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A problem of bounding the generalization error of a classifier f €
conv(Jf), where F is a “base” class of functions (classifiers), is considered.
This problem frequently occurs in computer learning, where efficient algo-
rithms that combine simple classifiers into a complex one (such as boosting
and bagging) have attracted a lot of attention. Using Talagrand’s concentra-
tion inequalities for empirical processes, we obtain new sharper bounds on
the generalization error of combined classifiers that take into account both
the empirical distribution of “classification margins” and an “approximate
dimension” of the classifiers, and study the performance of these bounds in
several experiments with learning algorithms.

1. Introduction. Let (X1, Y1),..., (X,,Y,) be asample of n labeled training
examples that are independent identically distributed copies of a random couple
(X,Y), X being an “instance” in a measurable space S and Y being a “label”
taking values in {—1, 1}. Let P denote the distribution of the couple (X, Y).
Given a measurable function f from S into R, we use sign(f(x)) as a predictor
of the unknown label of an instance x € §. We will call f a classifier of the
examples from S. The quantity P{Y f(X) <0} = P{(x, y):yf(x) <0} is called
the generalization error of the classifier f. The goal of learning (classification) is,
given a set of training examples, to find a classifier f with a small generalization
error.

Some of the important recent advances in statistical learning theory are related
to the development of complex classifiers that are combinations of simpler ones. In
so-called voting methods of combining classifiers (such as boosting, bagging, etc.)
a complex classifier produced by a learning algorithm is a convex combination of
simpler classifiers from the base class.
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Let #¢ be a class of functions from S into R (base classifiers) and let ¥ :=
conv(#) denote the symmetric convex hull of #:

N N
conv(H) =1 Ahi:N =1, L, €R, D M| <1, hi € 5‘6}.
i=1 i=1

Our main goal in this paper is to develop new probabilistic upper bounds
on the generalization error of a classifier f from the symmetric convex hull
F = conv(#) of the base class. The well-known approach to such a problem,
developed in the pathbreaking works of Vapnik and Chervonenkis (see [27] and
references therein), is based on an easy bound,

P{(x,y):yf(x) <0} < Pu{(x,y):yf(x) <0} + guIé[P(C) — P, ()],

where P, is the empirical distribution of the training examples; that is, for any set
C C S x {—1, 1}, P,(C) is the frequency of training examples in the set C,

C:={{(x.y):yf(x) <0}: fe F},

and on further bounding of the uniform (over the class C) deviation of the
empirical distribution P, from the true distribution P. The methods that are used
to solve this problem belong to the theory of empirical processes and the crucial
role is played by the VC-dimension of the class C or by more sophisticated entropy
characteristics of the class. For instance, if m€ (n) denotes the maximal number of
subsets obtainable by intersecting a sample of size n with the class C (the so-called
shattering number), then the following bound holds (see [8], Theorem 12.6) for all
e>0:

P{P{(x,y): yf(x) <0} > Po{(x,y): yf(x) <0} + &} < 8mC(n)e"</32.

It follows from this bound and from Sauer’s lemma (see [8], Theorem 13.2) that the
training error measures the generalization error of a classifier f € ¥ with accuracy
O/ (V(C)logn)/n), where V(C) is the VC-dimension of the class C [i.e., the
smallest n such that m€(n) < 2"]. In the so-called zero-error case, when there
exists a classifier f € ¥ with zero training error, we even have the bound (see [8],
Theorem 12.7)

P{P{(x,3):yf () <0} = e} = 2mC @m)27"2,

which implies that the generalization error of the classifier f is O((V(C)logn)/n).
The above bounds, however, do not apply directly to the case of the class ¥ =
conv(#), which is of interest in applications to bounding the generalization error
of the voting methods, since in this case typically V(€C) = +oco. Even when one
deals with a finite number of base classifiers in a convex combination (which is the
case, say, with boosting after a finite number of rounds), the VC-dimensions of the
classes involved are becoming rather large, so the above bounds do not explain the
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generalization ability of boosting and other voting methods observed in numerous
experiments. This motivated Bartlett [2] and Schapire, Freund, Bartlett and Lee
[24] (see also [1]) to develop a new class of upper bounds on the generalization
error of a convex combination of classifiers, expressed in terms of the empirical
distribution of margins (the role of classification margins in improving the general-
ization ability of learning machines was clear in earlier work on support vector ma-
chines as well; see [7]). The margin of a classifier f on a training example (X, Y)
is defined as the product Y f (X). Let € be a “base class” of measurable functions
from § into {—1, 1}. Suppose that the class of sets C := {{x : h(x) = +1}:h € H}
is Vapnik—Chervonenkis [i.e., V(C) < +oco] and let V(#) := V(C). Schapire
et al. [24] showed that for a given « € (0, 1) with probability at least 1 — « for
all f € conv(#),

P{(x,y):yf(x) <0} < ir(slf[Pn{(x, y):yf(x) <8}

Jn 82

Choosing in the above bound the value of § = 5( f) that solves the equation

2 1/2
+£<V(Jf)log (n/(vw)))HOg(é)) }

V(H)
SP{(x,y):yf(x) <8} = —=

(which is nearly an optimal choice), one gets (ignoring the logarithmic factors) the
generalization error of a classifier f from the convex hull

o(;,/”"’) )
T

Koltchinskii and Panchenko [17], using the methods of the theory of empirical,
Gaussian and Rademacher processes (concentration inequalities, symmetrization,
comparison inequalities), generalized and refined these types of bounds. They also
suggested a way to improve these bounds under certain assumptions on the growth
of random entropies of a class ¥ to which the classifier belongs. The new bounds
are based on the notion of the y-margin of the classifier, introduced in their paper.
The y-margins are defined for y € (0, 1) (see the definitions in Section 2 below);
the value of y = 1 roughly corresponds to the case studied in [24]. The quality
of the bound improves as y decreases to 0. However, bounds of this type are
proved to hold for values of y > 2a/(2 4+ «), where « € (0, 2) is the growth
exponent of the random entropy of the class . In the case ¥ := conv(#),
where #f is a VC-class with VC-dimension V (#f), this leads to the values of
o =2(V(H)—1)/V(H) < 2, which allow one to use y-margins with y < 1
(but it is going to be rather close to 1 unless the VC-dimension is very small).
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The experiments of Koltchinskii, Panchenko and Lozano [18] showed that, in the
case of the classifiers obtained in consecutive rounds of boosting, the bounds on
the generalization error in terms of y-margins hold even for much smaller values
of y. This allows one to conjecture that such classifiers belong, in fact, to a class
F C conv(#) whose entropy might be much smaller than the entropy of the whole
convex hull. The problem, though, is that it is practically impossible to identify
such a class prior to experiments, leaving the question of how to choose the values
of y for which the bounds hold open. In this paper, we develop a new approach
to this problem. Namely, we suggest an adaptive bound on the generalization error
of a convex combination of classifiers from a base class that is based, on the one
hand, on the margins of the combined classifiers and, on the other hand, on their
approximate dimensions (the numbers of “large enough” coefficients in the convex
combinations). This adaptive bound “captures” the size of the entropy of a subset
of the convex hull to which the classifier actually belongs.

The results are formulated precisely in Section 2. The proofs that heavily rely
upon Talagrand’s concentration and deviation inequalities for empirical processes
are given in Section 3. Section 4 includes the results of several experiments
with existing learning algorithms (such as boosting and bagging) for which we
computed the bounds on the learning curves that follow from our results. We also
discuss here some approaches to combining classifiers that attempt to minimize
the margin cost function, keeping the dimension of the classifier small.

2. Empirical margins and approximate dimensions: Main results. Let
(S, A) be a measurable space and let & be a class of real-valued measurable
functions on (S, #). In this section, to shorten the notation, we suppress the labels.
To apply the results in the setting of the Introduction, instead of S, consider the
space S x {—1, 1} and instead of a function f on S, consider a function (x, y) >
yf(x) on § x {—1,1}. The results also can be used in the case of multiclass
problems (see Section 5 in [17]). In what follows P denotes a probability measure
on (S, A), {X,} is a sequence of i.i.d. random variables defined on a probability
space (€2, X, P) and taking values in (S, 4) with distribution P and P, denotes
the empirical measure based on the sample (X1, ..., X,),

Py(A):=n"'Y"I4(X), ACS,

i=1

1 4 being the characteristic function (the indicator) of the set A.

In what follows, we frequently use metric entropies to measure the complexity
of function classes involved in our bounds. Given a metric space (T, d), Hy(T; ¢)
denotes the e-entropy of 7" with respect to d, that is,

Hy(T;¢e) :=logNy(T; ¢),
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where N4(T'; €) is the minimal number of balls of radius € covering 7. If Q is a
probability measure on (S; ), dg » will denote the metric of the space L2 (S; d Q),

doa(f;8) = (0If —gHV2

We start by extending the bounds on the generalization error obtained by
Koltchinskii and Panchenko [17] in terms of so-called y -margins. More precisely,
let y € (0, 1] and let

1

OV = gy

It was shown in [17] (see also Example 1 below) that if Hg, ,(F; €) grows as e “
for some « € (0, 2), then, with high probability for all f € ¥ and all § > 0,

2.1 P{f =0} <C[P,{f =8} Veny, (0],

where y = az—fz and C is a constant. The expression in the brackets is the maximum
of two functions of the margin §. The first one is the empirical distribution function
of margins, P,{f < §}. It is a nondecreasing function of §. The second one,
&n,y(8), is a decreasing function of § and it depends on the parameter y related
to the complexity of the class & (the growth exponent « of its entropy). The value
of the margin § that minimizes the expression in brackets (equivalently, the value
for which the two functions in the maximum are equal) was called in [17] the
y-margin of a classifier f, Sn (v; f). Clearly, Csn,y(gn(y; f)) is in this case an
upper bound on the generalization error of f (with high probability). The bound in
[24] corresponded to the choice of ¥ = 1, but it is easily seen that smaller values
of y provide sharper bounds.

Below we give a definition of what we call ¥ -bounds that will play a major
role in bounding the generalization error of classifiers. These quantities depend on
a function v that characterizes the complexity of the class & (more specifically,
it will provide an upper bound on the so-called Dudley entropy integral for the
class ¥) and, therefore, determines the quality of the bounds.

Let ¥ be a concave nondecreasing function on [0, +00) with ¥(0) = 0. For a

fixed § > 0, denote by 8;1'[/ (8) the smallest solution of the equation

1
W (8/¢)

with respect to €. Similarly, for a fixed ¢ > 0, denote by 8;{' (&) the largest solution
of (2.2) with respect to § [if i is strictly concave, the solutions of (2.2) are unique].

2.2) )

Clearly, for a concave i the function ¢(x) = @ is nonincreasing. Therefore, it
is easy to see that
¢~ (/en)



218 V. KOLTCHINSKIL D. PANCHENKO AND F. LOZANO

If v(x) = x17%/2 with « € (0,2) [which will be our choice of ¥ when the
Lo (Py,)-entropy of the class ¥ is on the order ¢ ~*; see Example 1], then 8;1'[/ =&n,y
(with y = %). Actually, we show below that for a general function i (that

bounds Dudley’s entropy integral of the class & from above), the generalization
error of all the classifiers f € ¥ is bounded from above by

(2.3) Cinf[Po{f <8} Vel (5)]

with high probability. The 1r-bounds introduced below give the size of the infimum
in expression (2.3).
Given a function f and ¢t > 0, define the quantity

tV2logn

e (i) = int]e = P =) =e

and its empirical version

tVv2logn

é;l”(f;t) :=inf{sz :Pn{ffc?,‘,”(é‘)}fs}.

Since for all ¢ > 0, 8;{' (¢) > 0, it immediately follows from the definition that for
all f e F,

P{f <0} <inf{P{f <8/ ()} :e =&/ (fi )} <&l (f51).

We will call S;f (f;t)and ?:;,ﬁ (f; t) the -bound and the empirical -bound of the
classifier f, respectively. We show below that under a proper assumption on the
random entropy of the class ¥, with a high probability the empirical y-bounds
é;,ﬁ (f;t) are, for all the functions from the class, within a multiplicative constant
from the true yr-bounds 8;1'[/ (f; t). This allows one to replace 8;{, (f; t) in the above
bound on P{f < 0} by é,lf (f;t) (which gives in applications a bound on the
generalization errors of classifiers).

THEOREM 1. Let ¥ be a concave nondecreasing function on [0, +00) with
Y (0) = 0. Suppose the bound on Dudley’s entropy integral holds with some
D, >0,

(2.4) / HY? (F,u)du <D,y (x), x>0as.,
0

dp, 2

where Dy, = Dy(X1,...,X,) is a function of training examples such that
ED, < oo. Then there exist absolute constants A, B > 0 such that for A :=
A(14+ED,)? and forall t > 0,

PIVfeF A8V (fin)<el (fir) < A&V (f:n)
2.5

t
> 1 — Blog,log, mexp{—(i vV logn>}.
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The following corollary is immediate.

COROLLARY 1. Under the conditions of Theorem 1 there exist numerical
constants A, B > 0 such that for A .= A(1 + ED,)? and forall t > 0,

P{3feF:P{f<0}>AY(f:1)
(2.6)

n t
< Blog, 1 _ —{ =Vl .
< oty ool )|

REMARK. Because of the presence of the multiplicative constant in front of
the 1-bound, the last result seems to be useful only in the case of small Bayes risk
(which is not unusual in modern classification problems where rather complex
combinations of base classifiers are often being used). However, Koltchinskii [14]
showed that if Dudley’s entropy integral is o(¥ (x)) as x — 0, then the constant in
the bounds of this type becomes asymptotically close to 1 as n — oo. Thus, the
above bounds might be useful even in the case of larger values of the Bayes risk.

EXAMPLE 1. Leta € (0,2) and ¥ (x) = x'7/2 Let y := 2% Koltchinskii
and Panchenko [17] defined y -margins of a function f as
8u(y; f) :=sup{8 € (0, 1):8" P{f <8} <n~1T7/2},
8u(ys ) i=sup{8 € (0, 1):87 Pu(f <8} <n™'T7/?).
An easy computation shows that

1
nl =28, (y; f)v°

Corollary 1 immediately implies that if for some « € (0, 2) and D,, > 0, ED,, < o0
and

e (fin??) =

Hyp o (F;u) < Dﬁu‘“, u>0as.,

then for any y > az—f_‘z there exist constants A, B > 0 such that for A := Al +
EDn)za

A
P{gf €F:P{f=0}= n'=v/28, (y; f)’”}

2.7)

—_nv/?
< Blog,log, n exp{ }
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(see also [17]). It is easy to see that the quantity

1

2.8 =
@9 n1=v/28,(y; f)¥

in the above upper bound on the generalization error becomes smaller as
y decreases from 1 to 0. The Schapire-Freund-Bartlett—Lee type of bounds
correspond to the worst choice of y (y = 1). In the case when ¥ is the symmetric
convex hull of a VC-class # with VC-dimension V (J), the value of « is equal

to %;61)) < 2 that allows us to have y < 1, improving the previously known

bound. In fact, Koltchinskii, Panchenko and Lozano [18] computed the empirical
y-margins of classifiers obtained in consecutive rounds of boosting and observed
that the bounds on their generalization error in terms of y-margins hold even
for much smaller values of y. This allows one to conjecture that such classifiers
belong, in fact, to a class ¥ C conv(#) whose entropy might be much smaller
than the entropy of the whole convex hull.

EXAMPLE 2. Consider now the case of ¥(x) = x logf for x <1 and
¥ (x) = x for x > 1. Then, by a simple computation,

1—ne

NG

8,‘,”(8)=e e>n"l.

If we define

R ) tVv2logn elne
2.9 gr\l’C(f;t):sz{eZ?:Pn{ff NG }58},

then under the condition

1
HdPnz(}v?“)fDﬁlog—Vl, u>0as.,
’ u

with some D, = D,(Xy,...,X,), ED, < 400 (which holds, e.g., if ¥ is a
VC-subgraph class, that is, the class of sets

{x,n) e SxR:t < f(x)}: f € H}

is Vapnik—Chervonenkis), we get from Corollary 1 that with some numerical
constants A, B > 0 forall ¢ > 0,

P{AfeF:P{f<0}> AV (fi 1)

n t
< Blog, log, m exp{—(i \Y logn) },

where A :== A(1+ED,)>.
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The proofs of Theorems 1 and 3 are based on the following generalization of
one of the results of Koltchinskii and Panchenko [17] (that itself relies heavily
on the concentration inequality for empirical processes due to Talagrand; see
Theorem 1.4 of [25]).

THEOREM 2. Suppose that condition (2.4) holds with some concave nonde-

creasing Y such that ¥ (0) = 0. Then, for all § > 0 and for all ¢ > el (8) v —Zl(r’lg”
the bounds

]P’{Elfe}“:Pn{ff(S}fsandP{ffg}zAa}

_1 ne
< Blog, log, ¢ exp Y

and

]P’{Elfe}“:P{fch}fsandPn{ffg}zAs}

_1 ne
< Blog, log, ¢ exp —

hold, where A= A(1 + ED,)? and A, B are numerical constants.

There are two major problems with the margin type bounds given above. First
of all, the values of the constants involved in the bounds are far from being optimal
and are too large at the moment (see, however, the remark after Corollary 1).
Their improvement is related to a hard problem of optimizing the constants in
Talagrand’s concentration inequalities for empirical and Rademacher processes
used in the proofs below. However, in the case when ¥ = conv(#) the constants
in question depend only on the base class J¢ and this allows one to use the bounds
to study the behavior of the generalization error when the number of rounds of
learning algorithms (such as boosting) increases. Another problem is related to the
fact that there is no much prior knowledge about the subset of conv(#) to which a
classifier created by boosting or another method of combining classifiers is going
to belong. This makes one tend use the value of

2a 2V —1)
Ta42 2v(H) -1

which is very close to 1 unless the VC-dimension of the base is very small. Our
major goal in the current paper is to address this problem. We do this by proving a
new upper bound on the generalization error of a classifier that belongs to a convex
hull of a base class. The bound includes the sum of two main terms. The first one
is an “approximate dimension” of the classifier (the number of “large enough”
coefficients in the convex combination) divided by the sample size. The second

(2.10) Y




222 V. KOLTCHINSKIL D. PANCHENKO AND F. LOZANO

term is related to the margins of the classifier. Balancing these two terms allows us
to get a rather tight upper bound that “captures” the size of the entropy of a class
to which the classifier actually belongs. It combines previously known bounds in
terms of VC-dimension (in zero-error case) and in terms of margins, and becomes
close to one of these two bounds in the extreme cases.

Let #¢ be a class of measurable functions from (S, 4) into R. Let ¥ C
conv(#f). For a function f € & and a number A € [0, 1], we define the
approximate A-dimension of f as the smallest integer number d > 0 such
that there exist N > 1, functions h; € #, j=1,..., N, and numbers A; € R,
j=1,..., N, satisfying the conditions [ = Z?’Zl)»jhj, Z;V:l |Ajl <1 and
Z;\’:dﬂ |A;j| < A. The A-dimension of f will be denoted by d(f; A).

In what follows we assume that for some V > 0 and K > 0 and for all
probability measures Q on (S; 4),

(2.11) Nag,(#: (QH)?e) <Ke™V,  £>0,

where H is a measurable envelope of # [i.e., a nonnegative measurable function
such that, for all 7 € # and x € S, |h(x)| < H(x)]. In particular, this condition
holds if # is a VC-subgraph class. Condition (2.11) implies the bound on the
entropy of the convex hull of #,

Hay (conv(H); (QH?)' %) < Ce™2V/VF g5,

with V from the bound (2.11) and C := C(K; V) (see [26]). One can easily
compute in this case that

X
/ H,”? (F,wydu< 5V +2)CV2(P,HHV/CVAD2VE2 - o5 0as.
0

dp, 2

and, therefore, condition (2.4) of Theorem 1 is satisfied with ¥ (x) = x2/(V+2)
under the assumption P H? < co. Subsequently we will assume that one of the
following two conditions holds:

1. Class # is uniformly bounded and & C conv(#f).
2. The envelope H of the class # is P-square integrable and

N N
FCiY rihi:N>1, hieH, heR, > |rjl=1¢.
i=1 j=1

Note, that under the second condition, ¥ consists only of proper symmetric
convex combinations.
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Leta := V+2 and Ay ={A €[0,1]:d(f; A) <n}. Define

N OATS YA 2
8”(f’5)'_Ale“Aff[ " (lg‘“"gd(f A))

(2.12)

20/ (a+2)
+<%) n—2/(a+2)}v210g”.
n

The function of margin &, (f; §) will play exactly the same role as ¢, ,, in (2.1) or

s;’f' in (2.3). As before, we will essentially show that with high probability for all
f € F the generalization error is bounded from above by

(2.13) Cinf[Py{f =8}V ea(f:0)].

However, this time the function &, (f; §) depends not only on the complexity of
the class ¥, but also on the complexity of a particular classifier f € & for which
the generalization error is to be bounded (namely, on the sparsity of the weights
of f reflected in the definition of the approximate A-dimension). The value of §
for which the infimum in (2.13) is attained can be evaluated as

8, (f) :=sup(8 € (0, 1/2): Po{f <8} <en(f;8))

and the size of the infimum becomes &, (f; Sn( f)). According to the next theorem,
the quantity of this type provides an upper bound on the generalization error with
high probability.

THEOREM 3. Assume that one of the above conditions 1 or 2 on the class ¥
holds. Then there exist constants A, B > 0 such that for all 0 <t < n® @t the
following bound holds:

plares:r| _Sn;f>;>A( (r 8<2f>) )] < Ber

To understand this bound, let us look again at the definition of ¢, ( f; §). First of
all, if one sets A =1 instead of minimizing over A, then, since d(f, 1) = 0, the
bound becomes equivalent to the previous y -bound of Example 1 (with y = az—j‘z),
which means that the bound of the Theorem 3 improves the y-bound. For a
fixed A, the two terms in the definition of &,(f; §) correspond to two parts of
the combined classifier. The first term corresponds to the sum of d(f, A) base
classifiers with the largest weights and the form of the bound basically coincides
with the standard VC-dimension based bound in the zero-error case. The second
term corresponds to an “improper” convex combination of classifers with the
smallest weights (the number of them is not limited) and the form of the bound
is determined by the complexity of the whole convex hull, only scaled by a factor
of A. Itis clear that if a voting algorithm produces a convex combination in which
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there are very few classifiers with large weights, then the bound of the theorem
can improve upon the y-bound of Example 1 significantly. Another way to say it
is that the faster is the weight decay in the convex combination, the smaller is the
complexity of the corresponding subset of the convex hull and the sharper is the
bound. This is easily demonstrated by the following example.

EXAMPLE 3. If ¥ C conv(#) is a class of functions such that for some
B >0,

(2.14) sup d(f; A) = O0(A™P),

feF

then with “high probability” for any classifier f € ¥ the upper bound on its
generalization error becomes on the order of

1
n1=vB20+B)3, ()78 +P)

(which, of course, improves a more general bound in terms of y-margins; the
general bound corresponds to the case f = +00). Condition (2.14) means that
the weights of the convex combination decrease polynomially fast, namely, |A ;| =
O(j~%),a = 1+ B~ The case of exponential decrease of the weights is described
by the condition

(2.15) sup d(f; A)=O<logl).
feF A

In this case the upper bound becomes on the order of % log2 (n/ (Sn ).

3. Proofs of the main results.

PROOF OF THEOREM 1. We use the first bound of Theorem 2. The condition
e > s;’f' (8) is equivalent to the condition § > 8;{' (¢). Thus, we can use this bound
for § = 8;{/(8) and ¢ > (2logn)/n. We get

IP{EIfe?:P,,{fgS,‘,”(S)}SeandP{ff8’?2(8)}zAs}

_1 ne
< Blog,log, ™" exp —5 [

Nextwe setej:=27/.Let § ={j >0:¢; z%}and

. ’ SN _
E:={EIJ€§EIf€3~“:Pn{f§8 (sj)}fsjandP{ff > }ZAsj}.
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We have
]P’(E)<BZlog210g28 exp{ }
jed
3.1 < Blog,1 vl 2/
(3.1) =< Blog, ngt\/ZlognZ { ( ogn) }

t
< B'log, log, m exp{—(i Y logn> }

Suppose that for some j and for some f € F, &, (t f) e, 8]] On the event

E€, the inequality P,{f < 8,, (¢j)} < &; implies that P{f < 8,, (j)/2} < Asj.
Since

o (e) _ ¢~ (JEM) _ ¢~ (VAejn)
2 205 g
we also have P{f <5/ (4¢;)} < Aej, which implies P{f < 8‘”(85},”(f N} <

ZA??}fl(f; t). Therefore, on the event E€, we get for all f € ¥, ¢, (f t) <
RA vV 8)5;’,” (f;t). It follows from (3.1) that

=8 (4¢),

P{3feF: e/ (fit) > QQAVE (fin)

t
< B'log, log, mexp{—<§ Y logn)}.

Quite similarly, using the second bound of Theorem 2, one can prove that

Pl{a3feF &V (f;it)=RAV8):E!(fin)

t
< B'log, log, ﬁ exp{—(i \Y logn)},

which implies the inequality of Theorem 1. [J

To prove Theorem 2, we follow the proof of Theorem 6 in [17], which is based
on an iterative application of Talagrand’s concentration inequality for empirical
processes (Theorem 1.4 in [25]) which allows us in some sense to localize the
classifier f and to evaluate better its generalization error. To implement the
iterative “localization,” we will choose in a rather special way (for a fixed §) a finite
decreasing sequence §;, 1 < j < N, such that §; < § and dy = 6/2. We consider
the functions ¢;, j > 1, which are defined as shown in Figure 1 and which play the
role of continuous (even, Lipschitz) approximations of the indicator step functions
I (x <§;) (in fact, we will use even two sequences of functions like this).
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FIG. 1.

Assume that we have already bounded P{f < §;_1} by a number r;_;. The
main idea is now to bound P{f < d;} by P(¢x o f) and further by
Po{f <8k—1} +sup{|(P, — P)(@ro )|: feF, P{f <&} <r}.

Talagrand’s concentration inequality allows one to replace the supremum of
(P, — P)(¢r o f)] in the above bound by its expectation, which in turn can be
bounded by Dudley’s entropy integral of the class

{eko fifeF, P{f <81} <ri—1}.
Since ¢ is a Lipschitz function, the L, (P,)-entropy of the above class can be
easily bounded in terms of the L, (P,)-entropy of the class ¥ itself. This leads to
a bound r; on P{f < é;}. It happens that this procedure allows us to improve the
above bounds iteratively and to end up with the bound claimed to be true in the
theorem.
We now proceed to the proof.

PROOF OF THEOREM 2. Define

ro:=1, rk41 = C/rre A 1,
where C = c¢(1 + ED,) with a sufficiently large constant ¢ > 1 (which will be

chosen later). A simple induction shows that either C/e > 1 and r;y =1, or
C.\/e < 1, and in the last case,

rp = C1+2*1+--~+2*<k*1>82*1+--~+2*k _ C2(1—2*k)81—2*k _ (C\/g)za—z*k).
Let yy 1= (z?/rk)l/2 = Cz_k_laz_k_l. Then

Vet vt =CT[CVe+(CVY 4+ (CY? ]
3.2)

<c eV 1=y ) <1
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fore<C™4,C>202Y* - landk < log, log, e~ ! (note thate < C~* implies
C./e < 1). In what follows, we fix ¢ > 0 and use only the values of k such that
k <log,log,e~!. Let 8 > 0. Define

So=8, &:=8(l—yo——¥-1), Sk12=730k+ 841, k>1.

Next we set Fo := F and define recursively

Fiv1:={f € Fx: P{f <Sk12} <res1/2}).

For k > 0, define a continuous function g, from R into [0, 1] such that ¢ (1) =1
for u < 8k,1/2, ox(w) =0 for u > & and ¢ is linear for & 12 < u < &.
Also, for k > 1, let ¢x be a continuous function from R into [0, 1] such that
@r(u) =1 for u < 8, gp(u) =0 for u > 81,12, and ¢ is linear for §; <
u < 8g—1,1,2. It follows from (3.2) that é; € (§/2,6) for all k such that 1 <k <
log, log, ! Let us introduce the function classes

Gk :={gro f:feFi} k>0

and
Go=|prof:feF), k=1
It follows from the definitions that, for k > 1,

sup Pg* < sup P{f <&} < sup P{f <&—1.12} <rx/2<r%
8€Gk feFi feFi

and

sup Pg* < sup P{f <8k_1,1/2} <r/2 <rk.
geg_,k feFi

(For k = 0, the first inequality also holds since ro = 1.)
Recall a commonly used notation

1Y lg :=sup|Y(g)l, Y:G— R,
8<$

G being a class of measurable functions on S, and note that in what follows
we view signed measures v on (S, 4) (such as, e.g., P, — P) as mappings

g v(g) = [sgdv.
Consider the events

E® :={|P, - Plg, , < KiE| P, — Plig, , + Ka/Ti—1¢ + K3¢}
N{lIP. = Pllg, < KiEIIP, — Pllg, + Ka/rke + Kae}, k=1

By the concentration inequality of Talagrand (Theorem 1.4 in [25]; see also [22]),
for some values of the numerical constants K1, K>, K3 > 0,

]P)((E(k))c) < 28—}18/2‘
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We set Eg = €2,
N
Ey=(E®, N>
k=1
Clearly,
(3.3) P(ES) <2Ne /2,

Assume, without loss of generality, that ¢ < (2 4+ C)~2, which implies ry; < r¢
and &, € (6/2,6], k>0.[Ife > 2+ C)~2, the bounds of the theorem hold with
any constant A > 2 + C.] The rest of the proof is based on the following lemma.

LEMMA 1. Let
gl = 'nf P < 8 <egt.
{flEf {f } }

For any N such that

(3.4) N <log,log,e™! and ry >,
we have on the event Exy N &,
(i) VieF PR{f=8l=e = [feFn
and
(ii) sup P{f <&}=n, O=<k=N.
feFr

PROOF. We will prove the lemma by induction with respect to N. For N =0,
the statement is obvious. Suppose it holds for some N > 0, such that N + 1 still
satisfies condition (3.4). Then, on the event Ey N &,

sup Po{f <&k} <, 0<k<N

fEFk
and
Vfe&F P{f<él<e = [feFy.

Suppose that f € ¥ is such that P,{f < é} < ¢. By the induction assumptions,
f € Fn on the event E . Hence, on the event E 1,

P{f <én12} < Pulf <N} +11Pn— Pllgy
3.5)
<e+ K\E||P, — P”9N + Ko\ /rne + Kze.

Given a class ¢, let

’

n
-1
n ZS,‘(SXi
i=1

4
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where {¢;} is a sequence of i.i.d. Rademacher random variables and §, denotes the
probability measure concentrated at a point x € S. (The random variable 1%,,(9)
is called the Rademacher complexity of the class §. It was used by Koltchinskii
[15], Bartlett, Boucheron and Lugosi [3] and Koltchinskii and Panchenko [16]
as a randomized complexity penalty in learning problems.) The symmetrization
inequality

E||P, — Pllg < 2ER,(§)
(see, e.g., [26], Lemma 2.3.1) yields

(3.6) || Py — Pllgy <2EIgyEeRy(§n) + 2B g B Ry (Gn).

Using the entropy inequalities for sub-Gaussian processes (see [26], Corollary
2.2.8), we get

n Yy ejg(X))

j=1

EeR,(§n) < inf E,
gE€GN

3.7

const /(2 SUPgeg Png2)1/2
0

Nz

REMARK. Here and in what follows in the proof, “const” denotes a constant;
its values can be different in different places.

The induction assumption implies that on the event Ey N ¢,
2

inf [,
8EGN

'Y ejg(X))

j=1

1
— inf P, )
Sﬁflenng‘/ WA f < 6N}

n
1
—1 : 2
n gig(X; < inf /P,
Z ]g( ]) — \/ﬁgegN ng

j=1

< inf E!/?
8EGN

1
<— inf ¢Pn{f§8}§,/f§8,
n

Jn feFy
since ¢ > n~!. Also, on the same event,

sup Pyg> < sup Py{f <8y} <rn.
8EGN feFN

The Lipschitz constants g1 and ¢ are bounded by

_ 1 - 2 [re—1
L=201 —8&) =268 1yk_11:g -,
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which yields
1/2

dp,2(pno fionog) = (n_l Y lon(F(X)) — (PN(g(Xj))!z)

j=1

2
< 5\F pa(frg):

Note that for ¢ > S;f (8), the inequality ¥ (8./€/2)/(8+/n) < & holds. It follows
that, on the event Ey N ¢,

@supgegy PagH'? | o
7k iy G

1 pew'? )
/2 <}v f“)

<
~ Vo AN
(3.8)
12 8:/¢/2 1 2
< =N 2 (Frvydy < =Y p, w(i)
NN ma NN
2D, ./
=< 71/5”\’8 =2D,JrNeE.
Now (3.7) and (3.8) imply that on the same event,
(3.9) EeRn () < const(l 4+ Dy,)/TNE.

Since Eglén(gNH) < 1, we conclude from (3.3), (3.6) and (3.9) that
E|| P, — Pllgy <const(1 +ED,)\/rye +2P(E})
< const(l + ED,)/rNe + 4Ne "¢/,

By condition (3.4) and the fact that ¢ > 2logn/n, we have 4Ne "/? < ¢,
Therefore,

E|| Py — Pllgy < const(l +ED,)/rye.
By (3.5), on the event Ex 1N &,
(3.10) P{f <én,1/2} <const(l +ED,)(e + {/rye).

Choosing a constant ¢ > 0 in the recurrent relationship that defines the sequence
{ri} properly, we ensure that on the event Ex1 N ¢,

P{f <8n.1p2) < AC/rne=rni1/2.

This implies that f € Fy1 and the induction step for (i) is proved.



DIMENSIONALITY AND MARGINS 231

To prove (ii), note that on the event En 41,

sup  Po{f <dny1} = sup P{f <éyap}+IP—Plg,.,

FEFN+1 FEFN+1
3.11)
<rn+1/2+ K(E|P, — Pllg, . + K2/rn18 + K3e.

Using the symmetrization inequality, we get
(3.12) E|P,— Plig, ., <2EIeyEcRy(§n11) + 2B I B Ry (Gnv1).

Similarly to (3.7),

EeR,(Gny1) < inf E,

8EGN+1

n_l ZSjg(Xj)

J=l1

(3.13)
const [(ZSUPeeqgy | Pag?)'/?

1/
ﬁ 0 sz

It follows from (i) that on the event Ex 41 N &,

(Gn1;u)du.

n_l Zé‘jg(Xj)

j=1

inf E,

8EGN+1

2
<-— inf / P,g?
8EGN+1

< inf IEUZ
8EGN+1

inf /P {f <dn12 inf /P,{f <6 sﬁSe.
nfEfNJrl \/_fEfN+ n

The induction assumption implies that on the event Ey4+1 N &,

! Ze,g(x )
j=1

sup Pyg” < sup P,{f <8y} <rn.
g€GN+1 feFn

Since the Lipschitz constant ¢ is bounded by %«/rk_l /€, we have

1/2

n
) ) _ _ _ P
dp,2(@Nt10 fiPny108) = (n "y @na1 0 f(X) — @ng108(X))] )
j=1

<2 ™ap, 1.0
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Similarly to (3.8), we have on the event Ey11 N ¢,

2supyeg  Pag®)'/? -
+1 1/2 ,
—= H;” (§$n+1;u)du
Jn o Pu2

1 r@w?
/2 (JL \/_M)

<
~ Vo AN NN
(3.14)
o L2 VR g 2N \/_
<— HY (7 wdo< =2 N py
NIRENG - NIRENG
2D,/
< ni\/gms =2D, . JrNE.
Combining all the bounds, we prove that on the same event,
(3.15) sup  Polf <Oni1) < FNTH + const(l + ED,)/Fye.
SEFN+1

Choosing a constant ¢ > 0 in the recurrent relationship that defines the sequence
{ri} properly, we get on the event Exy4+1 N &,

sup Pu{f <dnt1} = Crne=rn41,

SEFN+I

which completes the proof of (ii) and of the lemma. [J

To complete the proof of the theorem, note that the choice of N = [log, log, £~
implies that ry 41 < ce for some ¢ > 0. Indeed, if we introduce sy = ry/C and g =
Ce, then sg41 = /skg and so =C~ L < 1. Ttis easy to see that sy < 81 -2 <2¢
for N > log, log, 81_1 and, hence, ry < C2%¢ = As.

The proof of the second inequality is similar with minor modifications. [

To prove Theorem 3, we need the following statement, which seems to be well
known, but we have not found the precise reference and give the proof here for
completeness.

Let

d d
convg(H) 1= ijhj A eR, Z [Aj1<1, hje€ 5‘6}
j=1 j=1
LEMMA 2. Let # be a class of functions from (S, A) into R. Let Q be a
probability measure on (S, A) such that

H:= sup(QhZ)l/2 < 4o00.
hed
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The following bound holds for all d > 1 and ¢ > 0:
22Ny, (#, &)(d +4e~H\¢
d”? ) ’

Nay ,(convg(H), (1 + H)e) < (
whered' =d A Ng, ,(H, €).
PROOF. First note that if #' := # U {h : —h € F}, then convy(H') =
convy(#) and
Nag,(H'; €) <2Ngy,(H; €).

Thus, it is enough to show that for a class #, such that 7 € # implies —h € #,
we have

€Ny, , (., &)(d +4e72) )d

Nay ,(convg(H), (1 + H)g) < < 42

For such a class we have

d d
convy(H) := HZAjhj:Aj >0, ij <1, hj le}.
j=1 j=1

Note that if Zj |A;] <1, then
in(ZMM? ZM‘%‘) =
J J

<> I)»jlmjﬁ;lx I17; = hllLy0) < m]'qlx I17j =R llLy(0)-
J

D hj(hj—h)
j Ly(0)

It follows that if ¢, is an e-net of #¢, then a §-net of conv,(H;) is an & + 5-net
of convy(#€). This observation allows us to reduce the proof of the lemma to the
case when # is a finite class. In this case we want to show that
e*card(F)(d + 4e72)\?

)
To this end, we use the idea of Maurey; see [23, 26]. Let N := card(#f). Consider
some representation of a function f = Zf\’: | Aihi € convg(F). We assume that
Ai>0,>" j Aj <1 and at most d’ of the coefficients are not equal to 0. Consider an
i.i.d. sequence of random variables Y;, j =1, ..., k, taking values in # U {0} such
that P(Y; =h;)=A; fori=1,...,Nand P(Y; =0)=1— ZZNZI Ai. (We simply
add the probabilities when the same function / corresponds to several weights A;
with different indices.) We have

k N
k_l Z Yj — Z)\ihi
j=1 i=1

Nay, (convg (H), b_ls) < <

E ‘

k 2
= EHk—l > Y —EY
j=1 0.2

2
Q.2

< LBy —EnR, <4m
<z 2 <
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If we set k = 4¢2, then with probability 1 there exists a realization Y; =
k! lezl Y; such that

N
Yi — Y Aih

i=1

<e¢H.
0,2
To compute the bound for the He-covering number we have to calculate the
number of possible realizations of k! Z’;: 1 Y;. Simple combinatorics shows that

this number does not exceed (1) (d/]jk). Next we use the following bound, which

holds forall 1 <d < N:

N\ (d+k\ _ <e2N(d+k))d

d kK |~ d? '
To prove the bound, first assume that d < N. Then one can check using Stirling’s
formula that

N! (d+k)!< n" (d + k)a+k
d\(N —d)! dk! ~—d4(N—d)N-d  kkqd

N +k)\? a \VN d
<(57) (+5=) (+3)

(eZN(d +k) )d

<|\———— .

The case when d = N can be considered similarly. The bound immediately implies
the result. [J

k

PROOF OF THEOREM 3. Letusfix § € (0, 1/2]. For any function f we denote
d(f) :=d(f, A), where A is such that the infimum in the definition (2.12) is
attained at A. For a fixed 8§ we consider a partition of # into two classes %, 13 and
sz‘S = fF\&fl‘S, where fFl‘S ={f:d(f) =0} [note that d( f) depends on §]. The fact
that f € ¥ 15 means that the weights of the classifier f are distributed “uniformly”
and in this case the bound of the theorem does not improve upon Example 1. The
family of classes that we use to localize the classifier f is defined as

Fan={feF d(f;A) <d).

If f € F4.A and A is small, then it means that the “voting power” is concentrated
in the faction that consists of the first d base classifiers of the convex combination.
In the first four steps of the proof we will deal with 3’2‘3 and we will assume only
that the class #€ has a square integrable envelope H. In Step 1 we will start by
estimating the complexity of the class 4 A and applying Theorem 2 to get uniform
control of the margin over class ¥4 . In the remaining steps we will show that the
bound of Step 1 is tight enough and it allows us to make this control uniform over
all parameters such as d, A and §.
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Step 1. Let 1 <d <n. Denote

d 1 2 A 20 /(a+2) 21
e, (d; 8; A) :=[—<log— + log K) + (—) n_Z/(“+2)] \Y, ﬂ.
n ) d ) n

We start by proving (with some constants A, B > 0) the inequality

)
Pi3feFun:P{f <8} <en(d;é; A) and P{f§ 5} > Aeg,(d; 8; A)}

8d d/4 1 A 20!/(0!+2)
<o) el (r2)")
n 4 )

Clearly we can and do assume that ¢, (d; §; A) < 1. To prove (3.16), we bound the
random entropy Hg, ,(Fa, a; €) of the class ¥4 A in the manner

(3.16)

A o
(3.17) Hdpnz(svd,A;s)5K(1+PHH2)[dlogf+(—) ] fore < 1
! € &

with some constant K > 0. The last bound follows from the observation that each
function f € ¥4 A can be represented as f = fi + f>, where

d d
f1 € Fq = convy(H) = {ijhj G EeR DY A<, hje Jf}
Jj=l j=1
and
J2 € Fa := Aconv(H).
Hence, by simple combining of ¢-coverings for the classes #; and £x, we get
Hap, »(Fa,n; €) < Hap, ,(Fa; €/2) + Hap, ,(Fa; €/2).
Then, a routine application of Lemma 2 and (2.11) implies

1+ P,H?
Ha, ,(F4i€/2) < Kdlog et Pl e <2(p,HY)2,
ns 8

[Note that for ¢ > 2(P,H*)'/? we easily get Hyp, ,(¥4;€/2) =0.] Fore < 1 this
implies

Hay, (5{1; %) < Kd[logg +log(1 + PnHZ)]

< Kd[logg + P,,Hz] <Kd(1+ P,H?) 1og§.

By the bound on the entropy of the symmetric convex hull (see [26]),
L€ . € 2ayaf A *
Hdpn_z ?'Aa 5 :Hdpng ﬁvﬂ SK(1+PnH ) ;

A o
2
<K(+ P,H )(—) ,
&
which implies (3.17).
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Next we are using margin type bounds on generalization error under random
entropy conditions (see Section 2, Theorem 2). Clearly, from (3.17), we get the
bound on Dudley’s entropy integral,

dp, 2

/ HY? (F:e)de < K(1+ P, H) 2P (),
0

where 1& is a concave nondecreasing function such that for x € [0, 1],

. 1/2
Y(x) = (x <d log E) + A"/le_"‘/2>
x

with some constant K > 0. Let

1/2
V1 (x) I=X(dlog E) , Yo (x) 1= A2y 1-e/2
X

_ Y1(x) + Ya(x)

Y(x): 7

Let us first consider the equation & = v1(84/¢)/(8+/n), which can be written as
&= %log s fe= %xz, then

5%
42 <n>1/2e

xew =|-— <.

d )

. 2
For d <n and § < 1, it means that xe* > 1, and, therefore,

172
x2—1 < <ﬁ> f
¢ =\u) s

or

&= gx2 < g[1 —i—log((ﬁ)l/zE)] < ilogn—e2 <en(d; §; A) <1.
n " n d 6/1  n ds — -
[Notice that in the case when d becomes significantly greater than n, e.g., if
(nd=1H1/25871 < 1, then x < 1 and xe)62 < ex, which implies that ¢ > 8§72 and
the bound of the theorem becomes useless. This explains why in the definition of
&,(f; 6) we minimize over d(f, A) <n.]
The solution of the equation & = ¥ (84/€)/(8:/n) is

A 200/ (¢ +2)
8(2) - <_> n—2/(a+2)
: 3 .



DIMENSIONALITY AND MARGINS 237

Finally, it is easy to bound the solution of the equation & = v/ (§/¢)/(84/n) from
above by &) 4 £ Therefore, the solution of the last equation is also bounded
from above by ¢,(d; §; A). This allows us to use the bound of Theorem 2 to get
the inequality

P{Hf € Fun: Palf <6} <en(d; 5 A) and P{f < %} > Asn(d: 5: A)}

d;8; A
< Blog, log, £n(d; 5; A)~! exp{—%)}.
Since, for € := ¢,(d; §; A), we have ¢ > 212&’ it follows that for n > 3,
1 1 n
—loglog, 1 - < -,
B 0g0g20g28_4

which implies

d;s; A
Blog, log, ¢,(d; §; A~ exp{—M}

2
(3.18)

{ nsn(d;S;A)}
<Bexpy——mM .

4
A simple computation shows that
d; 8; A AN L —A\>/@tD
o e et ) B () B
n

which implies (3.16)
It remains to eliminate the dependence of the bound on d, A and §.

Step 2. Next we show that with some constants A, B > 1, § < 1/2 and
A>sn~1/2

IP{EIf € FL: P {f <8) <en(d(f; A);8; A) and
(3.19) P{fig}ZAsn(d(f; 8):8: )}

SBSI/SAI/SGXp{—Z(\/E§> },
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where it is understood that if d = d(f; A) > n, then ¢, (d; ; A) = 1. Indeed, using
(3.16), we have for § < 1/2,

IP{EIf € F: P{f <8) <en(d(f; A);8; A) and

P{f < g} > Ag,(d(f; A); 6; A)}

flP’{Eldanlfeffz(S:d(f; A)=d, P,{f <8} <e,(d;d; A) and

P{f < g} > Ag,(d; §; A)}

n
<Y P{3f € Fuai Pulf =8) <en(di 5 4) and
d=1

P{fs %} > Aen(d: 8; A)}

=22 () eol5(w5) )
d=1

One can easily check that for d < n/(ed) (increasing A we can assume that it
holds) the expression (6d/ n)d/ 4is decreasing in d and, therefore, for any k <n/e,

S ()" 5 ()" )
=1 " n d=kt1 " n
Optimizing over k we take k = logn/logs~! + 1 to get
1/4 1/4
k<§> +3"/4<2<1°i+1><§> < 51/BA18,
n ~ \logs! n -
where the last inequality holds under the assumption that A > 8n~1/2.

Step 3. Our next goal is to prove that with some constants A, B > 1 and for
0 <t <n®@ta)

P{af € F: Pu{f <8} <&n(f:8) and

(3.20) P{fs%}zA enld(f: 2):8: ).

inf
A>Sn—1/2¢1/a+172

< Bs\/8e~1/4,
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Let Aj:= 277, J=0.Letg={j:A; > (Sn_l/ztl/‘“‘“/z}. Note that the condition
t < n®C+9 guarantees that § # @. Using (3.19), we get

plare s pif <8 <en(fi5) and
P{f < g} > Aigfsn(d(f; Aj); 6, Aj)}
sP{afesfz‘* 3j €9 Pulf <8) <en(f:8) and
)
P{f < 5} > Aen(d(f; A)); 6; Aj)}

<Y P{3f € Pilf =8) <en(:8) and
3

P{f < g} > Aen(d(f3 A3 8; Aj)}

SBZSI/SA/ eXp{_Z<\/ETJ> }53/51/8[’/4.
7

To complete the proof of (3.20), note that for A € (A1, A;] we have

d(f; Aj) 1 ne d(f; ) 1 ne
n (l"gS“"gd(f;A,«))f n (l"gS“"gd(f;A))’

A\ 20/@ D) AN 20/(@42)
( J) n—2/(a+2)<22a/(a+2)< ) n=2/@+2)

8 8

2 2
loglog X <loglog N
J

which implies &,(f; A j; §) < 22%/@+2g, (f; A; §) and, therefore,

igfsn(d(f; Aj); 85 Aj) <2%/@F2) inf en(d(f; A); 85 A)

A>sn—1/2¢1/a+172
and (3.20) follows.
Step 4. Now we prove that for some constants A, B > 1 and for all 0 <t <

n(x/2+a’
3f e mif <o) sensiyand Pf < = a(ari0+ 1))

NSRS

P
(3.21)
< B§1/8e1/4,
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Because of (3.20), it is enough to show that

: t
(3.22) Azani]l/l;tfl/w/2 en(d(f; A); 85 A) < en(f;8)+ -
AEAf

Since d(f; A) is a decreasing function of A, the set A is an interval of the
form [c, 1] for some ¢ < 1. Let Ag :=8n~!/2¢1/a+1/2 1f Ag & Ay, then (3.22)
clearly holds. Otherwise, suppose that the infimum in the definition of &,(f; )
is attained at A = A. If A > A, then (3.22) is also obvious. In the case when
A < Ay, note that

2 +2
(ﬂ) YD oty _ 1
1) n

and the function W(log % +1log(ne?/(d(f; A))) is decreasing in A. Therefore,

N en(d(f5 A);8; A) < ea(d(f3 Ao); 85 Ao)
AEAf

t
+ —
n

=

log — + 1 =
85 TR A A

d(f; A) ( 1 ne> )
<en(d(f; A); 85 A) + % <en(f;8)+ %
which proves (3.22).

Step 5. To complete the proof of the theorem, define the event
e T LRSIV AVER ERA )
orfrifzalalrg)+5)]
an - N -t
—4) 2 n
Obviously, E = E| U E5, where
Evi= (356003 f €5 Pulf =8) <en(/:)
1) 1) t
andP{fS—}2A<8n<f;—>+—>},
4 2 n

E):= {aae(o, DIfeF Pdf <8} <en(f;9)

and P{fg g} ZA<8n<f; %) +£>}
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We set §; =2, Jj >0, and

Br={3/203f ) Pif =8)) <en(si8)

8 t
and P{f < 3’} > A<8n(f; 8;) + —)}
n
It is easily seen that £ C E». It follows from (3.21) that

P(E) <P(En = Y P{3f € 75 <8)) <en(f15)
=0

and P{fs %’} ZA<8n(f;5j)+£>}

o0
< Z B(S}/Se_t/A' < Ble !4,
=0

If f=> Ajh; € fFl‘S for some §, then

A 20/ (24a) 21
1= (ALY, v, 2w

where A(f) := ) |A;|. Therefore, with some constant A’,

ElgEizz{El(Se(O,l)Elfe?:

20/ (2+a)
P{f <8} < <2A(f)> p2Che |, 21081
n
200/ (2+a)
4 ) n n

Let us first consider the case when the class # is uniformly bounded (say, by
constant 1). One can observe that £’ = {f/A(f): f € F} C {f € conv(H):
A(f) = 1}. For any function f and any 6 > A(f), P(f <§) = 1, which means
that on the event E{ one has to take into account only values of § < A(f) or,
equivalently, §/A(f) < 1. Therefore, a simple rescaling 8’ = §/A(f) < 1 shows
that

2lo
=2/, 2208

2 20[/(2"‘0[)
) n

E;={aae(0,1)afe}”’:Pn{f§8}§<g

S 1 20/ (24a) 21 ¢
4 1) n n
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As to the second condition on ¥, in this case, A(f) =1 for any f by definition
and the above equivalent representation of the event E| holds automatically.

Letd; = 27/, j > 0. Theorem 2 (see also Example 1) and a bound similar to
(3.18) immediately imply that for some A and B,

1 20/ (2+a) 21
) s o

]P’{EIjEIfe?”:P,,{ff%}f(—

dj n
. 200/ (2+a)
andP{fga—J}zA(<i> n—z/(2+a)\/2bﬂ+£>}
2 d; n n
200/ (2+a)
< Z Bexp{_l(ﬁ> }e—l/z < B/e—l/z‘
4\'s;

The same argument as before yields P(E]) < Be~'/2. Therefore, combining

previous bounds, we get P(E) < Be~!/4, which completes the proof of the
theorem. [J

4. Some experiments with learning algorithms. In this section we present
some results of the experiments we conducted to test the ability of the new
bounds to predict the value of the generalization error of combined classifiers.
Unfortunately, the constants in the bounds of Section 2 are not known. More
precisely, using the results of the recent work of Massart [22] one can calculate
the constants involved in the bounds, but their current values are rather large
and, most likely, not optimal. However, many important learning algorithms
(such as boosting and bagging) that combine simple classifiers are iterative in
nature and it is important to see whether the bounds allow one to predict the
shape of the learning curves (the dependence of the generalization error on the
number of iterations) correctly. To this end, we just ignore the constants and
use in the experiments the quantities (n'-v/ 28 v HN™ 1 (see Example 1) and
en(f; Sn( f)) [see Theorem 3. Actually, the quantity &,(f; Sn( £)/2) is involved
in this bound, but it is easy to see that it is within a constant from &, (f; Sn (N1
instead of the upper bounds we proved. We will refer to these quantities as the
y-bound and the A-bound, respectively. Incidentally, these quantities did provide
upper bounds on the generalization error (or on the test error) in most of our
experiments. This suggests that the values of the constants involved in the bounds
of Section 2 might actually be moderate (at least in the case when the bounds
are applied to several well-known learning algorithms; see also the remark after
Corollary 1).

4.1. Bagging and boosting. 'We begin by describing the experiments with two
of the most popular techniques for combining the classifiers, namely bagging [5]
and the Adaboost algorithm [10]. In both of these methods, there is access to
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a learning algorithm called a base learner. The base learner is given a training
sample (X;,Y;), i =1,...,n, and it returns a classifier 4 from a base class
that “approximately minimizes” the empirical error P,{yh(x) < 0} (or properly
weighted empirical error).

In the case of bagging, the base learner receives at each iterationt,t =1, ..., T,
an independent bootstrap sample ()A( l-(t), I?i(t)), i=1,...,n,and returns a classifier
h, € #. The output of bagging is the combined classifier f := 7! Zthl h; (in
other words, bagging makes a decision by majority vote).

In the case of Adaboost, the algorithm assigns at the beginning equal weights
Di(i)=n"1, i=1,...,n, to all the training examples and then updates the
weights iteratively. Namely, at the zth iteration (¢ =1, ..., T') the algorithm calls
the base learner that attempts to minimize approximately the weighted training
error

g(h)y:= Y D), heH.
i:h(X;)#Y;
The base learner returns a classifier 4, € # and its weighted training error &; :=
&t (hy). The weights are then updated according to the formula
D, (i)

t

Di1(0) = (14 (B: — DInxy=ri1)
where B, := & /(1 — &) and Z, is the normalizing factor such that >-!_, Dy41(i)
= 1. After T iterations, Adaboost outputs a combined classifier

=1 !

Lr
1
Z log —h;.
=1 !

In all the experiments, we used the set of indicator functions (actually, these
functions are rescaled so that they take values in {—1,1}) of axis oriented
hyperplanes (also known as decision stumps) as base classifiers. That is, S := R?
and

H = {I{XERdix,‘SC}’C ER, 1= 1, ,d} U {I{XER‘Z:)C[ZC}’C ER, i = 1, ...,d},

where x = (x, ..., xq) € RY.

4.2. Experiments with real and simulated data. We first describe the experi-
ments with a “toy” problem which is simple enough to allow one to compute ex-
actly the generalization error and other quantities such as the y-margins. Namely,
we consider a one-dimensional classification problem in which § = [0, 1] and,
given a set (or a concept, using the terminology of computer learning) Co C S
which is a finite union of disjoint intervals, the label y is assigned to a point
x € § according to the rule y = fo(x), where fy is equal to +1 on Cp and to —1
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on S\ Co. We refer to this problem as the intervals problem (see also [13]).
Note that for the class of decision stumps we have in this case V(#) = 2 (since
H ={I0,p:b€[0,11}U{l}p 17:b €0, 11}), and according to the results above the
values of y in [2/3, 1) provide valid bounds on the generalization error in terms
of y-margins. In our experiments, the set Co was formed by 20 equally spaced
intervals and we generated a uniformly distributed sample on [0, 1] of size 1000.
We ran Adaboost for 500 rounds (bagging does not work well for this problem)
and computed at each round the generalization error of the combined classifier and
the quantity (n' =7/ 25, (y; £)Y)~! for different values of y.

In Figure 2 we plot the generalization error and the bounds for y =1, 0.8 and
2/3 against the iteration of Adaboost. As expected, for y = 1 (which corresponds
roughly to the bounds in [24]) the bound is very loose and, as y decreases, the
bound gets closer to the generalization error. In Figure 3 we show that by reducing
further the value of y we get a curve that is even closer to the actual generalization
error (although, for y = 0.2, it does not provide an upper bound for some of the
rounds of Adaboost). This seems to support the conjecture that Adaboost actually
generates combined classifiers that belong to a subset of the convex hull of # with
a smaller random entropy than of the whole convex hull. In Figure 4 we plot the
ratio (SA,,()/; ) /éu(y; f) for y = 0.4, 2/3 and 0.8 against the boosting iteration.
We can see that the ratio is close to 1 in different examples (for a small number
of iterations of Adaboost in the first example, the ratio is actually close to 0),
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indicating that the value of the constant A in the bound (2.7) might be close to 1
(at least, this seems to be true in the case of classifiers produced by Adaboost for
large sample sizes).

In Figure 5 we compare the y-bound and the A-bound obtained for this problem
for a sample size of 1000. We can see that the A-bound has two regimes. In the
first regime, the effect of the A-dimension is dominant and the bound tracks almost
exactly the generalization error, giving a definite improvement over the y-bound.
In the second regime, the bound starts increasing until it reaches the curve of
the y-bound. This behavior can be explained by examining the expression being
minimized in the computation of the bound:

d(f; N/, 1 ne? AN @D
4.1 " oo - +1log ——— - /(@+2)
1) n <°g5+°gd(f;A)>+<5> "
I II

It is easy to see that this expression will be close to the y-bound when the
second term is dominant and, in fact, becomes the y-bound when A = 1 (which,
apparently, is the case in our experiments when the number of classifiers in the
convex combination becomes large).

We also computed the bounds for more complex simulated data sets as well as
for real data sets in which the same type of behavior was observed. We show the
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results for the so-called Twonorm data set and the King Rook vs. King Pawn data
set (Figure 6), which are well-known examples in computer learning literature.
The Twonorm data set (taken from [6]) is a simulated 20-dimensional data set
in which positive and negative training examples are drawn from the multivariate
normal distributions with unit covariance matrix centered at (2/+/20, ..., 2/+/20)
and (—2/~/20, ..., —2/+/20), respectively. The King Rook vs. King Pawn data set
is a real data set from the UCI Irvine repository [4]). It is a 36-dimensional data
set with a sample size of 3196.

As before, we used the decision stumps as base classifiers. An upper bound
on V(H#) for the class # of decision stumps in R? is given by the smallest n
such that 2"~ > (n — )d + 1. We computed the A-bound and the y-bounds for
y =1 and for the smallest y allowed in Example 1 (ypin). For the Twonorm data
set, we estimated the generalization error by computing the empirical error on an
indepedently generated set of 20,000 observations. For the King Rook vs. King
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Pawn data set, we randomly selected 90% of the data for training and used the
remaining 10% to compute the test error. The experiments were averaged over 10
repetitions.

4.3. Toward algorithms balancing the dimensionality and the margins. The
connection between increasing the margins and reducing the generalization error
has led to the development of several algorithms for designing and improving
combined classifiers based on optimizing margin cost functions. The examples
include DOOM [20], DOOM?2 [21], DOOM-LP [19], GeoLev [9] and LP-
Adaboost [11]. The results in this paper motivate the development of algorithms
that take into account the approximate dimensions of combined classifiers along
with their margins.

We discuss below the algorithm DOOM-LP, which was designed to optimize
a piecewise linear cost function of the margins by solving a sequence of linear
programs. Incidentally, this algorithm also tends to reduce the dimension of
the combined classifier. To describe the algorithm, define ¢ (1) := I(_c0,01(1) +
(I —u)lo,11(n) and let @s(u) := @(u/§). Let # be a base class and let F :=
conv(#). It was proved in Koltchinskii and Panchenko [17] that with probability
at least 1 — 2 exp{—2¢2} the quantity

Jn

is an upper bound on the generalization error P{yf(x) < 0} of any classifier
f € F. Recall that Ién(e}f) is the Rademacher complexity of the class #. If
J¢ is a VC-class, then ER,(#) < Cn~'/? with a constant C depending on the
VC-dimension of #. The idea of the algorithm DOOM-LP is to minimize the
above bound with respect to f € & and § € [0, 1] to find a classifier f with a
reasonably small generalization error. More precisely, the algorithm receives a

_ 8 . loglog, (26— 1)\ /2 t
inf |:Pn(p3(yf(x))+—ER,,(J€)+<—g &2( )> n
8€[0,1] ) n

finite number of base classifiers k1, ..., At along with their weights and attempts
to redistribute the weights to minimize the bound.
For a fixed value of é and fixed classifiers A1, ..., A7, the minimization with

respectto f = S°1_, wyhy € F consists of finding the weights wy, Y1_, wy = 1,
that minimize the quantity

1 n T
4.2) Pags(0f () =~ s (Yi > wkhk<x,->).

i=1 k=1
For a given combined classifier f = Z,{Zl wihy € F, define sets S_, S; and Sy as
S_={i:Y; f(X;) <0},
S ={i:0<Y; f(X;) <6},
So=1{i:Yif(X;) =8}
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TABLE 1
DOOM-LP algorithm

Require: Initial weight vector w, margins {M; };': 1
{Initialize the partition}
S_={i:M; <0}
S ={i:0=M; <6}
So={i: M; = d}
repeat
Crin = X1 _, brwy
if || > 1 then
{ Compute optimal solution for a new partition}
w = LPSolve(w, S_, S, So)
Compute new margins {M;}?_,
{Update sets}
S_=8S_Uli:ieS,M;=0}—-{i:ieS_,M; =0}
S=8Uli:ieS_,M;=01U{i:ieSy, M; =256}
—{i:ieS,M;=0o0r M; =6}
So=SoU{i:ie S, M;j=68—{i:iecSy, M; =38}
C= lezl brwy,
else
Terminate and return current w
end if

until C > Cpyp

Finding the weight vector that approximately minimizes P,@s(yf(x)) for a fixed
current partition (S—_, S;, Sp) can be easily posed as a linear programming problem.
DOOM-LP searches for an approximate local minimum of P,@s(yf(x)) by
solving this linear program and moving to a neighboring partition by “flipping”
the margins that fall in the intersection of two of the sets S_, S; or Sp from
the set to which they currently belong to another one in the hope that with the
constraints determined by the new partition the objective function can be reduced.
The idea is similar in spirit to the sweeping hinge algorithm proposed by Hush
and Horne [12]. The algorithm converges when the value of the minimum in two
neighboring partitions is the same (see Table 1). We use the following notations
in the description of the algorithm: by = — 3 ;g Yihi(X;) and M; =Y, f (X)),
where f =73, wihk.

Written in a standard form, the linear program solved by DOOM-LP at each
iteration involves T + n + |S;| + 1 variables (T weights plus slack and surplus
variables) and n + |S;| 4+ 1 equality constraints. It follows from the basic results on
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linear programming that if there is an optimal feasible solution and the constraint
matrix is full rank, then there exists an optimal feasible solution with at most
n +|8;| + 1 nonzero variables. Furthermore, if the simplex method is used to solve
the linear program, a solution of this type is always found. We have observed
in experiments that many of the variables that are set to zero in the solution are
weights and that DOOM-LP tends to reduce the A-dimension of the classifier.

We have used DOOM-LP to improve the generalization error of combined
classifiers produced by Adaboost by redistributing the weights of the base
classifiers in a convex combination. An example of dimensionality reduction by
DOOM-LP is illustrated in Figure 7.

It might be interesting to design new algorithms with explicit penalization for
high dimensionality in the optimization procedure. For instance, assuming that the
initial weights wl(o), t=1,...,T, are arranged in decreasing order, one can add
to the target function of the linear program a term Zszl a;wy, where {a;, t > 1} is
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an increasing sequence of positive numbers. One can also consider entropy type
penalties of the form Zszl w; log(1/w;) (in this case, of course, the optimization
is no longer a linear programming problem).

(1]

(2]

(3]
(4]
(3]
(6]
(7]
(8]

(9]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES

ANTHONY, M. and BARTLETT, P. (1999). Neural Network Learning: Theoretical Foundations.
Cambridge Univ. Press.

BARTLETT, P. (1998). The sample complexity of pattern classification with neural networks:
The size of the weights is more important than the size of the network. IEEE Trans.
Inform. Theory 44 525-536.

BARTLETT, P., BOUCHERON, S. and LUGOSI, G. (2001). Model selection and error esti-
mation. Machine Learning 48 85-113.

BLAKE, C. L. and MERZ, C. J. (1998). UCI repository of machine learning databases.
Available at http://www.ics.uci.edu/~mlearn/MLRepository.html.

BREIMAN, L. (1996). Bagging predictors. Machine Learning 26 123-140.

BREIMAN, L. (1998). Arcing classifiers. Ann. Statist. 26 801-849.

CORTES, C. and VAPNIK, V. (1995). Support vector networks. Machine Learning 24 273-297.

DEVROYE, L., GYORFI, L. and LuGosI, G. (1996). A Probabilistic Theory of Pattern
Recognition. Springer, New York.

DUFFY, N. and HELMBOLD, D. (1999). A geometric approach to leveraging weak learners.
Computational Learning Theory. Lecture Notes in Comput. Sci. 18-33. Springer, New
York.

FREUND, Y. and SCHAPIRE, R. (1997). A decision-theoretic generalization of on-line learning
and an application to boosting. J. Comput. System Sci. 55 119-139.

GROVE, A. and SCHUURMANS, D. (1998). Boosting in the limit: Maximizing the margin
of learned ensembles. In Proceedings of the Fifteenth National Conference on Artificial
Intelligence 692-699. AAAI Press, Menlo Park, California.

HusH, D. and HORNE, B. (1998). Efficient algorithms for function approximation with
piecewise linear sigmoids. IEEE Trans. Neural Networks 9 1129-1141.

KEARNS, M., MANSOUR, Y., NG, A. and RON, D. (1997). An experimental and theoretical
comparison of model selection methods. Machine Learning 27 7-50.

KOLTCHINSKII, V. (2001). Bounds on margin distributions in learning problems. Preprint.
Available at http://www.math.unm.edu/~panchenk/.

KOLTCHINSKII, V. (2001). Rademacher penalties and structural risk minimization. IEEE
Trans. Inform. Theory 47 1902-1914.

KOLTCHINSKII, V. and PANCHENKO, D. (2000). Rademacher processes and bounding the
risk of function learning. In High Dimensional Probability II (D. Mason, E. Giné and
J. Wellner, eds.) 443-457. Birkhéuser, Boston.

KOLTCHINSKII, V. and PANCHENKO, D. (2002). Empirical margin distribution and bounding
the generalization error of combined classifiers. Ann. Statist. 30 1-50.

KOLTCHINSKII, V., PANCHENKO, D. and LozANO, F. (2001). Bounding the generalization
error of neural networks and combined classifiers. In Proceedings of Thirteenth Interna-
tional Conference on Advances in Neural Information Processing Systems 245-251. MIT
Press.

LozANo, F. and KOLTCHINSKII, V. (2002). Direct optimization of simple cost functions of
the margin. In Proceedings of the First International NAISO Congress on Neuro Fuzzy
Technologies. Academic Press, Amsterdam.

MASON, L., BARTLETT, P. and BAXTER, J. (2000). Improved generalization through explicit
optimization of margins. Machine Learning 38 243-255.



252

[21]

[22]
(23]
[24]
[25]
[26]

[27]

V. KOLTCHINSKIL D. PANCHENKO AND F. LOZANO

MASON, L., BAXTER, J., BARTLETT, P. and FREAN, M. (2000). Functional gradient tech-
niques of combining hypotheses. In Advances in Large Margin Classifiers (A. J. Smol,
P. Bartlett, B. Scholkopf and C. Schuurmans, eds.) 221-246. MIT Press.

MASSART, P. (2000). About the constants in Talagrand’s concentration inequalities for
empirical processes. Ann. Probab. 28 863-884.

PISIER, G. (1981). Remarques sur un résultat non publié de B. Maurey. In Séminaire d’Analyse
Fonctionelle 1980-1981, Exposé 5. Ecole Polytechnique, Palaiseau.

SCHAPIRE, R. E., FREUND, Y., BARTLETT, P. and LEE, W. S. (1998). Boosting the margin:
A new explanation for the effectiveness of voting methods. Ann. Statist. 26 1651-1687.

TALAGRAND, M. (1996). New concentration inequalities in product spaces. Invent. Math. 126
505-563.

VAN DER VAART, A. W. and WELLNER, J. (1996). Weak Convergence of Empirical Processes
with Applications to Statistics. Springer, New York.

VAPNIK, V. (1998). Statistical Learning Theory. Wiley, New York.

V. KOLTCHINSKII F. LOZANO

D. PANCHENKO DEPARTMENT OF ELECTRONIC ENGINEERING
DEPARTMENT OF MATHEMATICS AND STATISTICS UNIVERSIDAD JAVERIANA

UNIVERSITY OF NEW MEXICO BOGOTA

ALBUQUERQUE, NEW MEXICO0 87131-1141 COLOMBIA

E-MAIL: vlad@math.unm.edu E-MAIL: fernando.lozano @javeriana.edu.co

panchenk @math.unm.edu



