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Abstract

Classification rules can be severely affected by the presence of disturbing obser-
vations in the training sample. Looking for an optimal classifier with such data may
lead to unnecessarily complex rules. So, simpler effective classification rules could
be achieved if we relax the goal of fitting a good rule for the whole training sample
but only consider a fraction of the data. In this paper we introduce a new method
based on trimming to produce classification rules with guaranteed performance on
a significant fraction of the data. In particular, we provide an automatic way of
determining the right trimming proportion and obtain in this setting oracle bounds
for the classification error on the new data set.

AMS subject classifications: Primary, 62H10; secondary,62E20
Keywords: classification, outliers, robust statistics, trimming procedure.

1 Introduction

In the usual classification setting we observe a collection of pairs of i.i.d copies (Y;, X;) €
{0,1} x R? with ¢ = 1,...,n of a random variable (Y, X) with distribution P. Y is the
label to be forecast according to the value of the variables X. A classifier is a function
g : R? — {0, 1} that predicts the label of an observation. An observation is misclassified
if Y # ¢g(X). Hence, the performance of a classifier can be measured by its classification
error defined as R(g) = P((y,x) € {0,1} x R? : y # g(z)). During the last decades, the
classification problem a.k.a pattern recognition has been extensively studied and there
exists a large variety of methods to find optimal classifiers in different settings. We refer
for instance to [16], [7] or [10] and references therein for a survey.

When the number of observations grows large or in a high dimensional case, some of
the data may contain observation errors and may be considered as contaminating data.
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The presence of such observations, if not removed, hampers the efficiency of classifiers
since many classification methods are very sensitive to outliers. Actually, if the learning
set is too corrupted, training a classifier over this set leads to bad classification rates.
Hence there is a growing need for robust methods to tackle such issue. Pioneered in [18],
we refer to [15] for a review of robust methods.

A solution to cope with this issue is to allow the classifier not to label all points but to
reject some observations that may seem too difficult to be classified. This point of view is
studied in [17| and [4]. Another general idea is to remove a proportion of contaminating
data to guarantee the robustness of the method. Such data are defined as outliers in
the sense that they are far from the model used to generate the data. Yet detecting
automatically outliers is a difficult task since their mere definition is unclear and highly
depends on each particular case. Much research has been done in this direction and
many analysis provide several ways of determining whether an observation is an outlier.
For instance in [9], in the case of SVM classification, the author proposes to remove
observations using an outlier map. In [6], the authors rely on a function that measures
the impact of contamination of the distribution on the classification error obtained by
minimizing the empirical risk criterion. In a regression framework, Lasso estimators suffer
from outliers. They can also be modified in order to enhance robustness as in [5], [22] or
in [1] where the authors discard the points for which the residuals are the largest.

In a probabilistic framework, removing observations that achieve bad classification
error, corresponds to trimming the initial distribution of the observations and replacing
it by a similar distribution ) up to some data that will be considered as outliers for
the classification rule. Trimming methods for data analysis have been described firstly
in [21] and later some statistical properties are studied in [13] or in [8]. Yet very few
theoretical results exist to study how to choose the actual boundary between an acceptable
observation and an outlier. Moreover, in that case little is known about whether this choice
modifies the classification error or how. For both theoretical and practical purposes, such
a choice must be guided in order to take into account the amount of variability generated
by the corrupted data.

In this paper we provide some theoretical guarantee to choose the level of data to be
removed. For this we consider the set of trimmed distributions obtained from the initial
distribution of the data and look for an automatic rule that reduces the classification
error of a collection of classifiers by removing some properly selected observations. The
more data is removed, the easier it becomes to classify the data, leading to a perfect
classification if the classification rate is small enough. Yet, removing too many data
reduces the interest of the classification procedure. If too many observations are left
aside then the chosen classification rule may be good for distribution which is possibly
very far from the true distribution of the data. We provide in this work an empirical
rule that automatically selects the minimum level of trimming to reduce the classification
error for a class of classifiers. Simultaneously, the best classifier for the trimmed set of
observations is chosen among a collection of classification rules and for this, we prove an
oracle inequality that governs the statistical properties of this methodology.

The paper falls into the following parts. Section 2 is devoted to the description of the
probabilistic framework of outlier selection using trimming distributions. We precisely
define the trimmed classification errors and their relationships with the usual classification



errors for both the empirical and theoretical error. In section 3 we provide the automatic
selection rule for the trimming level and the best trimmed classifier for which we provide
and oracle inequality. This model selection result is illustrated with the case of linear
classifiers. Section 4 provides some conclusions and perspectives for these results. The
proofs and some technical results are gathered in the Appendix.

2 Partial Classification with trimming

As in the introduction, we assume that we observe an n ii.d sample (Y, X;)i=1. » €
{0,1} x RP with distribution P. Set g : R? — {0,1}, a classification rule, we denote the
classification error as

R(g) = P((y,x) € {0, 1} x R” 1 y # g(x)).

Since the underlying distribution of the observations is unknown, the classification error
R is estimated by its empirical counterpart, the empirical error defined as

n

Ru(g) = % > Loy
i=1
where I(4(x)2v) = 1 if g(X) # Y and 0 otherwise.

Trimming a data sample of size n is usually defined as discarding a given fraction of
the data while reweigthing the other part. Let a be the proportion of observations we can
trim, and consider that na = £ € N. Then, trimming consists of removing k observations
and giving weight 1/(n — k) to the rest. Among all the possible trimmings, we will call
empirical trimmed classification error the one that minimizes the sum

Roa(g) = min > " wil gz, 2y, (1)

with

n

1
= = <w < —m—: 7=1,... =1} 2
W={w=(w,...,w,)/ 0<w; < n(l—a)’ t N A ;wz } (2)

To study the theoretical counterpart of this quantity, which we will call trimmed clas-
sification error, we will consider the set of trimmed distributions as follows. From a
probabilistic point of view, trimming a distribution consists of replacing the initial distri-
bution of the observations by a new measure built by a partial removal of points in the
support of the initial distribution. We thus can provide the following definition for the
the trimming of a distribution. Here, P denotes the set of probabilities on {0,1} x R?.

Definition 2.1. Given a € (0, 1), we define the set of a-trimmed versions of P by

o ‘ dQ 1
Ra(P) = {QEP. Q<<P,d—P§1_aP—a.s.}.
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This entails that a trimmed distribution @) € R, (P) can be seen as a close modification
of a distribution P obtained by removing a certain quantity of data (see [2] and [3]). When
dealing with a classification rule, one is interested in looking for the data for which the
classification rule performs well. Hence, we aim at improving the classification error by
changing the underlying distribution of the observations using a trimming scheme in order
to modify the distribution but yet in a controlled, limited way. With this goal we introduce
the trimmed classification error for a rule g : R? — {0, 1}.

Definition 2.2. Given « € (0, 1), we define the trimmed classification error of a rule as
the infimum of the a-trimmed probabilities of misclassifying future observations

Ru(g) = inf Q(g(z) #y).

QERA(P)

There is a simple relation between the trimmed classification error and the general
classification error as the next result shows.

Proposition 2.1. Given a trimming level o« € (0,1) and a classification rule g,

Ra(g) = —— (R(g) — a), . (3)

l—«

This proposition shows the effect of trimming on classification. We write gp for the
Bayes classifier, namely, the classification rule that yields the minimal classification error.
We also write

Err(P) i=min R(g) = R(gn).
for the Bayes classification error. The optimal trimming for classification removes the
misclassified points in such a way that if the classification error is less than the percentage
of points that can be removed, then all the points are classified without error.

Similar to the Bayes rule, we can define a trimmed Bayes classification rule and the
trimmed Bayes error as follows.

Definition 2.3. An a-trimmed Bayes classifier or a-trimmed Bayes classification rule is
a classifier that achieves the minimum o-Trimmed classification error

gy = argmin R,(g).
9

The corresponding classification error is thus the a-Trimmed Bayes error defined as

Erro(P) = inf FErr(Q)=minR,(g9) = Ra(9%)-

QER (P) g
The following proposition compares these two errors.

Proposition 2.2.

Erro(P) = (R(ng)_;Oé)Jr _ (E?"r(lP_) ; a)+.




B —a
If Err(P) < « then Err,(P) = 0, but if Err(P) > « then Err,(P) = ( rrl(lj)a ). >0,

which indicates that Err,(P) = 0 is equivalent to Err(P) < «. This means, the minimum
« which gives us the perfect separation is the value that corresponds to the Bayes error.

Usually we do not look for the optimum classifier among all possible classifiers, but
we restrict ourselves to a smaller class of classifiers. Let F be a class of classifiers and let
f* € F be the classifier which gives us the minimum classification error within the class.
We denote as R(F) the minimum classification error in F, that is

R(F) = min R(f) = R(f").

In the same way we denote the trimmed error of the class F as R,(F). Hence, given

Proposition 2.1,
(R(f) —a)
R, (F) :=min R = min ——~——+.
a( ) fe}_ Oé(f) fe]__ 1 —«

The classifier that minimizes R(f) also minimizes this quantity and so the classifier that
minimizes the error in the class F is a minimizer of the trimmed error in the class.

Proposition 2.1 can be trivially applied to the empirical trimmed classification error
introduced in (1). For convenience we state this fact in the following result.

Rnualg) == Qe}zrif(Pn) Q9(X) #Y),

where P, is the empirical distribution of P.

Corollary 2.3. Let g be a given classifier, a a fixed trimming level and n € N the sample
Size,

Rn,a(g) = (Rn(g) — )y (4)

In empirical risk minimization methods (see for instance [19] and references therein),
the empirical classification error R,,(g) is used as an estimator of R(g). Among other good
properties, R,(g) is unbiased as an estimator of R(g). This does not hold for trimmed
errors. The following proposition provides a control over this quantity and shows that the
empirical classification is still an asymptotically unbiased estimate of the classification
error.

Proposition 2.4. For a given trimming level o and a given classifier g

0< B(fta(9)) ~ Ralg) < 207,

3 Optimal selection of trimming levels in classification

3.1 Main Result

Trimmed models enable to decrease the classification error in such a way that the loss of
information of using less observations can be quantified and controlled. As in any robust
procedure, we aim at selecting the amount of data to be removed, which, in this setting,
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corresponds to the optimal trimming level. Actually the aim is to find a data driven &
such that the classification risk is minimized without removing a too large quantity of
information about the initial distribution. We know that the bigger the trimming is, the
smaller the error will be, but the more data we trim, the less information our model will
keep. To look for an equilibrium we will introduce a penalization which will depend on
the size of the chosen trimming level. For the sake of clarity we present first an oracle
bound in the toy setup in which we only consider a fixed classification rule and we aim at
choosing the right trimming proportion. Later we present a more general result which will
deal with the more realistic case in which the classifier is chosen within a more general
collection of models.

Theorem 3.1. Let & = (Y1, X1),...,& = (Yo, X,) be n i.i.d observations with distri-
bution P that take values in {0,1} x RP. Let g be a given classifier and qunq, € (0,1).
Consider the penalization function

1 In(n)
l—a)V 2n

pen(a) = (

and define
& = argmin R, ,(g) + pen(a),

Q’E[Qamaaz]

then the following bound holds,

E(Ra(g)) <a€[gﬁiaz} <Ra(g)+pen(a)+ R(g) >+( 1 27 1

Vvn(l —a) 1= maz) V 1 n(l — amar)?

This theorem enables to understand the effect of trimming on the classification error.
For a given classifier g we fix a maximum level of trimming ., that we do not want to
exceed. Then the automatic penalized rule for choosing the trimming level leads to an
oracle inequality that warrants that the best classification error is achieved. Similar to
model selection rules, the price to pay is a term of order 1/y/n which does not hamper
the classification error. In particular if the classifier g has a small classification error in
the sense that R(g) is smaller than some a < ayax, We achieve to remove the data that
are misclassified, leading to a smaller classification error.

A natural extension of this result is the case where we consider a class of classification
rules among which the optimal classifier will be selected. A complex class will usually lead
us to rules that have a small bias in the sense that they classify well the data in the training
sample yet at the expense of larger variance error, usually leading to an overfitting of the
classification model. To deal with this necessary control of complexity, the penalties will
not only depend on the trimming level as before but also on the complexity of the class of
classifiers. This complexity will be measured using the Vapnik-Chervonenkis dimension
(VC), see for instant in [14] and references therein. Here F denotes the set of all classifiers.

Theorem 3.2. Let &;,...,&, be n independent and identically distributed observations
with distribution P that take values in {0,1} x RP. Let {Gy}men C F be a family of
classes of classifiers with Vapnik-Chervonenkis dimension Vg, < oo for all m € N. Let
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Omaz € (0,1) and let 3 be a non-negative constant. Consider {T,,}men a family of non-
negative weights such that

Ze’“m§Z<oo.

meN

If we consider the penalization function

B ln(n) + T 1 \/ng ln(n + 1) + ln(2)
pen(a, Gp) = (1= a)? + 1—a) "
and we define
(G,m) = argmin R, 4(Gn) + pen(a, Gn),

(a,m)€[0,0tmaz] XN

the following bound holds

. R(G)
o _V1UGm)
(Ra(Gn)) < . (Ra(gm) + pen(a, Gm) + (1 — a)>

. 1+ X T . 1
2(1 = az) V 20 (1 — apae)?

Here, again, we obtain a bound similar to the result provided in [20]. The penalty for
choosing the trimming parameter depends on the VC dimension of the class of classifiers.
Hence, this choice leads to an oracle inequality ensuring the optimality of this selection
procedure. As before, the effect of trimming is that it removes an optimal number of data
that are misclassified by the collection of classifiers, leading to better classification rates
on the set of good data.

For a better understanding about the implications of Theorem 3.2 we include next a
section which explores this bound for the particular case of linear classifiers.

3.2 Example

Assume we have n i.i.d. observations (Y1, X3), ..., (Y,, X,) where X; € RP and Y; € {0, 1}.
We consider the collection of models {G,, }mer where for each m, G, is the family of linear
classifiers built only using a selection of variables consisting of the first m components of
X;. Set M ={1,...,p}. For z € R? let (™ denote the vector consisting of the first m
components of z. Define the set of possible classifiers as

Gm = {g eEF gx)= Ligrymy 1030 € R™; b € R} )
Let us also denote by A,, the collection of all sets
{0} x {z : gm(2) = UL} % {2 2 gm(2) = 0}}
and by B,, the collection of sets
{r €eR?: gy(z) =1}

7



where g, ranges in G,,. Using, for instance, Theorem 13.1 and Corollary 13.1 in [10], we
have that Vg, = V4, = m + 1. Then the penalization function considered in Theorem
3.2 can be written as

In(n) + xm, 1 \/(m +1)In(n+1) + 111(2)'

pen(a, Gp) = m(l—a) ' (1-a)

n

We will choose the family of non-negative weights x,,, = In(p) for all m € M and the
universal constant ¥ = 1. If we define

In(np)
2n(1 — «)?

(aym)€ [Ovamar] xM

(&,m) = arg min (Rn,a(gm) +

_|_

(1—a) n

1 \/(m +1)In(n+1) + ln(2)>

this leads to the following bound

E(Rs(Gm)) < (a7m)€[r(]{1i1iaz]XM (Ra(gm) + %
1 (m+ 1)In(n + 1) + In(2) RG)
' (1_0‘)\/ n +\/%(1—a))
1 T 1
_l’_

(1= atmaz) V 20 (1 — g )2

First we point out that trimming reduces the classification error that may vanish as
long as apayx is large enough to remove a sufficient fraction of observations. As in model
selection techniques, the last three terms of the right hand side of the inequality are of
order 1/4/n while for a fixed m the third term will be of order \/mIn(n)/n. Finally, the
second term is of order y/In (n)/n + In(p)/n. Hence, as long as In(p) is smaller than n,
the expected value of the best trimmed classification error for the best class will be small
as the number of observations increases.

4 Conclusions and perspectives

In classification theory, many classification rules are affected by the presence of points
which are very difficult to classify. When dealing with high dimensional observations
or when the number of observations is large, this situation occurs quite often and may
drastically hamper the performance of classifiers which take into account all the data. One
may be tempted to focus on these points and modify the classification rule to increase
their classification ranking for these special points. This is the point of view of boosting
algorithms for instance, as described in [12] for example. Yet this is often done at the
expense of the complexity of the rule and its ability to be generalized. Hence a practical
and maybe pragmatic solution is to consider some of these points as outliers and to simply
remove them. Statisticians are reluctant to discard observations, yet in many applications,
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in particular when confronted to large amounts of observations, this enables to produce
rules that are easier to interpret and that can provide a better understanding of the
phenomenon which is studied, provided not too many data are removed from the training
sample. This is the typical choice made in several papers but not much is said about the
way the outliers are selected and its impact on the classification performance.

This is the reason why we tried to provide in this paper a statistical framework to
robust classification by removal of some observations. We provided a method that con-
siders data as outliers based on their classification error by a classifier or a given class of
classifiers. Within this framework this procedure enables to select in a data driven way
an optimal proportion of observations to be removed in order to achieve a better classi-
fication error. The level of trimming and the best classifier are selected simultaneously
and we obtain an oracle inequality to assess the quality of this procedure. We think that
this result may provide some guidelines to remove outliers for classification problems with
theoretical guarantees.

Yet we rely on a minimization of a penalized 0 — 1 loss function which is difficult to
handle. A version of this trimming procedure for convex functions that lead to a feasible
way of computing the weights is actually under study. We will thus obtain a way of
detecting outliers and removing them such that the classification error with this new data
set will be theoretically controlled.

5 Appendix

5.1 Technical lemmas

Let A C {0,1} x R?, we denote A; = {z € R? : (i,z) € A}, for i = 0,1. Obviously
A = ({0} x Ap) U ({1} x Ay) and the union is disjoint, so for every measurable set
A C {0,1} x RP and every probability P € {0,1} x R?,

P(A) = poPo(Ao) + p1Pi(Ar), (5)

where py = P({0} X RP), p1 = 1 — po, Po(Ag) = P(A]Y = 0) = P({0} x Ag)/po and
P (A)) = P(AlY =1) = P({1} x Ay)/p1. Py and P, are probabilities in R?. Conversely,
from pg € [0, 1] and the probabilities Py and P; in R? the equation (5) defines a probability
in {0,1} x R” and the relation is one on one (except for the degenerate cases in which
po = 0 or pg = 1), so we can identify the probability P with the object (po, Po, P1). We
will set P = (po, Py, P1).

Lemma 5.1. With the previous notation, if Q@ = (qo,Qo, Q1) with qo € (0,1), then
Q € Ra(P) if and only if

1_
fo ) 1_q0§ Po
1—a

, Qo € lez—g(lfa)(PO) and Q1 € Rl—t—;g(l—a)(Pl)'
(6)

Proof. Note first that ¢go = Q({0} xR?), Q € Ro(P) implies gp < 7= P({0} x RP) = -

l1—-a”
1—

The same argument shows that 1 —¢qo < 72 if Q € R,(P). Observe that the conditions

9



@ < 2 and 1—qy < =2 guarantee that 0 < 1-2(1-a) <land0 < 1- = e (l-a) <1,
hence the trimming sets in the statement are well defined. Moreover, if Q € R (P) then

Q({0} x Ao) 1 B 1
o (- () =g

which proves that Qo € Ry_w(1_o)(Fo). In a similar way it can be proven that @Q; €
PO

Qo(Ao) =

PO(AO)v

R, 1-a (1-a) (Py), which proves that the assumptions (6) are necessary. To prove the suf-
1-po

ficiency note that if we have (6) then ¢oQo(Ao) < 77=FPo(Ao), (1—q0)Q1(41) < =Pi(4y)
and hence

1 i a(pOPO(AO) +(1—po)Pi(A))) = 1

Q(A) = qQo(Ao) + (1 — q)Q1 (A1) < P(A),

l—«

which completes the proof. O

With this identification we now prove the following lemma that will be the first step
to prove Proposition 2.1.

Lemma 5.2. With the previous notation

R o[-

1-pg PQ
B e S

Proof.
The first step consists in writing the probability Q in terms of (qo, Qo, @1)

_ QO dQ1
Qlgx) #y) = q /(g( o Wdqu(l_qO)/(g(x)_o) Wd/i
d d
= /(qu<g<x) 0 dci + (1 = q0)Igw)-0) ;il) dp. (8)

We are looking for the probability that minimizes the probability of error between all the
probabilities @ € R, (P), this means we are looking for @)y and @); that minimize (8). We
are going to make the calculations for )y, Q1 can be gotten analogously.

As we are minimizing, we are going to concentrate the probability @ in the set (g(x) = 0).

By Lemma 5.1 we know that @y < qo(l_a) Py, so the value of (g depends on the value of
Py. There are two possibilities,

L Fy(g(z) =0) = 2(1 —a): As (1 o7Fo = 1 we can group all the probability Qo in

the set {x € RP/g(x) = 0} and hence Qy(g(z) =0) = 1.

2. Py(g(x) =0) < L(1—a): Now we can not give to Qo(g(z) = 0) probability 1 because

(()0)

we would be violating the condition in Lemma 5.1, hence Qo(g(z) =0) = Oy
PO

10



And in the optimum we will have

%@uyzm:mm<5%g%%gg>.

Po
As we are concerned in Qo(g(z) = 1) and Q) is a distribution,

Qulgla) = 1) = (1 - Ryt - 0>) |
0 o +

analogously

Slgle)=0) = <1 e —1%_)(];0— oy el = ”);

So for a fixed ¢y and @y, ()1 as in Lemma 5.1

min Q(g(z) Zy) = q (1 - q(p—OPO(g@) = 0))
0 +

Qo,Q1 1—a)

b (1o o Rl = 1)

1—qo)(l —«

Using that go and 1 — go are positive lead to (7). The limits for gy are obtained from
Lemma 5.1. Ul

Jr

We prove that both the theoretical trimmed error and the empirical error of two close
trimming levels is close.

Proposition 5.3. Let oy, ag be two trimming levels such that ay € [ay, aq + %], let o
be such that oy < ag < Qe < 1 and let g be a given classifier, then
1 1
Ra,(9) — Ras(9) < 21— am)? and Ry 0,(9) = Rnay(g) <

n(1 — amaz)?

Proof.

. _ (R(g) — 1)+ . (R(g) —a2)+
Ral(g) RO&Q(g) - (1 _ 041) (1 . a2)
(1 = as)(R(g) = a1))+ = (L = ) (R(g) = @2))+

- (1—a)(l— a)

1

S (1 — Oél)(l — CYQ) ‘R(g) - a2R(g> +arap — (R(g) — Qg — alR(g) + alag)‘
1

- (1—0aq)(1 — ) | — a1 = azR(g) + a2 + ar R(g)|
1 1

= (1 — Oél)(l —_ Oég) ’(R(g) - 1)(0{1 - 042)| = (1 _ a1>(1 _ a2>

As we chose g, |a; — as| < % and as for every value of @ we can bound ﬁ by
and |R(g) — 1| <1, we can conclude that

Rn,oq (g) - RTL,OZQ (g) <

’R(g) - 1H041 - 042’-

1—amax

1
n(1 — Qmaz)?

The proof is identical for the empirical trimmed error. U
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5.2 Proofs

Proof of Proposition 2.1. The result is a direct consequence of the minimization with
respect to ¢o of the expression obtained in Lemma 5.2.

First see that R,(g) = 0 if and only if 1 — =2 Py (g(z) = 1) < £~ Py(g(2) = 0). Then
consider the opposite case.
As we are adding two positive terms, the sum is equal to 0 only if both terms are equal
to 0, leading to

(qO — 1?006130(9(33) = 0)) <0 & g <

2 Py(glx) = 0),

in a similar way we obtain

(1—q0—11‘p°a< (x >—1>) <06 21— TP (g = 1)

So Ra(g) = 0 if and only if 1 — =2 Py (g(z) = 1) < £~ Py(g(z) = 0).

Now consider the case where thls inequality does not hold, this means, 1 — 72 P(g(r) =
1) > - Py(g(z) = 0). The first term of (7) is a stepwise lineal function Wlth value 0 until
- Py(g9(x) = 0) and increasing with slope 1 since then. The second term is also stepwise

linear, in this case it decreases with slope —1 until it reaches 0 in 1 — =22 Py (g(z) = 1)
with value 0 from that point.

Now we are going to see that in this case the interval [£2 Py(g(z) = 0),1 — =2 Py (g(z) =
gives us the minimal value of (7). If 1 — =22 Py(g(z) = 1) <1—12or 1”0 Po( (x) =
0) > - we will eliminate non feasible values of ¢ from the optimal set, hence the set of
optimal values of ¢y that minimizes R,(g) are

[1— 2 Pi(g(x) = 1), 2 Polg(a) = 0] N [1 - T2, 125] si R(g) <a

90(90) = .
[ Po(g(z) = 0),1— 2P (g(z) = )] N [1 - 72, £=] si R(g) >a

Let us see this. We are going to suppose, for simplicity, that we are in the case

1= =2 < PRgle) = 0) < 1 2Rl = 1) < T2
Let [; = [1 - 117 0 20 Py(g ( ) = 0)], I = [-Py(g9(z) = 0),1 — aP(g(a:) = 1)],

«

«@ 1
Pi(g()
. ' 1—
H:mmK%—po%@@:®>+(Lwr— mﬂu) U)L
I; 1 —« ¥ 1-— +
for i = 1,2,3. Obviously R,(g) = min R".

In I, the first term is 0 because qo < {#-Fy(g(z) = 0) and the second term is 1 —
11__128 Pi(g(x) = 1) — qo. As we are looking for a minimization of this value and ¢y is

I;=[1- 1), 2], we denote

12
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subtracting, we will give to it the biggest value it can take, that is, the upper bound of
the interval. Hence,

R' = 1-— 11:];?P1(9(x):1)— 11?0[]30@@):0)
_ 1 U=po)(1 = Plg(x) = 0)) +poll = Po(g(z) = 1))
-«
l -«

If we are in I, none of the terms is going to be 0. First one is go — 2= Fy(g(z) = 0) and
1

2Py (g9(r) = 1) — qo, when we add them, the gy in both terms clears and

second one 1 —
we obtain

R =1- P pyg(a) = 0) = 222pygla) = 1) =1 - L E9)

l—« l—«

Last, in /3 is the second term which becomes 0, letting the first one as go— 2% Fy(g(z) = 0).
In this case ¢ is adding, we want to give the minimum value possible so

1 — R(g)
l—a

_1—]90
11—«

R=1

Pi(gla) = 1) = 2= Py(gla) = 0) = 1 =

And, as we have already said, the minimum is attained at

1 L7 @) = 1), P py(g(x) = 0)

11—« l—«

Moreover, since R! = R? = R3, the value of this minimum will be

1—3@)

:1—
Ra(g) T

Putting together both cases we have that R,(g) reaches its minimum in (9) and, since
condition 1 — 22 Py (g(z) = 1) > £ Py(g(x) = 0) holds if and only if R(g) > «, we have

-«

that R,(¢9) =0 < R(g) < « and hence,

Ra(g) =

——(R(g) — a)-.

0

Proof of Proposition 2.2. Note that Err(P) = R(gp) and Err,(P) = Ra(g9%). Recall
that

Erro(P) = %%@F”@%:%%%J§Q@@”””:%%ﬁﬂm@“@iy)
(R(g) —a)+

Y

= infR = min

g a(9) g l -«

the minimum in the last inequality is due to Proposition 2.1. The infimum is reached so

it is a minimum. Moreover we know that this error is minimal when the classifier is Bayes
classifier, so

Err,(P) = (R(ng)_;Oz)Jr _ (Err(lP_) ; a)+.

13



Proof of Proposition 2.4. The first inequality can be proved by

(Fnlg) — a)+) _ 1

l—«

B(Roalg) — E(
1

> (B(Ru(g) —a), = (R(g) — @), = Ra(g)-

Where we have used (4) for the first equality and the property F(R,(g)) = R(g) and (3)
for the two last ones. The inequality comes from applying Jensen inequality, and this is
possible due to the fact that (.); is a convex function.

For the second inequality we need Proposition 2.1 and by Corollary 2.3,

E((Rulg) —)+) = (R(g) — @)+

E(Rn,a(g)) - Ra(g) = (1 — Oz)

(10)

Let X be a random variable such that X = R, (g), we know from [19] that E(X) = R(g),
and let ¢(x) = (r — a)y. @ is a convex function, so Jensen’s inequality can be applied,
this means ¢(E(X)) < E(p(X)). This function also is 1-Lispchitz and increasing, so it
satisfies the property ¢(y) — ¢(x) < (y — x) .

As we are not modifying ﬁ we are going to let it aside for the moment and we will focus
in the numerator, applying X’s definition, mean’s properties and ’s property mentioned
above

E((Rulg) —a)4) = (R(g) —a)s = E(p(X)) = o(E(X)) = E(p(X) — o(E(X)))
< E((X - B(X)),).

Now let Y be a random variable such that Y =¢ X, Y and X are independent, this implies
E(Y) = Ex(Y), applying this, again mean’s properties, Jensen’s inequality (for (.)) and
conditional mean’s properties we get

B((X -~ B(X)).) = E((X - E(Y)).) = B((X — Ex(¥)):) = E(Ex(X = Y)),)
< E(Bx(X—Y)4) = B(X —Y),).

Now we are using that X — Y is a symmetric variable, that it also is a centered variable,
variance’s property for the sum of two independent variables and that X and Y are
identically distributed to obtain

E(X-Y),) = %E(X ~Y) < %(Var(X — YY) = %(Var(X) + Var(Y))Y?
= %(QVar(X))l/Q.

Last we are using variance’s properties, the fact that nX ~ b(n, R(g)) and that (1 —
R(g)) <1 and we obtain

1

FEVar ()2 = S Var(nX) ' = 5CnRle)(1 = R(9) = <=

5 R(g).

14



Joining this with (10), we get

k()
E Rna - Ra S
O
Proof of Theorem 3.1. First consider the case where the trimming parameter only
takes value in the discrete set A = [0,1,..., 2] with ky = [nQune). By definition &

satisfies that for all « € A

Ra(9) + pen(d) < Ry a(g) + pen(a).
This implies that

Ra(g) — Ra(g) + Rua(g) + pen(d) < Ra(g) — Ralg) + Rualg) + pen(a)
or, what is the same
Ra(g) < Ra(g) +pen(@) + (Bna(g) — Ra(g)) — pen(@) + (Ra(g) — Rualg)). (1)
Let us focus in the inside of the parenthesis,
Rya(9) = Ra(9) = [Rna(9) = E(Rna(9)] + [E(Rna(g)) — Ra(9)],
VR(9)

by Proposition 2.4 the second brace can be bounded by NGTIETSE For first brace we will
apply McDiarmid’s inequality taking R, .(g) = F(&1,. .., &,) where & = (Y5, X;). As

, 1
|F(£17"'7€i7"'7£n)_F(gla"W z?’gn)‘SM’

we can apply the inequality and hence

P(Roa(g) = E(Rnalg)) > t) < e 20",

Given z > 0 take t = | /m, we get

P (Rn,a@) — E(Rualg)) > m) <e

z

Joining this with (11), we get that, except in a set of probability not greater than e,

Vv R(g) N z
Von(l—a) \ 2n(1 —a)?

We are going to focus now in the other parenthesis. As we saw in Proposition 2.4

Ra(g9) < Ra(g)+pen(a)+ —pen(&)+(Ra(g)— Rnalg)). (12)

Ra(9) — Rualg) < sup(Ra(9) — Rua(9)) < sup(E(Rualg)) — Rualg))-

acA acA

15



Applying again McDiarmid’s inequality taking this time ¢ = 21;((22)22 we have Vo/ € A

P (E(Rn,a’(g)) - Rma’(g) > %) < l6_2.

As we were interested in calculating this probability for & we have

P <sup<E<Rn,a<g>> ~ Rualg)) ﬂ)

acA ’ 2n(1 - 04)2

<>r (E(Rn,awg)) ~ Ruclg) > %)

a’eA

Hence with probability at least 1 —e™7

+z

E(Rn,d(g) - na 1_

(13)

Now let us Con51der the complete interval. If o/ € [0, aynq.] there exists o” € A such that
o' <o/ <o+ 1 ~. Then by Proposition 5.3, in the set where (13) is satisfied we have

E(Rna(9)) — Rna(9)
= E(Rma” (9)) — Ry, o (9) + E(Rn,a’ (9) — Ry an (9)) — (Rn,oe’ (9) — Ry, ar (9))

In(n) + =z N 1 < In(n) + =z N 1
2n(1—a”)?  n(l — amee)? ~— V201 —')?  n(1 — nas)?
In(n) z 1

“Vomi—a2 TV =2 Tl —anm)?
for all o € [0, Amaz)-
If we take as penalty
In(n)
2n(1l — «a)?
and we substitute in (12). Given that, by Proposition 2.4, R,/(g9) < E(R,~(g)), with
probability at least 1 — 2e™*

pen(a) =

Ra(g)
VER(9) N . In(n) + z 1
< Ralg) Fpento) + 5 =S T i —ap P T i — e T = ama)?




Integrating with respect to z and taking the infimum for o € [0, @4.] We can conclude
that

E(Ra(g)) < inf (Ra(g)+p€n(a)+

Oée[oaamam}

R(9) 1 27 1
V(1 - a>>+<1

- amaz) n n<1 - amax)2 ‘
]

Proof of Theorem 3.2. To proof the theorem we need the following elemental result
whose proof is omitted.

Lemma 5.4. Given two functions f and g and a real number k > 0,

|f(x) —g(z)| <k = ISgpf(x) —Sgpg(x)\ <k,

|f(z) —g(@)| <k = \mmlnf(a:) —mwing(a:)\ < k.

As in the previous Theorem we define the set A = {0,2,2 .. 5} with ky = [natmas)-

'ndn?

Then, by definition, & and m satisfy that for all « € A and m € N
Rn,d(gm) + pen(@, gm) < Rn,a(Qm) + p€n<a7 gm)

Adding and subtracting R4 (G,,) and R,(G,,) and organizing the terms we get the following
inequality. We bound the remaining terms in the parenthesis,

Ra(Gi) < Ro(Gm)+pen(a, Gn)+(Rna(Gm)—Ra(Gm)) —pen(&, Gan)+(Ra(Gn) — Rn.a(Gi))-

First we are going to bound

Rn,a(gm) - Ra(Qm) = ggén Rn,a(gm) — min Ra(gm) < Rn,a(g/) - Ra<gl>

9EGm
with ¢’ := argmin R,(g). We are now in the same conditions as in Theorem 3.1 and we

9€Gm
can bound these quantities except on a set of probability not greater than e~

given z > 0 by
/ / (g/> <
ma(g) Oé(g) — /277/(1 . a) 2”(1 _ 04)2’

V() z e e e
Ra(Gm) < Ra(Gm)+pen(a, Gp )+ \/%(1 — oz)+ 2n(1 — a)2—p€n(a, gm)"’(Ra(gm)_(]jZ,)a(gm))

?, with a

which leads us to

Now we want to bound

Ra(Gin)=Bna(Gn) < sup  (Ror(Gn) =B (Gr)) < sup  sup (Rar(g9)=Fnar(9)):

(a/,m’")eAXN (o/;m’)eAXN g€G, ./

Let us focus on

17



sup (Ralg) — Run(g)) = Er(sup<faxg>—-Rn@<g») (15)

9€Gm 9€EGm

b0 (Ra0) = Bala) = B (0 (Rale) ~ Rl ) 10

9€Gm 9€EGm

To bounding (16) we will make use again of McDiarmid’s inequality. First we need to see
that the bounded difference conditions is met.

We define Z := f(fla SR 7§n) = sup (Ra(g) - RH,Oé(g)) and Z(i) = f(fla s 7’51{7 s 7§n)a we

gegm
want to prove
Z- 29| <, (17)

for certain constants ¢;. The empirical error R, ,(g) is defined as in (1) and Rﬁf)a(g) as
the empirical error associated to the sample &;,... &, ..., &,. We start from

(Ra(9) = Rua(9) — (Ralg) — B4(9))]

which implies, using Lemma 5.4, that (17).

where (Y, X’) stands for the sample &y,...,¢,...,&,. For a vector (wy,...,w,) that
satisfies the conditions (2),

<L
“n(l—a)

= wj | (Lgx2v) — Locxnzyy)

Z Wil(g(x;)#v;) — Z wiligxpAvy)
j J

And using the second statement of Lemma 5.4 leads to

1

(4) < -
|Rn7a<g) Rn,a(g)| — TZ(]_ . 04)7
or written in a different way
i 1
(Ra(9) = Rna(9)) = (Ra(9) = R (9))]

S al—a)

Applying again Lemma 5.4, we get to (17) with ¢; = miay- Now we can use McDiarmid’s

1
1-a)
inequality to prove

P [ sup (Ra(g) = Rua(9)) — E(5up (Ra(g) — Rualg))) > \/m(n) pebon) 1o,
9€Gm 9EGm 2”(1 OZ) n
(18)

To bound (15) we will use Vapnik-Chervonenkis theory from [11] or [19]. Before we are
able to apply this theory we need to transform our functions in suitable functions. For

18



this we will use the equalities (3) and (4) and the fact that the function positive part,

defines as X, := max(0, X), is Lipschitz.

B (00 (Rale) = Ruae))) = 122 ((sup (Rlg) =)o (e) — 1))

9EGm -« 9EGm

=2 (s 1100) - R0

9€Gm

2 \/VAgm In(n + 1) 4+ In(2)

l—« n

(19)

The last inequality comes from section 4.2 in [11]. Joining (18) and (19) we get Vo' € A
and Vm' € N

p ( sup (Rur(g) — Rur(9)) > \/ln(n) + 2+ Ty N 2 \/ng, hl(n;l) + ln(2)> -

9€G, 2n(1 — o')? 1—«o

(20)
As we are looking for a bound for R4(Gy,) — Rn.a(Gs), we have that

—2—T

PL U sw (Raf(m—Rn,a/(g))z\/1“<”>“”m’+ 2 \/ng'1n<n+1>+ln<2>

AV A
(e A €T 2n(1 — o) 11—« n

2n(1 — o/)? 1—o n
ao’'€Am'eN

< Z Z %e—z—xm/ < Z e TE Em < e,

a’e m'eN m/eN

< Z Z P <Ra,(g) — Ry o(g) > \/ln(n) + 2+ T n 2 \/ng, In(n+1) + ln(Q))

Considering now the complete interval, if o/ € [0, ez, then Jo” € A such that
o <o/ <a”+ 1 Sofrom (20), with probability greater than Le = m,

() +z+z, 2 [V, In(n+1)+n(2)
sup (Rar(g) — Rn,a”(g)) < \/ ) * 1— o/’\/ - n

9€G, s 2n<1 //)2

)

then for all o € [0, Az

sup (Ru(g) — Ry o (9))

9€G, 1
= Sgp (Ra’ (g) — Ry (g) + R (9) — Ron (9) + Ry o (9) — Ry ar (g))

9EY
= Segp ([Ra” (9) — Ry ar (9)] + [Roz’ (g) — Rar (9)] + [Rma” (9) — Ry (g)])

g m!
- In(n )+z+xm/+ 2 \/Vg ln(n+1)—|—ln(2)+ 1

271 1-— Oé” 1—ao" (1 - Oémax)2
+xm \/Vg 1(”+1)+1n() 1
2n 1—a) n(l— o) 1 —aof

n(l — Qnaz)?
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Where the next-to-last inequality comes from applying Proposition 5.3 and that R, o (g) <
R, (g) and hence R, o/(9) — Ry.ov(g9) < 0 and the last one comes from o” < o’. We can
conclude that

In(n) + z + 2 \/Vgﬁ In(n+1) + In(2) 1
(G )— R ~(G:) < i ‘
Ra(gm) Rn,a(gm) > \/ QTL(]_ _ @)2 + 1—a& " + n(l — Ozmaa;)Q
Going back to (14), except in a set of probability not greater than (X + 1)e”
vV R(Gm)
Ra(Gn) < Ra(Gn) +pen(a,Gn) + — pen(&, G
V2n(1 — a)
In(n) + 2 2 \/vgm ln(n + 1) +n(2) 1
2n 1—a 1—04 n(1 — maz)?
Considering
B ln(n—l—l)—i—xm \/Vg In(n + 1) + In(2)
pen(a, Gn) = \/ 2n(1 — a)? (1-a) ’
we have

R(Gn) z \/ Z 1

Rd(gfn> < Ra(gm) +p€n(04, gm) \/%(1 ‘l’ 277, 1 Ck 21’1, 1_ 04) + 77,(1 _ O(max)2

< Ra(gm) +p6n<a, gm) 2nf(gig ())4 \/7 1 - amax)z'

Now grouping and integrating with respect to z,

E(Rs(Gn)) < e in (Ra(gm)erm(a,gmHm(l_a)>

14+ X T n 1
2(1 — amaz) V 20 n(1 — anaz)?
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