F, R(f) —R(fp) < &}

We also have ||gr, —9gr,|If,p) = [If1 —F2l[L, (ux)- Thus, it follows from Lemma 1
that, for all g € G,

Er(gt) > cmllgr — g Cp)

and we get a bound on the L,(P)-diameter of the -minimal set Fp(0) : with
some constant ¢; > 0

D(5) < ¢;86"%. (22)

To bound the function ¢,,(8), we will apply Lemma 2 to the class 7 = Fp(d)
with a = 1. Note that

Hpy(e, Fp(8), || - [l p) 2H;1(e/2,G, [ - llLye)
2H 1 (e%/4, Fy || - Ity )

ZH[ ](52/(4Cu)>F> ” ) ||L1(u))'

IA AN A

Using (17) we easily get from Lemma 2 that, with some constants ¢,,¢3 > 0,
Pn(8) < @872 8> em T,
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which implies that, with some constant ¢4 > 0,
b (5) < &y max(8Fn VA T9), 5 > 0.
This and (22) lead to the following bound on the function V}(6):
Vi(8) < ¢ [625—111—‘/2 VT 4 5 \/g +57 H

that holds with some constant ¢s. Thus, we end up with a bound on o, :

5 ] N L
ot < Cg {n‘zu—wp Vn TV (—) vV —} . (23)
n n
Note that, for 2 > 1, p < 1 and t < n, we have

£\ /@)
n 7 @14e) > ~V/0+0) gnd (_> >
= n =z

Sle

Therefore, (23) can be simplified as follows:

and the result immediately follows from Proposition 5. ]

Tools for the minimax lower bounds. For two probability measures p
and v on a measurable space (X, .A), we define the Kullback-Leibler diver-
gence and the yx?-divergence as follows:

/cm,v)éj glngdv, xz(u,V)éJ (g— 17y,
X X

if u is absolutely continuous with respect to v with Radon-Nikodym deriva-
tive g = 3, and we set K(,v) £ +o00, x* (1, v) £ 400 otherwise.
We will use the following auxiliary result.

Lemma 3. Let (X, A) be a measurable space and let A; € A, 1€ {0,1,..., M},
M > 2, be such that Vi #j, AiNA; = 0. Assume that Q;, 1 € {0,1..., M},
are probability measures on (X,.A) such that

M
LY KI(Q) Qo) < x < o0
=1
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Then

P L max QUANA) > -

. —3x
Jnax, B min{1, Me X}

Proof:  Proposition 2.3 in [16] yields:

\/X/2
. > sup TM]<1+X+ X/>.

0<t<1 TM log T

In particular, taking T = min(M™', e73X) and using that /6logM > 2 for
M > 2, we obtain

p*>l<1+x—’_ /X/2 > >—m1n{1 Me X,

— oM+ log T* 12

We now prove a classification setting analogue of the lower bound ob-
tained by DeVore et al. [5] in the regression problem.

Theorem 5. Assume that a class © of probability distributions P with the
corresponding regression functions np and Bayes rules T}, (as defined above),
contains a set {P{}N; C ©, N > 3, with the following properties: the marginal
distribution of X is wux for all Py, independently of 1, where wx is an arbitrary
probability measure, 1/4 <mp, <3/4,i=1,...,N, and for any i #j

||T]Pi —Mpy ||L2(le) <, (24)
15, — 5, Ly = 8 (25)

with somey >0, s > 0. Then for any classifier fi we have

1
]I<nkax ]P’k{||f — 15 L o) > 8/2} > > — mln (1 (N — 1)exp{—24ny2})

where Py denotes the product probability measure associated to the i.i.d. n-
sample from Py.

Proof: We apply Lemma 3 where we set Q; = Pi, M =N — 1, and define
the random events A; as follows:

A2 Dy =il < /28 i=1,...,N.

25



The events A; are disjoint because of (25). Thus, the theorem follows from
Lemma 3 if we prove that (P, P;) < 8ny? for all i,j.

Let us evaluate IC(P;, IPj). For each mnp,, the corresponding measure P; is
determined as follows

dPi(x,y) £ (Mp (x)dd1(y) + (1 —np,(x))d8o(y))dpx(x),

where dd; denotes the Dirac measure with unit mass at &. Set for brevity
Ni = np,. Fix i and j. We have dPi(x,y) = g(x,y)dP;j(x,y), where

Q(X,]): : %) Q(X)O):

Therefore, using the inequalities 1/4 <m;,m; < 3/4 and (24) we find

s o [ ) = 0P () — ()2
X(P”P”‘H ) T—m(x)

< 8|mi — MillE, () < 8V

} dpx (x)

Together with inequality between the Kullback and x*-divergences, cf. [16],
p- 90, this yields

K(P;, P;) = niC(P;, Py) < nx?(P;, Py) < 8ny™.

m

Comment. The preprint version of this paper was posted on the Arxiv

under the pseudonym N.I. Pentacaput [?]. Then the paper was submitted to

“Constructive Approximation” and was accepted for publication under this

pseudonym. However, it turns out that because of the Publisher rules no

paper can be published under a pseudonym. As a result, we publish it under
our real names that we have chosen to arrange in a random order.
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