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Abstract

The present work aims at deriving theoretical guaranties on the behavior of some cross-
validation procedures applied to the k-nearest neighbors (kNN) rule in the context of binary
{0, 1}-classification. Here we focus on the leave-p-out cross-validation (LpO) used to assess
the performance of the kNN classifier. Remarkably this LpO estimator can be efficiently
computed using closed-form formulas derived by Celisse and Mary-Huard (2011).

We describe a general strategy to derive exponential concentration inequalities for the
LpO estimator applied to the NN classifier. This relies on deriving upper bounds on
the polynomial moments of the centered LpO estimator by first deriving such bounds for
the leave-one-out (L10) estimator. Such results are obtained by exploiting the connection
between the LpO estimator and U-statistics as well as by making an intensive use of the
generalized Efron-Stein inequality. One other contribution is the extension to the LpO of
the consistency results previously established by Rogers and Wagner (1978) for the L10 as
an estimator of the risk and/or the error rate of the kNN classifier.

Keywords: Classification, Cross-validation, Risk estimation

1. Introduction

The k-nearest neighbor (kNN) algorithm (Fix and Hodges, 1951) in binary classification is
a popular prediction algorithm based on the idea that the predicted value at a new point
is based on a majority vote from the k nearest neighbors of this point. Although quite
simple, the kNN classifier has been successfully applied to many difficult classification tasks

(©2000 A. Celisse and T. Mary-Huard.



CELISSE AND MARY-HUARD

(Li et al., 2004; Simard et al., 1998; Scheirer and Slaney, 2003). Efficient implementations
have been also developed to allow dealing with large datasets (Indyk and Motwani, 1998;
Andoni and Indyk, 2006).

The theoretical properties of the kNN classifier have been already extensively investi-
gated. In the context of binary classification, preliminary theoretical results date back to
Cover and Hart (1967); Cover (1968); Gyorfi (1981). More recently, Psaltis et al. (1994);
Kulkarni and Posner (1995) derived an asymptotic equivalent to the performance of the
INN classification rule, further extended to kNN by Snapp and Venkatesh (1998). Hall
et al. (2008) also derived asymptotic expansions of the risk of the kNN classifier assum-
ing either a Poisson or a binomial model for the training points, which relates this risk to
the parameter k. By contrast to the aforementioned results, the work by Chaudhuri and
Dasgupta (2014) focuses on the finite sample framework. They typically provide upper
bounds with high probability on the risk of the kNN classifier where the bounds are not
distribution-free. Alternatively in the regression setting, Kulkarni and Posner (1995) pro-
vide a finite-sample bound on the performance of 1NN that has been further generalized
to the kNN rule (k > 1) by Biau et al. (2010a), where a bagged version of the kNN rule is
also analyzed and then applied to functional data Biau et al. (2010b). We refer interested
readers to Biau and Devroye (2016) for an almost thorough presentation of known results
on the kNN algorithm in various contexts.

In numerous (if not all) practical applications, computing the cross-validation (CV)
estimator (Stone, 1974, 1982) has been among the most popular strategies to evaluate the
performance of the kNN classifier (Devroye et al., 1996, Section 24.3). All CV procedures
share a common principle which consists in splitting a sample of n points into two disjoint
subsets called training and test sets with respective cardinalities n — p and p, for any
1 < p < n-—1. The n—p training set data serve to compute a classifier, while its performance
is evaluated from the p left out data of the test set. For a complete and comprehensive review
on cross-validation procedures, we refer the interested reader to Arlot and Celisse (2010).

In the present work, we focus on the leave-p-out (LpO) cross-validation. Among CV
procedures, it belongs to exhaustive strategies since it considers (and averages over) all the
(Z) possible such splittings of {1,...,n} into training and test sets. Usually the induced
computation time of the LpO is prohibitive, which gives rise to its surrogate called V' —fold
cross-validation (V-FCV) with V' ~ n/p (Geisser, 1975). However, Steele (2009); Celisse
and Mary-Huard (2011) recently derived closed-form formulas respectively for the bootstrap
and the LpO procedures applied to the kNN classification rule. Such formulas allow one
to efficiently compute the LpO estimator. Moreover since the V-FCV estimator suffers a
larger variance than the LpO one (Celisse and Robin, 2008; Arlot and Celisse, 2010), LpO
(with p = [n/V]) strictly improves upon V-FCV in the present context.

Although being favored in practice for assessing the risk of the kNN classifier, the use
of CV comes with very few theoretical guarantees regarding its performance. Moreover
probably for technical reasons, most existing results apply to Hold-out and leave-one-out
(L10), that is LpO with p = 1 (Kearns and Ron, 1999). In this paper we rather consider
the general LpO procedure (for 1 < p < n — 1) used to estimate the risk (alternatively
the classification error rate) of the kNN classifier. Our main purpose is then to provide
theoretical guarantees on the behavior of LpO with respect to p. For instance we aim at
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answering the question: “How would p influence the estimation of the risk of the kNN
classifier?”

Contributions. The main contribution of the present work is to describe a new general
strategy to derive exponential concentration inequalities for the LpO estimator applied to
the kNN binary classifier.

This strategy relies on several steps. We start by upper bounding the polynomial mo-
ments of the centered LpO estimator in terms of those of the L10 estimator. This is first
achieved by exploiting the connection between the LpO estimator and U-statistics (Koroljuk
and Borovskich, 1994), as well as the Rosenthal inequality (Ibragimov and Sharakhmetov,
2002). Then, we derive upper bounds on the moments of the L10 estimator using the gen-
eralized Efron-Stein inequality (Boucheron et al., 2005, 2013, Theorem 15.5) This allows us
to infer the influence of the parameter p on the concentration rate of the LpO estimator for
any k. We finally deduce the new exponential concentration inequalities for the LpO esti-
mator, which gives some insight on the behavior of the LpO estimator whatever the value of
the ratio p/n € (0,1). In particular while the upper bounds increase with 1 <p <n/2+1,
it is no longer the case if p > n/2 + 1.

The remainder of the paper is organized as follows. The connection between the LpO
estimator and U-statistics is clarified in Section 2. Order-¢ moments (¢ > 2) of the LpO
estimator are then upper bounded in terms of those of the L10 estimator. Section 3
then specifies the previous upper bounds in the case of the kNN classifier. This leads,
for any k, to the main Theorem 3.2 characterizing the concentration behavior of the LpO
estimator with respect to p. Deriving exponential concentration inequalities for the LpO
estimator is the main concern of Section 4. We illustrate the strength of our strategy by first
providing concentration inequalities derived with less sophisticated tools, and then provide
our main inequality. Finally Section 5 collects new extensions to LpO of previous results
originally established for LL10. This section ends by assessing the discrepancy between the
LpO estimator and the risk of the kNN classifier.

2. U-statistics and LpO estimator
2.1 Statistical framework

We tackle the binary classification problem where the goal is to predict the unknown label
Y € {0,1} of an observation X € X C R% The random variable (X,Y) has an unknown
joint distribution Pxyy defined by Pxy)(4) = P[(X,Y) € A] for any Borelian set in
X x {0, 1}, where P denotes a probability distribution. In what follows no particular dis-
tributional assumption is made regarding X. To predict the label, one aims at building
a classifier f : X — {0,1} on the basis of a set of random variables Z1,, = {Z1,...,Zn}
called the training sample, where Z; = (X;,Y;), 1 < i < n represent n copies of (X,Y)
drawn independently from P(xy). Any strategy to build such a classifier is called an
classification algorithm or classification rule, and can be formally defined as a function
A Ups1 {X x {0,1}}" — F that maps a training sample Z; , onto the corresponding
classifier A(Z1,;-) = f € F, where F is the set of all measurable functions from X to
{0,1}. Numerous classification rules have been considered in the literature and it is out of
the scope of the present paper to review all of them (see Devroye et al. (1996) for many
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instances). Here we focus on the k-nearest neighbor rule (kNN) initially proposed by Fix
and Hodges (1951) and further studied for instance by Devroye and Wagner (1977); Rogers
and Wagner (1978). For 1 < k < n, the kNN rule, denoted by A, consists in classifying
any new observation x using a majority vote decision rule based on the label of the k points
X@y(@), .., Xy () closest to z among the training sample X1, ..., X;, according to some
distance function:

| - _1\k )
Ap(Zy s ) = ﬁc(Zln;x) — L oif % Zz‘er(m) Yi=3 Zz‘:l Y(Z)(x) > 0.5 7 (2.1)
’ ’ 0 otherwise

where Vi (z) = {1 <i<n, X; € {Xq)(x),..., X (z)}} denotes the set of indices of the
k nearest neighbors of x among Xj,..., Xy, and Y, (x) is the label of the i-th nearest
neighbor of z for 1 < ¢ < k. The choice of the distance function will typically depends
on the nature of the data to be dealt with, and will not be discussed here. While in some
applications adaptive metrics have been considered (see Hastie et al., 2001, , Chap. 14
for instance), in what follows we will assume the distance function to be fixed, i.e. that
its definition does not depend on the specific training sample at hand. Let us further as-
sume that ties are broken at random, for instance by choosing the smallest index among ties.

For a given sample Z1 ,, the performance of any classifier f = f (Z1n;-) is assessed by

the classification error L(f) (respectively the risk R(f)) defined by

Lf)y=P(f(X)#Y | Zia) . and  R()=E|P(f(X)#Y | Z1a)].

N A~

In this paper we focus on the estimation of L(f) (and its expectation R(f)) by use of the
Leave-p-Out (LpO) cross-validation for 1 < p < n — 1 (Zhang, 1993; Celisse and Robin,
2008). LpO successively considers all possible splits of Z ,, into a training set of cardinality
n —p and a test set of cardinality p. Denoting by &,_, the set of all possible subsets of
{1,...,n} with cardinality n — p, any e € &,_, defines a split of Z;, into a training set
Z¢ = {Z;|ice} and a test set Z°, where &€ = {1,...,n} \ e. For a given classification
algorithm A, the final LpO estimator of the performance of A(Z;,;-) = f is the average
(over all possible splits) of the classification error estimated on each test set, that is

~ n\ ! 1
Rp(Aa Zl,n) = <p> Z 5 Z]I{A(Ze;Xi)?éYi} ) (2.2)

e€€n—p ice

where A (Z¢;-) is the classifier built from Z¢. We refer the reader to Arlot and Celisse
(2010) for a detailed description of LpO and other cross-validation procedures.

However unlike what arises from (2.2), the LpO estimator can be efficiently computed
by use of closed-form formulas with a time complexity linear in p when applied to the kNN
classification rule Celisse and Mary-Huard (2011). This property remains true in other
contexts such as density estimation Celisse and Robin (2008); Celisse (2014), regression
Celisse (2008); Arlot and Celisse (2011), and so on. In particular this property contrasts with
the usual prohibitive computational complexity suffered by LpO due to the high cardinality
of &,—, that is equal to (Z)

Since no theoretical guarantee does exist on the performance of LpO applied to the kNN
classifier, one main goal in what follows is to design a general strategy to derive such results.
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2.2 U-statistics: General bounds on LpO moments

The purpose of the present section is to describe a general strategy allowing to derive
new upper bounds on the polynomial moments of the LpO estimator. As a first step of
this strategy, we establish the connection between the LpO risk estimator and U-statistics.
Second, we exploit this connection to derive new upper bounds on the order-¢ moments of
the LpO estimator for ¢ > 2. Note that these upper bounds, which relate moments of the
LpO estimator to those of the L10 estimator, hold true with any classifier.

Let us start by introducing U-statistics and recalling some of their basic properties that
will serve our purposes. For a thorough presentation, we refer to the books by Serfling
(1980); Koroljuk and Borovskich (1994). The first step is the definition of a U-statistic of
order m € N* as an average over all m-tuples of distinct indices in {1,...,n}.

Definition 2.1 (Koroljuk and Borovskich (1994)). Let h : X™ — R (or R¥) denote
any Borelian function where m > 1 is an integer. Let us further assume h is a symmetric
function of its arguments. Then any function U, : X™ — R such that

Un(ycl,...,a:n):Un(h)(xl,...,:cn):<n>1 S h(zi,..m,)

m ) A
1< <...<im<n
where m < n, is a U-statistic of order m and kernel h.

Before clarifying the connection between LpO and U-statistics, let us introduce the main
property of U-statistics our strategy relies on. It consists in representing any U-statistic as
an average, over all permutations, of sums of independent variables.

Proposition 2.1 (Eq. (5.5) in Hoeffding (1963)). With the notation of Definition 2.1, let
us define W : X" — R by

1 T
W(a;l, ce ,xn) = ; Z h (x(jfl)erh ce ,:Ejm) 5 (23)
j=1
where r = |n/m| denotes the integer part of n/m. Then
1
Un(l'l, ce axn) = nl Z w (CCU(l), R ’xo(n)) )

where ) denotes the summation over all permutations o of {1,...,n}.

We are now in position to state the key remark of the paper. All the developments
further exposed in the following result from this connection between the LpO estimator
defined by Eq. (2.2) and U-statistics.

Theorem 2.1. For any classification rule A and any 1 < p <n—1 such that the following
quantities are well defined, the LpO estimator R,(A,Z1,) is a U-statistic of order m =
n —p-+ 1 with kernel h,, : X™ — R defined by

1 m
hi(Z1s. .. Zm) = m ;H{A(Z“’ 'Xi)7£Yz‘}’

1,m>

where Zﬁ)n denotes the sample (Z1, ..., Zy) with Z; withdrawn.
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Proof of Theorem 2.1.

From Eq. (2.2), the LpO estimator of the performance of any classification algorithm .4
computed from Z1,, satisfies

() Z Z {A(ZeX)#Yi}

e€én_p zEe

Z Z Z Lo=eugiyy | Liaczexn#viys

eESn » ZEE vEER_pi1

Ep(Aa Zl n —

since there is a unique set of indices v with cardinality n —p+1 such that v = eU{i}. Then

R, (A, Z1 ) = Z Z Z Lrp=eufiyy Ljice ]I{A(Zv\{i};Xi);éYi}'

vEé’n p+1 i=1 e€5n_p

Furthermore for v and i fixed, Zeesn_p Lip=cufipy Liicey = Lyicv) since there is a unique set
of indices e such that e = v \ i. One gets

S 11 .
RP(A, Zl,n) = f@ Z Zﬂ{iev}]l{A(Z”\{i};Xi);ﬁYi}
p P/ veEp_py1 i=1
5 Y it
—( n _ A(Z2oMidX)#Y
(n_p+1) Uegn—p+1 n p + 1 1€V { ( ) }
.. !
by DOthlng p(Z) = p!ﬁﬁp! - p717!L7!pr! = (n —p+ 1)(n71;+1)'

O

The kernel h,, is a deterministic and symmetric function of its arguments that does only
depend on m. Let us also notice that hy, (Z1, ..., Z;) reduces to the L10 estimator of the
risk of the classification rule A computed from 71, ..., Z,,, that is

hon (21, .+ s Zom) = Ry (A, Z1m) . (2.4)
In the context of testing whether two binary classifiers have different error rates, this fact
has already been pointed out by Fuchs et al. (2013).

We now derive a general upper bound on the ¢g-th moment (¢ > 1) of the LpO esti-
mator that holds true for any classification rule as long as the following quantities remain
meaningful.

Theorem 2.2. For any classification rule A, let A(Z1 ;) and A(Z)m;-) be the corre-
sponding classifiers built from respectively Z1,...,Z, and Z1, ..., Zy, where m =n—p+1.
Then for every 1 < p < n — 1 such that the following quantities are well defined, and any
q=1,

E Hfzp(A, Z10) ~ E [Ry(A, Z1,0)] \q] <E HE(A, Zim) ~E | Ri(A Z1m) | “"] L (2.5)

Furthermore as long as p > n/2 4+ 1, one also gets
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o forq=2

E U}Ah(/l, Zim) —E [fil (A, Zl’m)} ﬂ

%]

E UEP(A, Z1n) —E [AP(A, Zl,n)} H <

(2.6)
o for cvery q > 2
E Hﬁf,,(A, Zin) = B | Rp(A, Z1 0 Hq
- — g
SHEAP Ri(A, Z1m) —EJ[Rl (A, Z1m) } ! L[] 2ver <R[E:4Jl,ZLm)> |
: . (2.7)

where v > 0 is a numeric constant and B(q,7) denotes the optimal constant defined in
the Rosenthal inequality (Proposition D.2), and a V b = max(a,b) for every a,b € R.

The proof is given in Appendix A.1. Eq. (2.5) and Eq. (2.6) straightforwardly result
from the Jensen inequality applied to the average over all permutations provided in Proposi-
tion 2.1. If p > n/2+1, the integer part |n/m] becomes larger than 1 and Eq. (2.6) becomes
better than Eq. (2.5) for ¢ = 2. As a consequence of our strategy of proof, the right-hand
side of Eq. (2.6) is equal to the classical upper bound on the variance of U-statistics.

Unlike the above ones, Eq. (2.7) is rather derived from the Rosenthal inequality, which
allows to upper bound a sum ||>°7_; &l g of independent and identically centered random
variables in terms of > i, [[&]], and 37, Var(;). Let us remark that, for ¢ = 2, both
terms of the right-hand side of Eq. (2.7) are of the same order as Eq. (2.6) up to constants.
This allows us to take advantage of the integer part [n/m| when p > n/2 + 1, unlike what
we get by using Eq.(2.5) for ¢ > 2. In particular it provides a new understanding of the
behavior of the LpO estimator where p/n — 1 as highlighted by Proposition 4.2.

3. New bounds on LpO moments for the kNN classifier

Our goal is now to specify the general upper bounds provided by Theorem 2.2 in the case
of the kNN classification rule Ay (1 < k < n) introduced by (2.1).

Since Theorem 2.2 expresses the moments of the LpO estimator in terms of those of the
L10 estimator, the next step consists in focusing on the L10 moments. Deriving tight upper
bounds on the moments of the L10 is achieved using a generalization of the well-known
Efron-Stein inequality (see Theorem D.1 for Efron-Stein’s inequality and Theorem 15.5 in
Boucheron et al. (2013) for its generalization). For the sake of completeness, we first recall
a corollary of this generalization that is proved in Section D.1.4 (see Corollary D.1).

Proposition 3.1. Let Xq,...,X,, denote n independent random wvariables and Z =
f(X1,...,Xy), where f @ R"™ — R is any Borelian function. With Z] =
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f(Xa,. .., X],..., X)), where X|,...,X] are independent copies of the X;s, there exists
a universal constant k < 1.271 such that for any q > 2,

n

> (Z-z)’

=1

||Z—IEZ||q < \/2kq

q/2

Then applying Proposition 3.1 with Z = Ry (A} (Z1,m;+)) leads to the following Theo-
rem 3.1, which finally allows to control the order-¢ moments of the L10 estimator applied
to the kNN classifier.

Theorem 3.1. For every 1 <k <n—1, let Ay (Z1m;-) (m =n —p+1) denote the kNN

classifier learnt from Zy,, and Ry (Ax(Z1,m;-)) be the corresponding L10 estimator given
by Eq. (2.2). Then

o forq=2,

2 VE 2
IE[(§1(Ak,Z1,m)—E[}A%l(Ak,Zl,m)D }Scl\/é<\/%> :

e for every q > 2,

£ [l 22 [Bh 20| < o (o)

with C1 = 2+ 1674 and Co = 4y4V/ 2k, where v4 is a constant (arising from Stone’s lemma,
see Lemma D.5) that grows exponentially with dimension d, and k is defined in Proposi-
tion 3.1.

Its proof (detailed in Section A.2) involves the use of Stone’s lemma (Lemma D.5), which
enables to upper bound, for a given X;, the number of points {Xj}j 4i having X; among
their k nearest neighbors by kv,.

First, the maths in these upper bounds have not been simplified on purpose to facilitate
their comparison and emphasize the difference in the dependence with respect to k. In
particular the larger dependence on k for g > 2 results from the difficulty to derive a tight
upper bound for the expectation of (3 ;" ;1 { Ak( Xi>})‘1 in this case, where
Z@n (resp. Zf‘,fl)) denotes the sample Z; ,,, where Z; has been (resp. Z; and Z; have been)
removed .

280::) # Ak (2150):

1,m

Second, the easier case ¢ = 2 enables to exploit exact calculations (rather than upper
bounds) of the variance of the L10. Note that this £%2/m is better than than the ongo-
ing upper bound we would obtain from using the sub-Gaussian exponential concentration
inequality provided by Theorem 24.4 in Devroye et al. (1996), which only leads to a k2/m.

We are now in position to state the main result of this section. It follows from the
combination of Theorem 2.2 (connecting moments of the LpO estimator to those of the
L10) and Theorem 3.1 (providing an upper bound on the order-¢ moments of the L10).
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Theorem 3.2. For every p,k > 1 such that p+k < n, let ﬁp(Ak, Z1 ) denote the LpO risk
estimator (see (2.2)) of the kNN classifier Ay (Z1y;-) defined by (2.1). Then there exist
(known) constants C1,Co > 0 such that for every 1 <p <n —k,

.« forg=2,
E [(ﬁp(Ak,zl,n) —E[Ap(Ak,Zl,n)DQ] < Cl(n—k;/in : (3.1)
o for cvery > 2,
E[|Bp(An 20) ~ E [ Byl 200 ||'] < 0ok (80)"™" . 32)

with C1 = 128# and Cy = 4v4v/ 2K, where vq denotes the constant arising from Stone’s

lemma (Lemma D.5). Furthermore in the particular setting where n/2 +1 < p < n —k,
then

o forq=2,
;3/2

(n—p+1) ||

~

E [ (Ep(Ak; Zin) — E | Ry(Ay, Zl,n):|>2:| <Ci

(3.3)

o for every q > 2,

~

E Hﬁp(.%lk, Z1n) —E [ P (A, Zl’”)} ‘q]

q/2

3/2 2

n I k v k ) 7

n—p—l—l n 2
(n—p+ 1) || 1) |y

where T' = 2v/2e max (\/201, 202).

The straightforward proof is detailed in Section A.3.

Let us start by noticing that both Eq. (3.1) and Eq. (3.2) provide upper bounds which
deteriorate as p grows. This is no longer the case for Eq. (3.3) and Eq. (3.4), which are
specifically designed to cover the setup where p > n/2+ 1, that is where |n/m| is no longer
equal to 1. The interest of these last two inequalities is also illustrated by considering the
case where n — p remains fixed, that is independent of n. This is a particular instance of the
setup where p/n — 1, as n — 400, which has been investigated in different frameworks by
Shao (1993); Yang (2006, 2007); Celisse (2014). In this context Eq. (3.1) and (3.2) provide
non informative upper bounds, whereas Eq. (3.3) and (3.4) lead to respective convergence
rates at worse k3/2/n (for ¢ = 2) and k?/n9=" (for ¢ > 2).

One can also emphasize that, as a U-statistic of order m = n —p+ 1, the LpO estimator
has a known limiting distribution when its order m remains constant with respect to n,
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which amounts to require n — p is equal to a constant. In this setup, it is known (see
Theorem A, Section 5.5.1 Serfling, 1980) that

\f (EP(AR, Z1p) —E [Rp(Ak, Zl,n)}) ﬁ N(0,¢1)

where (; = Var[g(Z1)], with g(z) = E[hm(z, Z2,...,Zmy)]. Therefore the upper bound
given by Eq. (3.3) has the right magnitude with respect to n as long as m =n —p+ 1 is
assumed to be constant.

Finally Eq. (3.4) has been derived using a specific version of the Rosenthal inequality
(Ibragimov and Sharakhmetov, 2002) stated with the optimal constant and involving a
“balancing factor”. In particular this balancing factor has allowed us to optimize the relative
weight of the two terms between brackets in Eq. (3.4). This leads us to claim that the
dependence of the upper bound with respect to ¢ cannot be improved with this line of
proof. However we do not conclude that the term in ¢® cannot be improved using other
technical arguments.

4. Exponential concentration inequalities

In this section, we provide exponential concentration inequalities for the LpO estimator
applied to the kNN classifier. The main inequalities we provide at the end of this section
heavily rely on the moments inequalities previously derived in Section 3, that is Theorem 3.2.
In order to emphasize the interest of our approach, we start this section by proving two
exponential inequalities obtained with less sophisticated tools. For each of them, we discuss
its strength and weakness to justify the additional refinements we further explore step by
step. N

A first exponential concentration inequality for R,(Aj,Z1,) can be derived by use
of the bounded difference inequality following the line of proof of Devroye et al. (1996,
Theorem 24.4) originally developed for the L10 estimator.

Proposition 4.1. For any integers p,k > 1 such that p+ k < n, let }Aip(Ak,Zl’n) denote
the LpO estimator (2.2) of the classification error of the kNN classifier Ax(Z1,;-) defined
by (2.1). Then for everyt >0,

+2

P (\ﬁp(Ak, Zin) —E (fip(Ak, Zl,n))‘ > t) < ¢ " SHHDTE (4.1)

where 4 denotes the constant introduced in Stone’s lemma (Lemma D.5).

The proof is given in Appendix B.1 and relies on the McDiarmid inequality (Theo-
rem D.3).

The upper bound of Eq. (4.1) strongly exploits the facts that: (i) for X; to be one of
the k nearest neighbors of X; in at least one subsample X¢, it requires X; to be one of the
k 4+ p — 1 nearest neighbors of X; in the complete sample, and (ii) the number of points for
which X; may be one of the k + p — 1 nearest neighbors cannot be larger than (k+p—1)v4
by Stone’s Lemma (see Lemma D.5).

This reasoning results in a rough upper bound since the dominator in the exponent
exhibits a (k + p — 1)? factor. This indicates we do not distinguish between points for

10
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which X; is among the k nearest neighbors of X; in the whole sample, or above the k-th
one. However these two setups lead to strongly different probabilities of being among the &
nearest neighbors in the training sample in practice. Consequently the dependence of the
convergence rate on k and p in Proposition 4.1 is not optimal, as confirmed by forthcoming
Theorems 4.1 and 4.2.

Based on the previous comments, a sharper quantification of the influence of each nearest
neighbor among the k+ p—1 ones of a given point in the complete sample leads to the next
result.

Theorem 4.1. For every p,k > 1 such that p+ k < n, let fip(Ak, Z1 ) denote the LpO
estimator (2.2) of the classification error of the kNN classifier Ag(Z1 ;) defined by (2.1).
Then there exists a numeric constant 1 > 0 such that for every t > 0,

P (E,,(Ak, Z1n) —E (ﬁp(Ak, Zl,n)) > t) VP (IE (ﬁp(Ak, Zlm)) — Ry(Ap, Z1n) > t)

nt?
<exp | — )

D/#[l%—(k:—I—p)fL%H

with O = 1024ex(1+7y4), where vq is introduced in Lemma D.5 and k < 1.271 is a universal
constant.

The proof is given in Section B.2.

Let us first remark that, in accordance with the previous comments on the deficiencies of
Proposition 4.1, taking into account the rank of each neighbor in the whole sample enables
to considerably reduce the weight of the denominator in the exponent. In particular, one
observes that letting p/n — 0 as n — +oo (with & assumed to be fixed for instance) makes
the influence of the k + p factor asymptotically negligible. This would allow to recover (up
to numeric constants) a similar upper bound to that of Devroye et al. (1996, Theorem 24.4),
which is achieved by ours in the particular case where p = 1.

However the upper bound of Theorem 4.1 does not reflect the same dependencies with
respect to k and p as what has been proved for polynomial moments in Theorem 3.2. In
particular the upper bound seems to strictly deteriorate as p increases, which contrasts with
the upper bounds derived for p > n/2 + 1 in Theorem 3.2. This drawback is overcome by
the following result, which is our main contribution in the present section.

Theorem 4.2. For every p,k > 1 such that p+ k < n, let ﬁp(Ak, Z1,) denote the LpO
estimator of the classification error of the kNN classifier f, = Ai(Z1 ;) defined by (2.1).
Then for every t > 0,

P (}?,,(Ak, Z1n) —E [ﬁp(Ak, Zl,n)} > t) VP (E [ﬁzp(Ak, Zl7n)} — Ry( Ay, Z1n) > t)
2
where A = 4,/e max (C’g, \/Cl) with C1,Co > 0 defined in Theorem 3.1.

11
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Furthermore in the particular setting where p > n/2 + 1, it comes

P (EP(Ak, Zin) —E [EP(Ak, ZLn)] > t) VP (E [E,,(Ak, Zlm)} — Ry(Ap, Z10) > t)
n

9 9 9 1/3
L min{-pt+1)|—2 ! (n—p+1)|—— !
Rl IO Pl U n—p+ 1| Ar2K3/2 b n—p+1| A2k ’

(4.3)

where T arises in FEq. (3.4) and ~gq denotes the constant introduced in Stone’s lemma
(Lemma D.5).

The proof has been postponed to Appendix B.3. It involves different arguments for the
two inequalities (4.2) and (4.3) depending on the range of p. Firstly, for p < n/2 + 1, the
two corresponding inequalities of Theorem 3.2 on the moments of the LpO estimator allow
to characterize its sub-Gaussian behavior in terms of its even moments. Ineq. (4.2) then
straightforwardly results from Lemma D.2. Secondly, for p > n/2+1, we rather exploit: (7)
the appropriate upper bounds on the moments of the LpO estimator given by Theorem 3.2,
and (ii) a dedicated Proposition D.1 which relates moment upper bounds to exponential
concentration inequalities.

In accordance with the conclusions drawn about Theorem 3.2, one observes that the
upper bound of Eq. (4.2) increases as p grows, unlike that of Eq. (4.3) which improves as p
increases. In particular the best concentration rate in Eq. (4.3) is achieved for p = n — 1,
whereas Eq. (4.2) turns out to be useless in that setting. Let us also notice that Eq. (4.2)
is strictly better than Theorem 4.1 as long as p/n — § € [0, 1], as n — +o0.

In order to allow an easier interpretation of the last Ineq. (4.3), we also provide the
following proposition (proved in Appendix B.3) which focuses on the description of each
deviation term in the particular case where p > n/2 + 1.

Proposition 4.2. With the same notation as Theorem 4.2, for any p,k > 1 such that
p+k<mn,p>n/2+1, and for every t >0

V2el
vn—p+1

£3/2

P ’ﬁp(Ak, Zl,n) —E [ﬁp(Ak, Zl,n)] ’ >

n —t
<|——|e-e,
n—p+1

where T' > 0 is the constant arising from (3.4).

n
n—p+1

By comparison with the well-known Bernstein inequality (Boucheron et al., 2013, The-
orem 2.10), let us remark the present inequality is very similar, except the second deviation
term in t3/2 instead of ¢ (for the Bernstein inequality). The first deviation term is of or-
der ~ k3/4 /+/n, which is the same order with respect to n as what we would get in the

12
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Bernstein inequality. The second deviation term is of a somewhat different order, that is
~ ky/n —p+ 1/n as compared with the usual 1/n in the Bernstein inequality. This means
that varying p allows to interpolate between the k/+/n rate and the k/n rate achieved for
instance with p =n — 1.

Note also that the dependence of the first (sub-Gaussian) deviation term with respect
to k is only kvk, which improves upon the k2 which would result from Ineq. (4.2) in
Theorem 4.2. However since the dependence of the two deviation terms is inherited from
the upper bound on the L! stability established by Devroye and Wagner (1979, Eq. (14)),
any improvement of the latter would lead to enhance the present concentration inequality.

5. Assessing the gap between LpO and prediction error

In the present section, we derive new upper bounds on different measures of the discrepancy
between }A%p(Ak, Zy.n) and L(fy) or R(f) = E [L(fk) ] . These bounds on the LpO estimator

are completely new for 1 < p < n—k. Some of them are extensions of former ones specifically
derived for the L10 estimator applied to the kNN classifier.

Theorem 5.1. For every p,k > 1 such that p+ k < n, let ]/%p(.Ak,Zl,n) denote the LpO
risk estimator (see (2.2)) of the kNN classifier fi = Ai(Z1 ;) defined by (2.1). Then,

4 pVk

B[Ry 1) | - BUW| < =05 (5.1)
and
E[(EP(Ak,ZLn) —R(fk))Q] < I%danirl ;izif : (5.2)
Moreover,
E [(Ep(Ak,Zl,n) - L(fk)ﬂ < 2\}? 2 +n3)ﬁ + % (5.3)

Proof of Theorem 5.1.
Proof of (5.1): Lemma D.6 immediately provides

B[Ry Ay Z10) — LU0 = [B[100)] - B [LA)]|
E [[Tpawzex)svy — Liazix)2v]

4 pvk
Var no

IN

= P(A(Z%X) # A(Z1n; X)) <

13
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Proof of (5.2): The proof combines the previous upper bound with the one established for
the variance of the LpO estimator, that is Eq. (3.1).

§ [(EP(A’C’ZM) —E [L(fk)DT

=E {(ﬁp(flk, Zip) —E |:§p(-Ak‘7 Z1,n)D2] + (E |:§p(-’41€5 Zl,n)] —-E {L(fk)DQ

2
_ 1286 k3/2 N 4 pvk
T V2r n—p+1 Vo mn 7

which concludes the proof.
The proof of Ineq. (5.3) is more intricate and has been postponed to Appendix C.1. [

Keeping in mind that E [ﬁp(Ak,ZLn)} = R(Ax(Z1m)) (with m = n —p + 1), the
right-hand side of Ineq. (5.1) is an upper bound on the bias of the LpO estimator, that
is on the difference between the risks of the classifiers built from respectively n — p and
n points. Therefore, the fact that this upper bound increases with p is reliable since the
classifiers Ay (Z1 ;) and Ag(Z1 n;-) can become more and more different from one another
as p increases.

More precisely, the upper bound in Ineq. (5.1) goes to 0 provided pvk/n does. It
seems somewhat more restrictive than the usual condition on k and n, that is k/n — 0 as
n — 400 (see Devroye et al., 1996, Chap. 6.6 for instance). However if one rather assumes
p/n — 6 € (0,1], then this upper bound does no longer decrease to 0. Here again this
seemingly restriction is straightforwardly inherited from the bound on the L' stability of
the kNN classifier (Devroye and Wagner, 1979, Eq. (14)). Therefore any improvement of
this L! stability upper bound would enhance Ineq. (5.1).

Let us further notice that this restriction to values of p such that p/n — 0 justifies the
use of Eq. (3.1) along the derivation of Ineq. (5.2), which is relevant with p <n/2+1. Note
that an upper bound similar to that of Ineq. (5.2) can be easily derived for any order-g
moment (g > 2) at the price of increasing the constants by using (a + b)? < 297 (a? + b?),
for every a,b > 0. We also emphasize that Ineq. (5.2) allows to control the discrepancy
between the LpO estimator and the risk of the kNN classifier, that is the expectation of its
classification error. Ideally we would have liked to replace the risk R( fk) by the prediction
error L( fk) But using our strategy of proof, this would require an additional distribution-
free concentration inequality on the prediction error of the kNN classifier. To the best of
our knowledge, such a concentration inequality is not available up to now.

Finally upper bounding the squared difference between the LpO estimator and the
prediction error is precisely the purpose of Ineq. (5.3). Proving the latter inequality requires
a completely different strategy of proof which can be traced back to an earlier proof by
Rogers and Wagner (1978, see the proof of Theorem 2.1) applying to the L10O estimator.
It is also noticeable that Ineq. (5.3) combined with the Jensen inequality lead to a less
accurate upper bound than Ineq. (5.1).

Let us conclude this section with a corollary, which provides a finite-sample bound on
the gap between }Aip(Ak, Z1,) and R(fk) =E [L(fk)} with high probability. It is stated

14
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under the same restriction on p as the previous Theorem 5.1 it is based on, that is mainly
for small values of p.

Corollary 5.1. With the notation of Theorems /.2 and 5.1, let us assume p, k > 1 with
p+k<n,andp<n/2+1. Then for every x > 0, there exists an event with probability at
least 1 — 2e™" such that

A2E2 N 4 pVk

R(fi)) = By(Ar, Z1,0) - (1 _ p%l) YT Var

<

where fk = Ap(Z1 ;).

Proof of Corollary 5.1. Ineq. (5.4) results from combining Ineq. (4.2) (from Theorem 4.2)
and Ineq. (5.1).

R(f1)) — Rp(Ap, Z1.)

< ‘R(fk)) _E [ﬁp(Ak, Zm)} | n ‘E [fzp(Ak, Z13) | = Bo(Ax, Z1)

4 pVk A2[2

V2mr mn n—p+1

IN

O]

It relies on the combination of the exponential concentration result derived for }Azp(Ak, Z1n)
(Theorem 4.2) with the upper bound on the bias, that is Ineq. (5.1).

Note that the right-hand side of Ineq. (5.4) could be used to derive bounds on R(f})
that are similar to confidence bounds. However we emphasize these confidence bounds have
not been optimized with respect to the constants, which somewhat limits their practical
applicability in finite-sample size settings.

Let us also recall that the last Ineq. (5.1) essentially applies to small values of p, which
justifies the restriction in Corollary 5.1 to p < n/2 + 1. Indeed choosing p such that n — p
remains constant would make the right-hand side of Ineq. (5.1) nondecreasing. However let
us assume a tighter upper bound than that of Ineq. (5.1) can be derived in the setting where
p > n/2+ 1. Then one would get an inequality similar to Ineq. (5.4) by solely replacing
Theorem 4.2 by Proposition 4.2, which applies to p > n/2 + 1.

6. Discussion

The present work provides theoretical guarantees on the performance of LpO used for esti-
mating the risk of the kNN classifier. First the results derived in Section 4 give some new
insight on the concentration of the LpO estimator around its expectation for different rates
of p/n. Furthermore the upper bounds in Ineq. (5.2) and (5.3) of Section 5 straightforwardly
imply the consistency of the LpO estimator towards the risk (or the classification error rate)
of the kNN classifier.

It is worth mentioning that the upper-bounds derived in Sections 4 and 5 — see for
instance Theorem 5.1 — can be minimized by choosing p = 1, suggesting that the L10
estimator is optimal in terms of risk estimation when applied to the KNN classification
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algorithm. This observation corroborates the results of the simulation study presented in
Celisse and Mary-Huard (2011), where it is empirically shown that small values of p (and
in particular p = 1) lead to the best estimation of the risk, whatever the value of parameter
k or the level of noise in the data. The suggested optimality of L10O (for risk estimation)
is also consistent with results by Burman (1989) and Celisse (2014), where it is proved
that L10 is the best cross-validation procedure to perform risk estimation in the context
of regression and density estimation respectively. However, note that Theorem 5.1 only
provides an upper-bound of the risk, whereas a thorough analysis would rather require (at
least) an asymptotic equivalent of the measure of the discrepancy between }A%p(.Ak, Z1,n) and

L(f)-

Alternatively, the LpO estimator can be also used as a data-dependent calibration pro-
cedure to choose k: the value I;:p corresponding to the minimum LpO estimate will be
selected. Although the focus of the present paper is different, it is worth mentioning that
the concentration results established in Section 4 are a significant early step towards de-
riving theoretical guarantees on LpO as a model selection procedure. Indeed, exponential
concentration inequalities have been a key ingredient to assess model selection consistency
or model selection efficiency in various contexts (see for instance Celisse (2014) or Arlot
and Lerasle (2012) in the density estimation framework). Still risk estimation and model
selection are different objectives, and it is well known that the best estimator in terms of
risk estimation can be different from the best one in terms of model selection. For instance
in the regression context, L10 is known to provide the best estimator of the risk (Burman,
1989). But it leads to an inconsistent model selection procedure (Shao, 1997).

Investigating the behavior of l%p requires some further dedicated theoretical develop-
ments. One first step towards such results is to derive a tighter upper bound on the bias
between the LpO estimator and the risk. The best known upper bound currently available
is derived from Devroye and Wagner (1980, see Lemma D.6 in the present paper). Unfor-
tunately it does not fully capture the true behavior of the LpO estimator with respect to p
(at least as p becomes large) and could be improved as emphasized in the comments at the
end of Section 5. Another important direction for studying the model selection behavior
of the LpO procedure is to prove a concentration inequality for the classification error rate
of the kNN classifier around its expectation. While such concentration results have been
established for the kNN algorithm in the (fixed-design) regression framework (Arlot and
Bach, 2009), deriving similar results in the classification context remains a widely open
problem to the best of our knowledge.
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Appendix A. Proofs of polynomial moment upper bounds

A.1 Proof of Theorem 2.2

The proof relies on Proposition 2.1 that allows to relate the LpO estimator to a sum of
independent random variables. In the following, we distinguish between the two settings
q = 2 (where exact calculations can be carried out), and ¢ > 2 where only upper bounds
can be derived.

When ¢ > 2, our proof deals separately with the cases p <n/2+1and p >n/2+1. In
the first one, a straightforward use of Jensen’s inequality leads to the result. In the second
setting, one has to be more cautious when deriving upper bounds. This is done by using
the more sophisticated Rosenthal’s inequality, namely Proposition D.2.

A.1.1 EXPLOITING PROPOSITION 2.1

According to the proof of Proposition 2.1, it arises that the LpO estimator can be expressed
as a U-statistic since

~ 1
Ry(A, Z1) = — > W (Zowys- s Zom)

with
S | =]
W (Zi,...\ Zn) = m > b (Zatymitse s Zam)  (withm=n—p+1)
a=1
1 — .
and hm (Zl,...,Zm) = %Z]l{A(ZY) X);éY} = Rl(A, Zl,n—p—l—l) s
i=1 mrTT

where A(ngn; .) denotes the classifier based on sample Zl(lzn =021, Zi1,Zix1y- o Z).
Further centering the LpO estimator, it comes

. . 1 _
Ry(A, Z1,) —E [RP(A, Zl,n)] = =Y W (Zorys- s Zoia)

where W(Zy,...,2,) =W (Z1,...,2,) —E[W(Z1,...,Z,)].
Then with hp(Z1,. .., Zm) = hin(Z1, ..., Zm) — B h(Z1, ..., Zm)], one gets
E Hﬁzp(A, Z1n) —E [ﬁzp(A, Z n)} ‘q] <E[|W(Z1,...,2Z,)|] (Jensen's inequality)

2] i
m (Z(—1ym+1 -+ Zim) (A.1)

I
=
—
| 3
| I
L
1
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>

,_
3
| —

Q

]

— L%J g han (Z(i—1ym+1> - - Zim)

=1
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A.1.2 THE SETTING ¢ = 2

If ¢ = 2, then by independence it comes

L]

E [|RyA Z10) ~ B[Ryl 210)][] < | 2] Var > o (Zi-tymets s Zim)
—2
= _%_ Z Var [ b (Z(i—1ym+1s - - - Zim) |
= _%_ - Var <§1 (A, Z17n_p+1)) )

which leads to the result.

A.1.3 THE SETTING ¢ > 2

If p<n/2+1: A straightforward use of Jensen’s inequality from (A.1) provides

B [|Ro(A Z10) ~ B [Bytd ][] < | 2] i e Ziymsss s Zon)|
=EK HRI 21 n—pt1) — [Rl(A, Zl,n7p+1)i| m .

If p > n/2+4 1: Let us now use Rosenthal’s inequality (Proposition D.2) by introducing
symmetric random variables (i, ..., (|y/m| such that

Vl S S Ln/mJ C’L = hm (Z(i—l)m—i-l’ ey Zlm) — hm (Zgi—l)m—‘rl’ ceey Z{m) s
where Z1,...,Z!, are i.i.d. copies of Z1,...,Z,. Then it comes for every v > 0

) ! ETHE
Z Z(Z 1m+17"'7Zim) SE ZCZ ,
=1 =1

which implies

B q 2] B
ZE Ziitymsts - > Zim) B(gq,7) VZE\W ZE[ZQ]

Then using for every i that
E { |C2|q] < 29K [ ‘Bm (Z(i—l)m-‘rlv SRR Zlm) ‘q] )
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it comes

q

5]
E Z hin (Z—1yms1s -+ Zim)
=1

< Bla,) (27 | = | B [|RaA, Zum) — B [ RatA, Ze) ] '] v

(2] (@iaz)) ).

Hence, it results for every ¢ > 2
~ ~ q
E HRP(A, Z1n) B [Ry(A, Z1,0)] ( }

< B(g,7) <2q7 {%J

e [|Ri(a, 20) —E [ Re(a, 200 ]| v

2 (v (B ) ).

which concludes the proof.

A.2 Proof of Theorem 3.1

Our strategy of proof follows several ideas. The first one consists in using Proposition 3.1
which says that, for every q > 2,

_ m 2
(21, Zw)||, < v/25q Z(hm(Zl,...,Zm)—hm(Zl,...,Z]’.,...,Zm)) ,
= a/2

where hy (21, ..., Zm) = Ri (A (Z1m; ) by Bq. (2.4), and hy(Z1, ..., Zin) = hen(Z1, - -, Zn)—
E [hm(Z1,-..,Zm)]. The second idea consists in deriving upper bounds of

Ny =bg(Z1, ..o Zm) = hin(Z1, .. 25, T

by repeated uses of Stone’s lemma, that is Lemma D.5 which upper bounds by kv, the
maximum number of X;s that can have a given X; among their k nearest neighbors. Finally,
for technical reasons we have to distinguish the case ¢ = 2 where we get tighter bounds,
and ¢ > 2.

A.2.1 UPPER BOUNDING AJh,,
(4)

Let us now introduce the notation Z(*) = Z%gn (see Theorem 2.1), and Z7() = (Z{’m)

with 77, = (Zl, 7 Zn) Then, Al = hin(Z1, -, Zon) = Zas s 2l Zon)
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is now upper bounded by

. 11
| A by | < pls > ‘]l{Ak(z(i);xi);m} — L (z0,x) 272
i#j
11
< ot Mo o) (A4-2)
i#j

Furthermore, let us introduce for every 1 < j < n,
Aj={1<i<m, i#j, jeVi(Xy)} and A; = {1 <i<m, i #j, jeVi(X)}

where Vi (X;) and V}/(X;) denote the indices of the k nearest neighbors of X; respectively
among Xl, ce an—lanan—Ha ce ,Xm and Xl, ...,Xj_l, X;, Xj+1, ceey Xm Setting Bj =
AU A;, one obtains

4 11
| A | < — 4+ — EZB ‘]l{Ak(z(ihXi);éAk(ZNi);Xi)} ' (A:3)
ey

From now on, we distinguish between ¢ = 2 and ¢ > 2 because we will be able to derive
a tighter bound for ¢ = 2 than for ¢ > 2.

A.2.2 CASE ¢ > 2

From (A.3), Stone’s lemma (Lemma D.5) provides

1 1

A hn| < — + — ; Las(zoxyzan(ziox)) < o =07
&by

Summing over 1 < j < n and applying (a + b)? < 297! (a? +b9) (a,b > 0 and ¢ > 1), it
comes

(2k’7d)2 )

(1+ (2k79)?) S%

2
m

> (&) <

J

hence
ST (hlZay oo Zon) = (21, 2 Z)) P <
j=1
This leads for every g > 2 to
_ —4k
Hhm(Zb e Zm)Hq < q1/2 2”% )

which enables to conclude.

23



CELISSE AND MARY-HUARD

A.2.3 CASE ¢ =2

It is possible to obtain a slightly better upper bound in the case ¢ = 2 with the following
reasoning. With the same notation as above and from (A.3), one has

_ 2
X 2 2 2
B [(7hn)’] = 55+ 5B | | 30 T 20 (z0x)
iij
2 2
< 2 b B | 1B3 2 Ly (20 ) (2001
1€B;

using Jensen’s inequality. Lemma D.5 implies | B;| < 2kv4, which allows to conclude

; 2 2 4k'yd
B(A7hn)"] < 5+ 5B | 2 L (a0 (m0x)
’iEBj
Summing over j, one derives
“ 2
ZE[(hm(Zl,...,Zm)—hm(Zl,...,Zj’-,...,Zm)) ]
j=1
2 dkvyy
St T B | D Mz pan(z0nx)
ZGB]'
2 Ak ~—
Smtm ;E L (200 ) (20020} + (200 20} e (25955}
2 Wk 2 32y kVEk kvVk
< — +4kvyg x 2 = + ——<(2+16yy)— , A4
- WX e =t m ( va) =, (A.4)

where Zj is an independent copy of Z;, and the last but one inequality results from
Lemma D.6.

A.3 Proof of Theorem 3.2

The idea is to plug the upper bounds previously derived for the L10 estimator, namely
Ineq. (2.5) and (2.6) from Theorem 2.2, in the inequalities proved for the moments of the
LpO estimator in Theorem 2.2.

Proof of Ineq. (3.1), (3.2), and (3.3): These inequalities straightforwardly result from
the combination of Theorem 2.2 and Ineq. (2.5) and (2.6) from Theorem 3.1.
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Proof of Ineq. (3.4): It results from the upper bounds proved in Theorem 3.1 and plugged
in Ineq. (2.7) (derived from Rosenthal’s inequality with optimized constant 7, namely Propo-
sition D.3).

Then it comes

E ‘R (A, Z1n) — [

b:»
™~
¥
N
3
=)
IA
/N
[\
S
()
N—
£}
X

q k q n k '
{(\@ \/201\/%J T— L#HJ \/(q3/2) {n—p-i—lJ (202 L#HJ np+1>
<

o) () ()},

with

k k
A\ = 2v2er/201VE . g = 2v/2e20, :
(n=p+1) |5 | v

Finally introducing I' = 2v/2e max (202, V2C 1) provides the result.
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Appendix B. Proofs of exponential concentration inequalities

B.1 Proof of Proposition 4.1
The proof relies on two successive ingredients: McDiarmid’s inequality (Theorem D.3), and
Stone’s lemma (Lemma D.5).

First, let us start by upper bounding ’EP(Ak (Zin;-)) — (Ak( i )| for every 1 <
j <n, where Z) = (Zy,...,Zj1, 2}, Zj1, ..., Zn).

Using Eq. (2.2), one has

~

By( Ak (Z1,037)) = Ryl AK(Z1%,5-))]

3

1

< » >.6) Z L, (zeixzyiy — Layziiex, ige}
i=1
1 n
< » >0 Zﬂ{Ak Ze: X)) A AR (205000} Ligey
=1
1 & _
< ];Z RS [ Geveexn) T Lijevioex, )}} Ligey + Z]l{ﬂe}’

i#j e

where Z'J*¢ denotes the set of random variables among Z{Jn having indices in e, and V,¢(X;)
(resp. V,”°(X;)) denotes the set of indices of the k nearest neighbors of X; among Z¢ (resp.
Z/,j,e)_

Second, let us now introduce

BEr =y {1 <i<n, igeU{j}, VP(X:) 3 j or VE(Xi) 9j}.

J ec€n_p

Then Lemma D.5 implies Card(Bf”f”) < 2(k 4+ p — 1)7v4, hence

~ ~ . 1 ny—1 1
By(Ar (Z10 ) = BplAr(210,3))| < 52 BT 2 L+
ier”_p c
4k +p— 1)y L1
- n n

The conclusion results from McDiarmid’s inequality (Section D.1.5).

B.2 Proof of Theorem 4.1

In this proof, we use the same notation as in that of Proposition 4.1.
The goal of the proof is to provide a refined version of previous Proposition 4.1 by taking
into account the status of each X; as one of the k nearest neighbors of a given X; (or not).
To do so, our strategy is to prove a sub-Gaussian concentration inequality by use of
Lemma D.2, which requires the control of the even moments of the LpO estimator }?ip.
Such upper bounds are derived
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e First, by using Ineq. (D.5) (generalized Efron-Stein inequality), which amounts to
control the g-th moments of the differences

A, = Ry(Ar(Z1ni)) = Rp(Ak(Z7757)-
e Second, by precisely evaluating the contribution of each neighbor X; of a given X, that
is by computing quantities such as P, [j € e, i € €, j € V(X;)], where P, [ -] denotes

the probability measure with respect to the uniform random variable e over &, _,, and
Vi£(X;) denotes the indices of the k nearest neighbors of X; among X¢ = {X,, ¢ € e}.

B.2.1 UPPER BOUNDING A%
For every 1 < 5 < n, one gets

—1
. n 1

1

e, > (Lanzexavy - ]l{Ak<Z~evj;Xi>¢m)} :
ice

Absolute values and Jensen’s inequality then provide

’Ep(Ak‘(Zl,n; ) — Ep(Ak(Zi’i; )

-1
n 1 1
< <p> Z {ﬂ{jeé}p + ]l{jee}]; Z ]l{Ak(Ze;Xz')#Ak(Z”e’j§Xi)}}
e i€e
1 n\ ! 1
o > ey » 2 M a(zsx)2 A2 50}
e i€e

1 1 .
a7t Y P ljce, ice A(Z5X:) # A2 X))
=1

where P, denotes the discrete uniform probability over the set &,_, of all n — p distinct
indices among {1,...,n}.

Let us further notice that {Ax(Z% X;) # Ap(Z2"%7; X;)} C {j e V(X)) U ka’j’e(Xi)},
where Vk/’j’e(Xi) denotes the set of indices of the k nearest neighbors of X; among 29
with the notation of the proof of Proposition 4.1. Then it results

n

NP jce ice AZ%Xi) # A2 X5) ]

i=1
n .
<3P [j Ee, i€8, j€VIX)U V,;’J’E(Xi)]

=1

gZ(Pe[jee, ice, jeVeX)]+Pe [jEe, = jeV,f(XZ-)UVk”j’e(X,;)])
=1

<2 Pljce ice jeVE(X)],
=1
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which leads to

‘AJ}<n—|— ZP jee ice, jeVI(X))].
Zl

Summing over 1 < j < n the square of the above quantity, it results

n

Z Z{ + - ZIP) j€Ee i€e, je VX )]}

j=1 P4

n 2
1 2
<2 — +2< - P.[j€e, i€e jeVIX;
>+ 23n Jevic) )
9 2
< —+38 P, \% .
<= Z{ Z [jee ice jeVi(X )]}

i=1

B.2.2 EVALUATING THE INFLUENCE OF EACH NEIGHBOR

Further using that

n n 2
E:(;E:PJjeaieé,jEWﬂXﬁo

j=1 i=1

—Z Z [jee ice je VX)) +

Z Y Peljce ice jEVEX)|Pe[jEe, i€E, jEVI(X)]
1<i#l<n
= Tl + T2 |
let us now successively deal with each of these two terms.

Upper bound on 71 First, we start by partitioning the sum over j depending on the
rank of X as a neighbor of X; in the whole sample (X1,...,X,). It comes

n

> > APelice ice jeVeXy)]y

1:=1

( > {Pljce ice jeVHX)Y + > {mueaieajewumm).

JEVR(X4) JEVip (Xi)\ Vi (X5)

Il
1M

3

i=1

Then Lemma D.4 leads to

Ej (P.[jee ice je V(X)) + § (P.[jee ice je V(X))
JEVR(X5) €V p(Xi)\ Vi (X3)
2
pn—p . e pn—p
< il . -
< E <nn—1> + g Pe[jee,zee,jGVk(Xz)]nn_l

JEVR(X:) TEVip (Xi)\ Vi (X3)

2 _ _ 2., _

pn—p kpp—1pn—p pP\2n—p

=k + — = =k(=
nn—1 nn—1nn-—1

n



PERFORMANCE OF CV TO ESTIMATE THE RISK OF kNN

where the upper bound results from } . a < (max; a;) >, aj, for a; > 0. It results

= LY R lice iea se v < n [k(2) R2] < Eror

oo P n/ n—1 nn—1

Upper bound on 72 Let us now apply the same idea to the second sum, partitioning
the sum over j depending on the rank of j as a neighbor of ¢ in the whole sample. Then,

QZ Y Peljce ice jeVHX)|Pjce, e, jeVE(X)]
]11<z;é£<n

ZZ Z clj€e iee jeVIX )]%Z:?

i=1 5751 JEVE(Xe)

QZZ 3 [P’e[jEe,iEé,jere(Xi)]%Z:i '

i=1 LA GEViyp(Xe)\ Vi (Xe

We then apply Stone’s lemma (Lemma D.5) to get

T2
I v pn—p kpp—1
:72 Peljce ice jeVi(X Z]IJGVk(Xf) nn — +Z]1]€Vk+:n(xé)\vk( Xe 1
p i=1 j=1 0F£i L#i
1 = kp pn— kpp—1 k2 P p—1
< ST (g 2R ——:——k
—ngn<w 1+(+pm — )=yt ktp)—
k? p—1
=g (14 (k+p— 1)
Va— ( +(k+p-1) 1)

Gathering the upper bounds The two previous bounds provide

i{ ip [j€e, i€e jeVI(X )]} =T1+T2

7j=1 =1

which enables to conclude

n

S (Bl Au(Z1) — Ryl An(212,))

j=1
2 p—1 k2(1
n(1+4k+4k2fyd[1+(k+p) 1])§8(n+7d)

[1+(k+p) _”
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B.2.3 GENERALIZED EFRON-STEIN INEQUALITY

Then (D.5) provides for every ¢ > 1

= 1+ vq)k? -1
HRP(Ak,ZLn)— | Bop(Ak, Z1.0) H’ <4,ﬁ\/ a) {1+(l{: +p)§_1].
Hence combined with ¢! > ¢%¢~9,/2mq, it comes

E |:<§p(~/4k:721,n) ~E [ﬁp(Ak,Zl,n)DZQ] < (16kq)? (W [1 +(k+p) 2= 1 ])q

n—1
(1 + ’yd)kQ

-1 q
<4 (166&8[1+(k+p)p]) |
n n—1

The conclusion follows from Lemma D.2 with C' = 166%% [1 + (k+p)f= ] Then
for every t > 0,

iy (Ep(Ak, Zin)—E (EP(Ak, ZM)) > t) VP (E (E,,(Ak, ZM)> ~ Bo(Ap, Z1p) > t)

nt?

1024k (1+74) | 1+ (k + p) 21 |

<exp | —

B.3 Proof of Theorem 4.2 and Proposition 4.2
B.3.1 PROOF OF THEOREM 4.2

If p<n/2+1:
In what follows, we exploit a characterization of sub-Gaussian random variables by their
2¢-th moments (Lemma D.2).

From (3.1) and (3.2) applied with 2¢, and further introducing a constant A =
4./e max (\/01/2702> > 0, it comes for every ¢ > 1

e [[Rodes 20 B[R 2 ||| < (B iy ) < (5t )

16en —p+1 8 n—p+1
(B.1)

with ¢7 < ¢le?//2mq. Then Lemma D.2 provides for every ¢ > 0
P (Rp(Ap Z10) B | Ry(Ax Z10) | > 1) VP (E | Ry(Ay, Z1n) | = Bp(Ak, Z1.0) > 1)
< exp < (n—p+ 1)Afk2>

Ifp>n/2+1:

This part of the proof relies on Proposition D.1 which provides an exponential concentration
inequality from upper bounds on the moments of a random variable.
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Let us now use (3.1) and (3.4) combined with (D.1), where C' = [#})HJ, ¢o = 2, and
min; o;j = 1/2. This provides for every ¢ > 0

P Hzfzp(Ak,Zlvn) —E [ﬁp(Ak,ZLn)” > t} < L”L—ZHJ ex

) 2 o \1/3
exp —imin (n—p+1) o ! (n—p+1) r t
2e n—p+1]4ar2kVE’ n—p+1| 42k2

where I arises from Eq. (3.4).

B.3.2 PROOF OF PROPOSITION 4.2
As in the previous proof, the derivation of the deviation terms results from Proposition D.1.

With the same notation and reasoning as in the previous proof, let us combine (3.1)
and (3.4). From (D.2) of Proposition D.1 where C' = L"%PHJ’ go = 2, and min; oj = 1/2,
it results for every t > 0

P | |By(Ap Z10) = B | By(Ar, Z1n) | >F\/(n _2:+1) [iJHQG [n;lj /2

< |————le-e?,
n—p+1

where I' > 0 is given by Eq. (3.4).

31



CELISSE AND MARY-HUARD

Appendix C. Proofs of deviation upper bounds
C.1 Proof of Ineq. (5.3) in Theorem 5.1

The proof follows the same strategy as that of Theorem 2.1 in Rogers and Wagner (1978).

Along the proof, we will repeatedly use some notation that we briefly introduce here.
First, let us introduce Zy = (Xo,Yp) and Z,11 = (Xp41, Yny1) that are independent
copies of Z;. Second to ease the reading of the proof, we also use several shortcuts:
fA‘k(XO) = Ay (Z1,n; Xo), and fk(e,Xo) = Ayg (Zf’n;Xo) for every set of indices e € &,
(with cardinality n—p). Finally along the proof, e, €’ € &,_, denote random sets of distinct
indices with discrete uniform distribution over &,_,. Therefore the notation P, (resp. P /)
is used to emphasize that integration is made with respect to e (resp. to e, ¢€’).

C.1.1 MAIN PART OF THE PROOF

Starting from
E[(Ry(A. Z10) = L(Ak, Z10))°] = B [B2(Av, Zu0)| +E [L2] = 2B [Ry(Ay, Z1.0) L(Ak, Z1,0)]
let us notice that
E[L}] =P <J?k(X0) # Yo, fe(Xni1) # Yn+1) ;
and
E [ Rp(Aks Z1n) L(Aw, Z1)| = P (Ju(Xo) # Yo, fule, X) £ Vil i ¢ ) Pe(i g ).
Tt immediately comes

E[(Rp(Ax, Z10) — LA Z10))?]

= E[R2(Aw, Z10)| — P (Fu(Xo) # Yo fule. Xo) £ Yi| i e) Pe(ige) (CBY
+ [P (FulX0) # Yo, fuXs1) # Yorr) =P (FulX0) # Yo, (e, Xo) £ Vil i ¢ e) P (i ¢ ) ]
(C.2)

The proof then consists in successively upper bounding the two terms (C.1) and (C.2) of
the last equality.

Upper bound of (C.1) First, we have
PE B (A Z1a)] = DB L7 i Mot L e s Lt
[2¥}
= zi:E[]l{fk(e,xi);éyi}]l{ieée}]l{ﬁ(e',xi);ém}]l{i@’}]
+§E []1{fk(e,xi)ﬂi}ﬂ{ige}]l{me/,xj#yj}ﬂ{jge'}} :
i#j
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Let us now introduce the following events.

Aceri = {ide, i ¢ e},

Aé,e’,i,j = {7’ ¢ 67 j ¢ 6/7 /L ¢ 6/7 j ¢ 6}, Aze 717‘7 {7’ ¢ 67 .] ¢ 6/7 /L ¢ 6/7 j E 6}?
A:cie’,i,j = {7“ ¢ €, j ¢ 6/7 1€ 6/7 j ¢ 6}, Age KN {Z ¢ €, .] ¢ 6/7 1€ 6/5 ] € 6}-
Then,

B [R2(Av, Z1,0)]
_ Z]}D (Fute X0) # Vi, Fule!s X0) # Vil A ) Per (Acrs)

+Zzp<fk e X)% le? fk(e X) 7é Y’Aee z]) e (Ag,e’,i,j)
i#y =1
— P (fk(e, X1) £ Ya, fule, X1) # Y1|Aeve/71> Peor (A1)
4
(n—1)) P (fk e, X1) £ Y1, fule/, X2) £ V2| AL, 12) Pee (Aﬁ,e’,1,2> :
=

Furthermore since

4
1 1
p [nPe,e/ (Ae7e/ 1 + n n — ]. Z]Pe’e/ (Aﬁ,el,l,Q)] = p ZP676/ (’L ¢ €, ] g 6,) =
(=1 i,
it comes
=~ -~ ~ -1
E [R?;(Akyzl,n)] - P (fk(XO) # Yo, fr(e, X1) # Y1) = ]%A + n(T;Q)B, (C.3)

where

A= {P( e, X1) # Y1, fule, Xl)?‘éYI‘Aee’l)
-P (]?k Xo) # Yo, fule, X1) £ V1 | Ao 1)] Peer (Acern)

4
and B:Z[ (fkeXl ) # Y1, fule, X2)75Y2’Aee/12)
=1

( Fe(Xo) # Yo, frle, X1) # Y1 | AL 6'12)} Pee <A£,e’,1,2) :

e Upper bound for A:
To upper bound A, simply notice that:

A < Pe,e’ (Ae,e/,i) < Pezel (2 §é & Z¢ el) = (%)2

e Upper bound for B:
To obtain an upper bound for B, one needs to upper bound

P (fule, X1) £ Y1, fole/s Xo) £ Yo | Al onn) = P (Ful(Xo) # Yo, fule, X1) # Vi | AL 2)C4)
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which depends on ¢, i.e. on the fact that index 2 belongs or not to the training set indices
e.

o If2& e (i.e. £=1or 3): Then, Lemma C.2 proves

ApVk
(< T2

o If 2c e (i.e. £=2or4): Then, Lemma C.3 settles

8Vk N apVk
V2r(n—p) V21

(C.4) <

Combining the previous bounds and Lemma C.1 leads to

apVk
B< ( p27rn) []P)e,e’ (Aé,e’,l,Q) + ]P)e,e’ (Ag,e’,l,Z)]
8Vk apVk
" (mm " zﬂn) [Pest (Aena) +Per (Aoao) ]]
2v/2
< DEVE[Z [ (Al 1) + Brr (42010)]
2
+ <TL —p + z) [PS,C, (Az,e/,LQ) + P676, (A318/71’2) j|:|
2v2 o [p . o 2 2 c
< NG ki Pee (i¢ge jge)+ n—p (Pe.er (Acer1,2) + Peer (Aceri2))
W2 pp\2, 2 ((n—ppP(p—1)  (n—p)*p’
= ﬁ\/%[n (n) Jrn—p ( n?(n —1)32 +”2(“—1)2
2v/2 P\2 [P 2
= ﬁ\/%<ﬁ> [n+n—1] '

Back to Eq. (C.3), one deduces

B[R 210 — B (FelXo) # Yo, fule ) # 1) = Spa+ 202U

1 2vV2(p+2)Vk
*atm on
Upper bound of (C.2) First observe that

B (fulX0) # Yo, file, X0) # Yi |i ¢ e) = B (FV(X0) # Yo, fulle, Xusn) # Y )
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where fk(_l) is built on sample (X3,Y3), ..., (Xn41, Ynt1). One has

P (Ful(Xo0) # Yo, Fi(Xnt1) # Yarr ) = P (Ful(Xo) # Yo, fule, Xi) # Vi | i ¢ e)

= P (FilXo) # Yo, Fu(Xus) # Yarr ) =B (F' " (X0) # Yo, file, Xns1) # Vo)

< PRl £ 577 (X0) + P (fle Xur) £ filXun)
Wk ApVE
= \/ﬂn—i_ omn

where we used Lemma D.6 again to obtain the last inequality.

Conclusion:

The conclusion simply results from combining bonds (C.1) and (C.2), which leads to

2v2 (2p + 3)Vk n
V&S n

E [(ﬁp(Ak,Zl,n) — L(Ay, Zl,n)>2] <

1
n

C.1.2 COMBINATORIAL LEMMAS

All the lemmas of the present section are proved with the same notation as in the proof of
Theorem 5.1 (see Section C.1.1).

Lemma C.1.

@22y (022 (i
Pe7e/ (A; el 1 2) = p X p 5 P&e/ (Ag el i ) — n n B
2T YT () O S RN
NG any (i s B (i
]P)ee/ Age’i - —_ n n 5 ]];Deel Age’i . —_ n X n
o Aeeig) = 37w o Aewig) = a5 xS s
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Proof of Lemma C.1.

Pe,e’ (Aé7e’7172) = IEDe,e
=P

_ 6o GD)
(-p)  (ip)
Pe e (Aie/’l-’j) = P (z gde jde, ide, je e)
= Peu(i¢e jee)Peu(ide, ige)
_ GED G
) T Gop)
Pe e (Aifye/ﬂ-’j) = Peo(ite jge, ice, jde)
= P

) (&
Pe s (Ai,e’,i7j) = P.o (z de jae, ice, je e)
Peer (i ¢
)

= X
n—p) (7—p)
O
Lemma C.2. With the above notation, for £ € {1,3}, it comes
- ~ - ~ 4pVk
P (fk(&Xl) #Y1, fe(e', Xa) #Ya | Aﬁ,e/,l,Q) -P (fk(Xo) # Yo, fr(e, X1) # Y1 | Aﬁ,e/,m) < p27m '

Proof of Lemma C.2. First remind that Zj is a test sample, i.e. Zy cannot belong to either
e or €. Consequently, an exhaustive formulation of

P (fk(Xo) + Y, fule, X1) # Y1 | Aﬁ,e’,l,Q)
is
P (Fe(Xo) # Yo fele, X1) £ Vi | AL 12,0 ¢ €0 ) .
Then one has
P (fi(Xo) # Yo, fule, X1) # Vi | AL, »)

~(~2) —~
= P (fk (XQ) # }/25 fk(ele) ?é Yl | Aﬁ,e’,l,270 §‘é 6’0 ¢ 6,)
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~ (=2
where fk( ) is built on sample (X, Yp), (X1, Y1), (X3,Y3), ..., (X, Y,). Hence

P(fle, X0) # Y1, fule Xa) # Yo | ALy ) =P (FulXo) # Yo, fule. X1) # Vi | ALy s )
=P (file, X0) £ Y1, Jule, Xo) # Y2 | AL 10,0 ¢ e,0¢ )
(A7) # Yo, fule, X)) A1 ALy 10,0 ¢ .0 ¢ )
({fute. X0 # i} A {Fule, X0) £V} [ AL 120¢ €08 ¢)
P({A700) £} A {fule X2) £V} | AL 10,0 ¢)

+

~(-2) ~ ApVk
=P (fk (X2> 7& fk(eleQ) | Ag,e’,1,2> S \/ﬂn )
by Lemma D.6.

Lemma C.3. With the above notation, for £ € {2,4}, it comes

P (fule, X1) £ Vi, fale, Xo) # Y2 | Abwrn) =P (Fu(Xo) # Y0, file, X1) # Vi | Al o)

8Vk apVk
= \/%(n —p) + 2N

Proof of Lemma C.3. As for the previous lemma, first notice that

~ —~ ~(—2) ~
P (Ful(Xo) # Yo, fule, X1) £ Vi | Afon) =P (B (X2) £ Yo, ™ (X1) £ Vi Alpra)
where " is built on sample e with observation (X2, Ys) replaced with (Xo, Yp). Then

P (Fule,X1) # Y1, fule, Xo) # Yo | AL 1) =P (FulXo) # Yo, fule, Xa) £ Y1 | ALy 1)

~

Fle 1) 2 Yo, (e o) 2 Y2 | ALan) B (R7700) £ 05, 700 £ 11 L)
{fule, x0) £V} A{ A7) £ 1i} AL )

A7 2 8 (R X0 £ a1 4l

=P (e X0) 2 R0 | AL s) + 2 (37700 # e X | AL )

8Vk N vk
V27 (n — p) 21
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Appendix D. Technical results
D.1 Main inequalities
D.1.1 FROM MOMENT TO EXPONENTIAL INEQUALITIES

Proposition D.1 (see also Arlot (2007), Lemma 8.10). Let X denote a real valued random
variable, and assume there exist C > 0, A,...,Any >0, and aq,...,ay >0 (N € N*) such
that for every q > qo,

N q
E[|X]"] < C (2 Aiqai) .
i=1
Then for every t > 0,
=
. —(min; a;)e ! min]-{( t*]) J }
Pl X|>t] < Celo™ni%e , (D.1)

Furthermore for every x > 0, it results

al ex \"
F [|X| - Z)\i <min-a-)
i=1 7

< Clefoming oy, o= (D.2)

Proof of Proposition D.1. By use of Markov’s inequality applied to | X|? (¢ > 0), it comes
for every t > 0

q
E[1X]7] S g
P[’X‘ > t] < ]ququ + ]1q<qo < ]ququ % + ]lq<qo-

Now using the upper bound sz\; 1 Aig® < N max; {\;¢* } and choosing the particular value

1

G=q(t) = e ' miny { (ﬁ) % }, one gets

1 [e7) q
. . —Qi min - t ]
max; {N/\Z (e min; {(NA]-> J }) }
PIX| > t] < 1g24,C "
}} +115<Q0?

which provides (D.1).
a;
Let us now turn to the proof of (D.2). From t* = 2N A ( L ) combined with

ming oy

ug."_‘

(mm)[elmmj{(;j)

< 1g>qCe

* x

= S it arises for every x > 0
N . -1__ex i N . er o
SN Ai(g)s 2= N (e min; aj) Lo it (minj aa‘) — minj, &
= = = ~ a— < mkaxe k ~ oy — € ke %k
. ex . ex
Zi:l >\l (minj a; ) Zi:l >\l (minj aj>
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Then,
N %\ q s z
C <Z’L=1 )\l(q ) ) < Cei(mlnk ak)minj [ - Cefx.

Hence,

N o
P[\X|>Di( o) ]Cn+nc
=1

Hllnj Oéj

since e ™% > 1 and —z + qq min; a; > 0 if ¢ < qo.

D.1.2 SuB-GAUSSIAN RANDOM VARIABLES

Lemma D.1 (Theorem 2.1 in Boucheron et al. (2013) first part). Any centered random
variable X such that P(X > t) VP (=X > t) < e~ /@) satisfies

E [X?%] < ¢! (4v)7.
for all g in N4.

Lemma D.2 (Theorem 2.1 in Boucheron et al. (2013) second part). Any centered random
variable X such that

E [X?9] < glC1.
for some C' >0 and q in N, satisfies P(X > t) VP (=X > t) < e /@) with v = 4C.

D.1.3 THE EFRON-STEIN INEQUALITY

Theorem D.1 (Efron-Stein’s inequality Boucheron et al. (2013), Theorem 3.1). Let
X1,..., Xy be independent random variables and let Z = f(Xi,...,Xy) be a square-
integrable function. Then

Var(2) < 3B [(Z - E[Z | (X)) = v.

=1

Moreover if X1,..., X, denote independent copies of X1, ..., X, and if we define for every
1<i:<n

Zi=f(Xiy o XL X)),

then
v = ;Z:;E (z-2)°].

39



CELISSE AND MARY-HUARD

D.1.4 GENERALIZED EFRON-STEIN’S INEQUALITY

Theorem D.2 (Theorem 15.5 in Boucheron et al. (2013)). Let X;,..., X, n independent
random variables, f : R™ — R a measurable function, and define Z = f(Xi,...,X,) and
Zl = f(Xq,...,X],..., Xy), with X],..., X], independent copies of X;. Furthermore let

Vi = E [Z? [(Z - Z{)+]2 | Xﬂ andV_ = E [Zf [(Z - Z£)7]2 | Xﬂ Then there exists
a constant k < 1,271 such that for all q in [2, 400,

1(Z -EZ), ||, < \/26a Vil ya
1(Z -EZ)_||, < \/26a]IV-]l2 -

Corollary D.1. With the same notation, it comes

|z -EZ], < m¢ |zeiz-zp], (D3)
< vaw [tz - Bz a7, (D.4)

Moreover considering Z7 = f(Xi,... X1, Xjq1,. .., Xy) for every 1 < j < n, it results
1z -Ez||, < 2m¢ s z-2y , - (D.5)

Proof of Corollary D.1.
First note that

(2 E2), |+ (2~ E2)_|! = |12~ EZ] |

Consequently,
q q
12 ~E215 < vara" (\/IVillye +/IV-lly2 )
2eq” (V205 + IV-1273)
" qa/2
< V' |3 [(Z - 2)° | X
i=1 qa/2
Besides,

E[(2-2)° | Xt| =E[(Z - E1Z | (X)) +EZ | (X)) - Z0)* | X7

E
E[(Z - E(2] (X)0)" + (BIZ | (X)) - 2)° 1 X]
E

(2 —E(2 | (X)) | X| +E[(E[2] | (X)) - Z)* | X{]
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Combining the two previous results leads to

1z -EZ]|,

<V2q, | |D(Z-E[Z] (Xp)m)?|  +
\ i=1 a/2
=g, | |3 (Z -E (2] (47|
\ i=1 a/2

> E|(B(2) ] (X)) - 27 | X7
=1

q/2

D.1.5 McDIARMID’S INEQUALITY
Theorem D.3. Let Xy, ..., X, be independent random variables taking values in a set A,

and assume that f : A™ — R satisfies

sup }f(:nl, ey Ty ey Ty) — f (21,0 5, ,:En)’ <¢,1<i<n.

Il""vmn»x;
Then for all € > 0, one has

P(f(Xla'-an)—E[f(Xl,...,Xn)]25) < 6_252/2?:1‘3?
P(E[f(X1som Xo)] = f(X1, s X)) 2 6) < e 2/T06E

A proof can be found in Devroye et al. (1996) (see Theorem 9.2).

D.1.6 ROSENTHAL’S INEQUALITY

Proposition D.2 (Eq. (20) in Ibragimov and Sharakhmetov (2002)). Let Xi,...,X,, de-
note independent real random variables with symmetric distributions. Then for every q > 2
and v > 0,

q
n

>

i=1

E

where a V b = max(a,b) (a,b € R), and B(q,7) denotes a positive constant only depending
on q and vy. Furthermore, the optimal value of B(q,y) is given by

1 + ZUNT] Cif 2<q<A4,

0l
v UOVE[Z -2 if 4<q,

B*(q,7)

where N denotes a standard Gaussian variable, and Z,Z' are i.i.d. random variables with

Poisson distribution P (71/(;71) >
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Proposition D.3. Let Xi,..., X, denote independent real random variables with symmet-
ric distributions. Then for every q > 2,

q q

E

n
> x
=1

Proof of Proposition D.3. From Lemma D.3, let us observe

< (2v2e) L' Y BIIXIV (Va)
i=1

o if2<q<4,

B'(g,7) < (2v2ey3)"

by choosing v = 1.

o if 4 < g,

B*(q,7) < q * < deq (¢'/% + Q)>q <q? (@q)q = <2\/%\/§)q,

with v = ¢le=1/2,

Plugging the previous upper bounds in Rosenthal’s inequality (Proposition D.2), it results
for every g > 2

E

n
>x
i=1

] < (2v2eva)'{ (V)"

which leads to the conclusion.

Lemma D.3. With the same notation as Proposition D.2 and for every v > 0, it comes

o for every 2 < q <4,

B*(¢,v) <1+ (\@;fq),

o for every 4 < q,

q
B*(q,y) <~ /@Y <\/4eq (y1/a=1) 4 Q)> :

Proof of Lemma D.3. If 2 < q < 4,

< <14 I el g VR
Y Y Y

B*(q,v)=1+E[|7N|q]<1+\/§c\/a(g)2 1+\/%q\/éq (9)2 (V2 /q)"
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by use of Lemma D.9 and \/Zjl/q < /e for every q > 2.
If g >4,

B*(¢,7) =y Y@ VE[|Z2-Z|"]
< 49/l D9a/ 241, /g [Q (71/@—1) 4 q) }
(&
P TN AN Y G N }q/ ?
(&

< H~0/@=1) [4eq (71/(q—1) + q) }qﬂ — 4/l <\/4eq (Y@= + q))q

q/2

applying Lemma D.11 with A = 1/2yY/(¢=1),

D.2 Technical lemmas
D.2.1 BASIC COMPUTATIONS FOR RESAMPLING APPLIED TO THE NN ALGORITHM
Lemma D.4. For every 1 <i<n and 1 <p <n, one has
e 5 _ P
P.(ice) =2
n

Y Plice jeVi(x)] =%
j=1

In the same way,

Y Pelice jeVE(Xy)] =t
k<oi(j)<k+p

=

Proof of Lemma D./j. The first equality is straightforward. The second one results
simple calculations as follows.

n n -1
. _ . e n
Y Plice jeVE(X)] =) ( ) Y Ticeljeve(xy)
j=1 J=1 b €
n\ =
= <p) Z Lice Z Licve(x,)
e 7j=1

_ <<Z)_1ze:]1i@> k= %k .

For the last equality, let us notice every j € V; satisfies

_1
P lice jeVe(X)]=P.[je VX)) |ice|Plice] =L

n—pn’
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hence
n
Y Pelice jeVE(X)] =) Pelice jeVi(Xi)] - P.lice, jeVEX;)]
k<o;i(j)<k+p J=1 oi(§)<k
1 -1
_ P TP PP
n n—pn nn—1

D.2.2 STONE’S LEMMA

Lemma D.5 (Devroye et al. (1996), Corollary 11.1, p. 171). Given n points (1, ..., Ty) in
R?, any of these points belongs to the k nearest neighbors of at most k4 of the other points,
where g tncreases on d.

D.2.3 STABILITY OF THE kNN CLASSIFIER WHEN REMOVING p OBSERVATIONS

Lemma D.6 (Devroye and Wagner (1979), Eq. (14)). For every 1 < k <mn, let A}, denote
k-NN classification algorithm defined by Eq. (2.1), and let Z1, ..., Z, denote n i.i.d. random
variables such that for every 1 <i<n, Z; = (X;,Y;) ~ P. Then for every 1 <p <n—k,

4 k
P[Ap(Z103 X) # Ax(Z1-p3 X)] < zﬂpnf

where Z1; = (Z1,...,Z;) for every 1 <i <n, and (X,Y) ~ P is independent of Z1 ,.

D.2.4 EXPONENTIAL CONCENTRATION INEQUALITY FOR THE L10O ESTIMATOR

Lemma D.7 (Devroye et al. (1996), Theorem 24.4). For every 1 < k < n, let Ay denote
k-NN classification algorithm defined by Eq. (2.1). Let also Ry(-) denote the L10 estimator
defined by Eq. (2.2) with p = 1. Then for every ¢ > 0,

P (‘ﬁl(Ak,ZLn) —E [ﬁl(Ak,Zl,n)} ‘ > 5) < 2exp {—nré;} )

D.2.5 MOMENT UPPER BOUNDS FOR THE L10O ESTIMATOR

Lemma D.8. For every 1 <k <n, let Ay denote k-NN classification algorithm defined by
Eq. (2.1). Let also Ryi(-) denote the L10 estimator defined by Eq. (2.2) with p = 1. Then
for every q > 1,

o “le (A, Zin) —E | Ry (Ak,zl,n)} ‘QQ] <q (2(]%)2)(1. (D.9)

n

The proof is straightforward from the combination of Lemmas D.1 and D.7.
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D.2.6 UPPER BOUND ON THE OPTIMAL CONSTANT IN THE ROSENTHAL’S INEQUALITY

Lemma D.9. Let N denote a real-valued standard Gaussian random variable. Then for
every q > 2, one has

N

E[IN?] < V2eyq (1)°.

Proof of Lemma D.9. If q is even (¢ = 2k > 2), then

teo 1 a2 2 oo 22
E[|IN|Y] =2 x? _Td:v— (q—l)/ 27 2 T dx
0 a 0
_ \/5 (q - )! _ \F g
o Var2klk -1V w24/2(g/2)!

Then using for any positive integer a

a a
2ma (2) < al < V2ema <g>
e e

it results
q!

—q/2 2
24/2(q/2)! * Vaee igl”,

which implies

2l <2y (2)" < viva f)

If gis odd (¢ = 2k + 1 > 2), then

E[|N|?] = \f/ma:q zda:—\f/ \/th—t

by setting = = v/2¢t. In particular, this implies

E[IN]] < \/>/+002tktdt \/>2ka \/§Q1(_)'<\f@\[< )%

Lemma D.10. Let S denote a binomial random variable such that S ~ B(k,1/2) (k € N*).
Then for every q > 3, it comes

EHSE[SW]sMﬁ\@
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Proof of Lemma D.10. Since S — E(S) is symmetric, it comes
+00 +oo
E[|S-E[S]] :2/ P [S<E[5] —tlﬂ dt = 2q/ P[S <E[S] - u]ul! du.
0 0
Using Chernoff’s inequality and setting u = /k/2v, it results

+00 2 p? ot 2
E[|S-E[S]] < QQ/ ul e % du = 2Q\/; / vile™ 7 du.
0 0

If ¢ is even, then g—1 > 2 is odd and the same calculations as in the proof of Lemma D.9
apply, which leads to

E[|S—E[S]|q]§2\/§ 2q/2(2)v<2\/§q2q/2\/ﬁ( e)q/ _2\ﬁ\[\/7€ <4f\f\/7

If ¢ is odd, then ¢ — 1 > 2 is even and another use of the calculations in the proof of
Lemma D.9 provides

Y (g—1)! \/Eq q!
_ < — i ]
B[S —E[S][] <2 \/g 2(e-1/241 1 2 2 2(q—1)/2‘I’;21!
Let us notice
! V2req (2)? 7\
20— 1>q/2uv = o) (@-1)/2 :‘@\/ qzl 1(e<)q 0/2
2 920-1/2 /¢ (q_1)< e) (q )

+1)/2 (¢=1)/2
:\/%q(z)(fJ)/<q)

q—1 q—1

and also that
This implies

hence

Blls-Bls17 < 2% 2veva (1) = aveva [ -
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Lemma D.11. Let X,Y be two i.i.d. random variables with Poisson distribution P(X)
(A >0). Then for every q > 3, it comes

q/2
E[X-Y[] <2 eyq[L@n+9]".

Proof of Lemma D.11. Let us first remark that
E[IX -Y[']=En[E[|X -Y[" | N]] =2"Ex [E[|X - N/2|" | N]],

where N = X 4+ Y. Furthermore, the conditional distribution of X given N = X +Y is a
binomial distribution B(NV,1/2). Then Lemma D.10 provides that

q
N
E[|X - N2 [ N] < 4veyqy /D= as.,

which entails that

E[|X - Y]] < 27Ey

4\/5\/5@61] — 2q/2+2\/g\/g]\/ngN [qu}.

It only remains to upper bound the last expectation where N is a Poisson random variable
P(2X) (since X,Y are i.i.d. ):

Ex [N9?] < VEX A7)

by Jensen’s inequality. Further introducing Touchard polynomials and using a classical
upper bound, it comes

Eyn [NW] < Zq:(z\)i;@)iq—i < i:(QA)i;<g>qq—i

Finally, one concludes

q 2
E[|X — Y]] §2q/2+2\/5\/§\ﬁ 2% (2/\+q)q/2<2‘Y/2+1e\/§[g(2/\+q)]q/ :
e

e
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