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Abstract

Nearest neighbour methods are a classical approach in nonparametric statistics. The k-nearest
neighbour classifier can be traced back to the seminal work of Fix and Hodges (1951) and they
also enjoy popularity in many other problems including density estimation and regression. In this
thesis we study their use in three different situations, providing new theoretical results on the
performance of commonly-used nearest neighbour methods and proposing new procedures that are
shown to outperform these existing methods in certain settings.

The first problem we discuss is that of entropy estimation. Many statistical procedures, in-
cluding goodness-of-fit tests and methods for independent component analysis, rely critically on
the estimation of the entropy of a distribution. In this chapter, we seek entropy estimators that
are efficient and achieve the local asymptotic minimax lower bound with respect to squared error
loss. To this end, we study weighted averages of the estimators originally proposed by Kozachenko
and Leonenko (1987), based on the k-nearest neighbour distances of a sample. A careful choice of
weights enables us to obtain an efficient estimator in arbitrary dimensions, given sufficient smooth-
ness, while the original unweighted estimator is typically only efficient in up to three dimensions.

A related topic of study is the estimation of the mutual information between two random
vectors, and its application to testing for independence. We propose tests for the two different
situations of the marginal distributions being known or unknown and analyse their performance.

Finally, we study the classical k-nearest neighbour classifier of Fix and Hodges (1951) and
provide a new asymptotic expansion for its excess risk. We also show that, in certain situations,
a new modification of the classifier that allows k to vary with the location of the test point can
provide improvements. This has applications to the field of semi-supervised learning, where, in

addition to labelled training data, we also have access to a large sample of unlabelled data.
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Chapter 1

Introduction to nearest neighbour
methods

Nearest neighbour methods are a family of techniques whose wide-ranging influence can be felt in
many areas of data science. Their use in statistics dates back at least as far as Fix and Hodges
(1951) in which the search for a fully nonparametric classification rule led the authors to propose a
k-nearest neighbour classifier and density estimator. A large part of their popularity is undoubtedly
due to their simplicity and analytic tractability, which make efficient practical implementation
possible and open up the challenge of providing a thorough theoretical understanding.

Perhaps the context in which nearest neighbour methods are most popular is classification
and the closely related context of regression. Stone (1977) proved that the k-nearest neighbour
approach to classification and regression has the remarkable property of universal consistency in
finite dimensions. Indeed, whenever the feature vector X takes values in R? for some d € N the k-
nearest neighbour approach is consistent, in that k can be chosen so that the classifier’s asymptotic
risk is the same as that of the Bayes classifier, regardless of the distribution of X. Since then a
large literature on the subject has developed, though important questions remain unanswered. In
Chapter 4 we derive new theoretical results on the k-nearest neighbour classifier and propose a
new variant in which the value of k is allowed to depend on the location of the test point.

The success of nearest neighbour methods in density estimation (e.g. Mack and Rosenblatt,
1979) naturally suggests their use in density functional estimation, and in more recent years there
have been many works on this topic; see Dasgupta and Kpotufe (2014) for an example of mode
estimation and Duong et al. (2016) for an example of density derivative estimation. An important

class of density functionals is the class of integral functionals, that is those of the form

7(f) = [ o, f(@) do

for some function ¢; see for example Leonenko, Pronzato and Savani (2008), Evans, Jones and
Schmidt (2002), Sricharan, Raich and Hero (2012) and Baryshnikov, Penrose and Yukich (2009).
Many of the functionals considered in these works are related to notions of entropy such as Rényi
entropy or Shannon entropy. The estimation of Shannon entropy in particular has received a lot
of attention in the statistics and machine learning communities where it naturally arises in many

applications. In Chapter 2 we study a popular nearest neighbour estimator of Shannon entropy
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and propose a new estimator and in Chapter 3 we use these estimators in the context of testing
for independence through the estimation of mutual information.

Quite apart from their use in classification and density estimation, the versatility of nearest
neighbour methods has resulted in their use in disparate settings. Other classical areas of statistics
and machine learning where they have been applied include two-sample testing problems (Schilling,
1986) and nonparametric clustering (Heckel and Boéleskei, 2015). In nonlinear dimensionality re-
duction and manifold learning (Roweis and Saul, 2000; Costa and Hero, 2004; Law and Jain, 2006)
they are used for data visualisation and for estimating the intrinsic dimension of large-scale data.
They are also a very popular solution to the important practical problems of missing data (Chen
and Shao, 2000) and outlier detection (Zhao and Saligrama, 2009; Chandola, Banerjee and Kumar,
2009).

We now give formal definitions. Let X7,..., X, be (labelled or unlabelled) random variables
taking values in R? and, given z € R?, define Xay(x),..., Xn)(z) to be the permutation of
X1,...,X, such that

[X(y(2) = zf] < [ Xy () — 2] <. <[ Xy (2) = 2]

Given k € {1,...,n}, we say that X(1)(z),..., X(x)(x) are the k-nearest neighbours of z and define
the kth nearest neighbour distance of z to be px)(x) = || Xx)(2) — x||. The standard k-nearest
neighbour classifier would then assign the test point x to the class which is most represented among
the k nearest neighbours of . When Xi,...,X,, are independent and identically distributed
with density function f, the basis of nearest neighbour methods in estimation problems is the

approximation
k
= & Vaplyy (2) (@),

valid when p) is small by the Lebesgue differentiation theorem, where Vj is the volume of the
unit ball in R?. In this thesis we will use || - || to represent the Euclidean norm, though any other
norm may also be used and one may also consider a more general metric. A link to kernel density

estimation can be established by noting that the k-nearest neighbour density estimator may be

o) = o oK ()

where h = h(z) = p)(z) and K(z) = V; 'Ly, <1;. Here the bandwidth h adapts to the location
of the test point, with smaller bandwidths used in areas of high density.

written as

In the iid. setting when X has density f, the density function of X4 (z) — x at u € R? may

be written explicitly as

afe-ta) (2 a0 palul)

where p,(r) := P(|| X1 — z|| < r). Similarly, when p,(r) is differentiable, the density function of

peky(z) may be written as

o iy [ A TR O o)

The previous expression reveals a connection between nearest neighbour distances and order statis-



tics. Indeed, writing U(y),...,U(,) for the order statistics of a sample of size n from the uniform

distribution on [0, 1], we have that

d
(paf(p(l))7 s 7p$(p(n))) = (U(l)a L) U(n))7

and in particular p,(px)) ~ Beta(k,n —k +1). In the analysis of nearest neighbour methods,
concentration and moment properties of the Beta distribution are often helpful. Also revealed
by the above expressions is the fact that the function p,(-) plays a crucial role in the analysis of
many nearest neighbour methods; assumptions on the smoothness of the density function f are
often made to facilitate expansions of p,(r) for small values of r. Controlling the relative error in
these expansions is made considerably easier by assuming that f is bounded below on its support
and this is an assumption that is commonly made in previous works; see, for example, Samworth
(2012) and Singh and Péczos (2016). In this thesis we do not make this assumption and instead

place additional restrictions on the smoothness of f in areas of low density.

As with many nonparametric techniques there is a tuning parameter, in this case k, whose
value may affect the performance of the procedures significantly. Heuristically speaking, in many
applications k can be seen as controlling a bias—variance trade-off where larger values of k result
in larger bias and smaller values of k result in larger variance. In the classification setting it is
the bias and variance in estimating the regression function that is balanced through k. Often,
as in Chapter 4 here, asymptotic results provide some knowledge of the relationship between
n and the optimal choice of k, and allow one to achieve the best rate of convergence, though
estimating the precise value of the optimal & is a difficult problem and the value will often depend
on the underlying distribution of the data; see, for example, Hall et al. (2008). In practice k is
usually chosen heuristically or empirically, often by cross-validation as for our numerical results in
Section 4.5; see also Chapter 26 of Devroye et al. (1996) for an overview of some empirical methods.
Interestingly, in some situations, such as classification and density estimation, one requires k£ — oo
as n — oo for consistency whereas in other situations, such as entropy estimation, consistency can

be achieved with a fixed value of k.

There are many notable modifications of standard k-nearest neighbour methods. One modern
topic of research focuses on using a data-driven metric on the feature space to weight the features
differently and improve the performance of nearest neighbour methods; see for example Weinberger
and Saul (2009). Another modern modification of the standard nearest neighbour methods is to
allow the choice of k to vary with x, often in order to better balance bias and variance by choosing &
to be smaller in areas of low density (e.g. Wettschereck and Dietterich, 1994). This is the approach
we take in Chapter 4. There are also potential improvements to be made over the standard methods
by using weighted nearest neighbour methods. In classification problems this amounts to assigning

the test point x to the class C' that maximises

n

Z WL {x ) (2) belongs to class C}

k=1
for some weight vector w; see for example Hall and Samworth (2005) and Samworth (2012). In
estimation problems one can consider a weighted average of k-nearest neighbour estimates over k.
This is the approach we take in Chapter 2; see also, for example, Moon et al. (2016) and Sricharan,
Wei and Hero (2013).
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In modern applications the practicality of a statistical procedure is very important; with large
datasets the computational complexity of algorithms must be considered. Due to their simplicity
nearest neighbour methods can often be efficiently implemented, and there is a large literature on
finding nearest neighbours in a streamlined way. For finding the k-nearest neighbours of a single
query point in a sample of size n, for example to classify a test point, methods based on k-d trees
achieve an average complexity of O(logn); see Friedman, Bentley and Finkel (1977). To find all the
k-nearest neighbours of a whole sample of size n, such as is required in estimation problems, the
complexity is bounded by O(knlogn); see Vaidya (1989). There has also been extensive research
into the approximate nearest neighbours problem, in which neighbours are found whose distance
to the test point is close to the nearest neighbour distance, up to some specified threshold. These
algorithms can achieve reductions in run time at the expense of accuracy. For an overview of exact
and approximate nearest neighbour search algorithms see Muja and Lowe (2014).

The remainder of this thesis is organised as follows. In Chapter 2 we study the problem of
entropy estimation and use the estimator of Kozachenko and Leonenko (1987) as a starting point.
Proposed in that chapter is a generalisation of this estimator that can be written as the weighted
sum of Kozachenko—Leonenko estimators with different values of the tuning parameter. We focus
on efficient estimation, in the sense of van der Vaart (1998), and on achieving the local asymptotic
minimax lower bound, and find conditions in any fixed number of dimensions under which our
estimator is efficient. Our results also show that the original Kozachenko—Leonenko estimator is
efficient in up to 3 dimensions, under regularity conditions, but in general cannot be efficient in
higher dimensions due to a non-trivial bias. Chapter 3 concerns independence testing, and we
propose tests based on our entropy estimator of Chapter 2 when either the marginal distributions
are known or unknown. We carry out a local power analysis of the test in the case of known
marginals and prove the consistency of the test in the case of unknown marginals. In Chapter 4
we shift our attention to classification. We provide a new asymptotic expansion of the excess risk
of the standard k-nearest neighbour estimator and use this to motivate a new k-nearest neighbour
classifier for the semi-supervised setting in which & is allowed to depend on the test point. We
provide theoretical and empirical arguments to show that this classifier can outperform the standard

classifier in many settings.



Chapter 2

Efficient multivariate entropy
estimation via k-nearest neighbour

distances

2.1 Introduction

The concept of entropy plays a central role in information theory, and has found a wide array
of uses in other disciplines, including statistics, probability and combinatorics. The (differential)

entropy of a random vector X with density function f is defined as
H = H(X) = H(f) = ~E{log f(X)) =~ [ f(a)log f(2) ds
x

where X := {z : f(x) > 0}. Introduced simultaneously in the highly influential Shannon (1948)
and Wiener (1948), it represents the average information content of an observation, and is usually
thought of as a measure of unpredictability. For an overview of its properties see, for example,
Cover and Thomas (2012) or Wang, Kulkarni and Verdd (2008). Importantly, given constraints
on certain moments and a support set one can find the distribution that maximises H. This leads
to the principle of maximum entropy, which has found applications in areas such as selection of a
prior distribution in Bayesian statistics (Jaynes, 1968) and density estimation (Buchen and Kelly,

1996).

In statistical contexts, it is often the estimation of entropy that is of primary interest, for
instance in goodness-of-fit tests of normality (Vasicek, 1976) or uniformity (Cressie, 1976), tests
of independence (Goria et al., 2005), independent component analysis (Miller and Fisher, 2003)
and feature selection in classification (Kwak and Choi, 2002; Peng, Long and Ding, 2005). See, for
example, Beirlant et al. (1997), Paninski (2003) and Wang, Kulkarni and Verdd (2008) for other
applications and an overview of nonparametric techniques, which include methods based on sample
spacings in the univariate case (e.g. El Haje Hussein and Golubev , 2009), histograms (Hall and
Morton, 1993) and kernel density estimates (Paninski and Yajima, 2008; Sricharan, Wei and Hero,
2013), among others. The estimator of Kozachenko and Leonenko (1987) is particularly attractive

as a starting point, both because it generalises easily to multivariate cases, and because, since it

5



6 CHAPTER 2. EFFICIENT ENTROPY ESTIMATION

only relies on the evaluation of kth-nearest neighbour distances, it is straightforward to compute.

To introduce this estimator, for n > 2, let X1,..., X,, be independent random vectors with den-
sity f on R%. Write || - || for the Euclidean norm on R¢, and for i = 1,...,n, let X1),ir- s X(n—1),5
denote a permutation of {X1,..., X} \ {X;} such that | Xy, — Xi| < ... < || X(n_1),; — Xl For
conciseness, we let

Pky,i = 1 X k), — Xl

denote the distance between X; and the kth nearest neighbour of X;. The Kozachenko—Leonenko
estimator of the entropy H is given by

n d

. A 1 Pliy,iVa(n —1)

H, = H,(X1,...,Xn) ::nglog(eq](m , (2.1)
where V; := 7%/2/T'(1 + d/2) denotes the volume of the unit d-dimensional Euclidean ball and
where ¥ denotes the digamma function. In fact, this is a generalisation of the estimator originally
proposed by Kozachenko and Leonenko (1987), which was defined for k¥ = 1. For integers k we
have ¥(k) = —y + 25;11 1/4 where v := 0.577216. .. is the Euler—Mascheroni constant, so that

eq’(k)/k — 1 as k — oo. This estimator can be regarded as an attempt to mimic the ‘oracle’

estimator H} := —n~* Y7 | log f(X;), based on a k-nearest neighbour density estimate that relies
on the approximation
k d
1 = Vap( 1 f(X1)-

It turns out that, when d < 3 and other regularity conditions hold, the estimator H,, in (2.1) has

the same asymptotic behaviour as H', in that
n'/2(H, — H) % N (0, Varlog f(X1)).

We will see that in such settings, this estimator is asymptotically efficient, in the sense of, e.g.,
van der Vaart (1998, p. 367). However, when d > 4, a non-trivial bias typically precludes its
efficiency. Our main object of interest, therefore, will be a generalisation of the estimator (2.1),
formed as a weighted average of Kozachenko—Leonenko estimators for different values of k, where
the weights are chosen to try to cancel the dominant bias terms. More precisely, for a weight vector

w= (wy,...,w;)T € R¥ with Z§=1 w; = 1, we consider the estimator

R 1 n k
Hy ==% > w;logy).,

i=1 j=1

where ;1= e"l’(j)Vd(nf 1):0?]'),1:' Weighted estimators of this general type have been considered
recently (e.g. Sricharan, Wei and Hero, 2013; Moon et al., 2016), though our construction of
the weights and our analysis is new. In particular, we show that under stronger smoothness
assumptions, and with a suitable choice of weights, the weighted Kozachenko—Leonenko estimator

is efficient in arbitrary dimensions.

There have been several previous studies of the (unweighted) Kozachenko—Leonenko estimator,
but results on the rate of convergence have until now confined either to the case k = 1 or (very
recently) the case where k is fixed as n diverges. The original Kozachenko and Leonenko (1987)

paper proved consistency of the estimator under mild conditions in the case & = 1. Tsybakov
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and Van der Meulen (1996) proved that the mean squared error of a truncated version of the
estimator is O(n™!) when & = 1 and d = 1 under a condition that is almost equivalent to an
exponential tail; Biau and Devroye (2015) showed that the bias vanishes asymptotically while the
variance is O(n~1) when k = 1 and f is compactly supported and bounded away from zero on its
support. Very recently, in independent work and under regularity conditions, Delattre and Fournier
(2017) derived the asymptotic normality of the estimator when k = 1, confirming the suboptimal
asymptotic variance in this case. Previous works on the general k case include Singh et al. (2003),
where heuristic arguments were presented to suggest the estimator is consistent for general d and
general fixed k and has variance O(n~1) for d = 1 and general fixed k. Gao, Oh and Viswanath
(2016) obtain a mean squared error bound of O(n~!) up to polylogarithmic factors for fixed k
and d < 2, though the only densities which the authors can show satisfy their tail condition have
bounded support. Singh and Péczos (2016) obtain a similar bound (without the polylogarithmic
factors, but explicitly assuming bounded support) for fixed k and d < 4. Mnatsakanov et al. (2008)
allow k to diverge with n, and show that the estimator is consistent for general d.

Plug-in kernel methods are also popular for entropy estimation. Paninski and Yajima (2008), for
example, show that a smaller bandwidth than would be required for a consistent density estimator
can still yield a consistent entropy estimator. A k-nearest neighbour density estimate can be
regarded as a kernel estimator with a bandwidth that depends both on the data and on the point
at which the estimate is required. Sricharan, Wei and Hero (2013) obtain the parametric rate of
convergence for a plug-in kernel method, assuming bounded support and at least d derivatives in

the interior of the support.

Importantly, the class of densities considered in our results allows the support of the density
to be unbounded; for instance, it may be the whole of R?. Such settings present significant new
challenges and lead to different behaviour compared with more commonly-studied situations where
the underlying density is compactly supported and bounded away from zero on its support. To gain

intuition, consider the following second-order Taylor expansion of H(f) around a density estimator

f:

H(f)~— Rdf(z)logf(x)dx;< » J}(i?dml).

When f is bounded away from zero on its support, one can estimate the (smaller order) second
term on the right-hand side, thereby obtaining efficient estimators of entropy in higher dimensions
(Laurent, 1996); however, when f is not bounded away from zero on its support such procedures
are no longer effective. To the best of our knowledge, therefore, this is the first time that a
nonparametric entropy estimator has been shown to be efficient in multivariate settings for densities
having unbounded support. (We remark that when d = 1, the histogram estimator of Hall and

Morton (1993) is known to be efficient under fairly strong tail conditions.)

The outline of the rest of the chapter is as follows. In Section 2.2, we give our main results on
the mean squared error and asymptotic normality of weighted Kozachenko-Leonenko estimators,
and discuss confidence interval construction. These main results arise from asymptotic expansions
for the bias and variance, which are stated in Section 2.3. Here, we also give examples to illustrate
densities satisfying our conditions, discuss how they may be weakened, and address the fixed k case.
Corresponding lower bounds are presented in Section 2.4. Proofs of main results are presented
in Section 2.5 with auxiliary material and detailed bounds for various error terms deferred to
Section 2.6.
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We conclude the introduction with some notation used throughout this chapter. For € R% and
r > 0, let B, (r) be the closed Euclidean ball of radius r about z, and let BS(r) := B, (r)\{z} denote
the corresponding punctured ball. We write || A||o, and |A| for the operator norm and determinant,
respectively, of A € R4 and let ||A|| denote the vectorised Euclidean norm of a vector, matrix
or array. For a smooth function f : R? — [0, 00), we write f(z), f(z) and f(™ () respectively for
the gradient vector of f at x, Hessian matrix of f at x and the array with (j1,...,jn)th entry
%. We also write Af(z) := 25:1 %(x) for its Laplacian, and || f||oc := sup,ega f(x) for
its uniform norm.

2.2 Main results

We begin by introducing the class of densities over which our results will hold. Let F; denote the

class of all density functions with respect to Lebesgue measure on R?. For f € Fy and o > 0, let
o) i= [ el (o) o
Rd

Now let A denote the class of decreasing functions a : (0,00) — [1, 00) satisfying a(d) = o(6~) as
0N\ 0, forevery e > 0. Ifa € A, 8 >0 and f € Fyis m := [B] — 1-times differentiable and x € X,
we define 7,(z) := {8d'/2a(f(x))} /P ) and

My o p(z) = max{ ‘max M’ sup ILf (y) — £ ()] }

t=tm f(2) 7 yepo(ra@y) S@)lly —2]fm
The quantity My , 3(x) measures the smoothness of derivatives of f in neighbourhoods of z, relative

to f(x) itself. Note that these neighbourhoods of z are allowed to become smaller when f(z) is
small. Finally, for © := (0,00)* x A, and 0 = (o, 3,v,7,a) € O, let

Fag = {1 € FasalD) < ullfl S5 s Mpas(o) <a5) v5 > 0},
w:f(x)>6
We note here that Lemma 2.12 in the Section 2.6.2 can be used to derive a nestedness property
of the classes with respect to the smoothness parameter, namely that if § = (a, 8,7,v,a) € O,
B € (0,8) and a'(6) = 15d[P1/24(5), then Fao € Fap, where ¢/ = (a,8',v,v,d’) € ©. In
Section 2.3.2 below, we discuss the requirements of the class Fg ¢ in greater detail, and give several

examples, including Gaussian and multivariate-¢ densities, which belong to F4 ¢ for suitable 6.

We now introduce the class of weights w = (w1, ..., w;)? that we consider. For k € N, let
k .
Wk = {w € RF :ijw =0 forl=1,...,[d/4]
= L'(j)
k
> w;=1land w; =0ifj ¢ {|k/d|, [2k/d],.. k}} (2.2)
j=1

Our main result below shows that for appropriately chosen weight vectors in W) the normalised
risk of the weighted KozachenkoLeonenko estimator H¥ converges in a uniform sense to that
of the oracle estimator H} := —n~!>"" log f(X;). Theorem 2.8 in Section 2.4 shows that this

limiting risk is optimal.
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Theorem 2.1. Fird € N and 0 = (o, B,v,7,a) € © with a > d and with 3 > d/2. Let ki = kg ,,
and ki = ki, denote any two deterministic sequences of positive integers with ki < ki, with
kg /log® n — oo and with ki = O(n™) and kf = o(n™), where

< min 2a a—d 45 min|( 1 7d/ 4 1 d
T To 1= — - —
! ba+3d’ 20 4B +3d) " 1+ [d/a]" 28

and B* := B A 1. There exists kg € N, depending only on d, such that for each k > kq, we can find
w=w® € WE with sup,~,,, [w® || < co. For such w,

sup sup nEf{(ﬁ;f —H:)?} =0 (2.3)
ke{ks....ki} FEFa0

as n — 0o. In particular,

sup  sup [nE {(HY — H(f))*} = V(f)| =0,
ke{ky,....k1} fFEFa0

where V(f) := Varylog f(X1) = folong — H(f)2.

We remark that the level of smoothness we require for efficiency in Theorem 2.1, namely
B > d/2 is more than is needed for the two-stage estimator of Laurent (1996) in the case where
f is compactly supported and bounded away from zero on its support, where 8 > d/4 suffices.
As alluded to in the introduction, the fact that the function = — —zlogx is non-differentiable
at = 0 means that the entropy functional is no longer smooth when f has full support, so the
arguments of Laurent (1996) can no longer be applied and very different behaviour may occur
(Lepski, Nemirovski and Spokoiny, 1999; Cai and Low, 2011).

It is also useful, e.g. for the purposes of constructing confidence intervals for the entropy, to
understand the asymptotic normality of the estimator. To this end, let 4 denote the class of
functions h : R — R with ||kl < 1 and |h(z) — h(y)| < |z — y| for all 2,y € R. For probability

measures P, Q) on R, we write

dBL(PaQ) ‘= sup
heH

[ ar-al

— 00

for the bounded Lipschitz distance between P and ). Recall that dgj, metrises weak convergence.

The asymptotic variance V (f) can be estimated analogously to H(f) by V:* := max(V,*,0), where

. 1 n k o
Vi = >0 wilog? &y — (HY).

i=1 j=1

Fixing ¢q € (0, 1), this suggests that a natural asymptotic (1 — g)-level confidence interval for H(f)
is given by

Lng = [HY =22 o (VEOV2 HY + 0722 (V)2
where z, is the (1—g)th quantile of the standard normal distribution; see also Delattre and Fournier
(2017). Write £(Z) for the distribution of a random variable Z.
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Theorem 2.2. Under the conditions of Theorem 2.1, we have

sup  sup de (L(n'2(HY ~ H(F)),N(0.V(f)) =0
ke{ky,....kT} f€Fa 0

as n — oo. Consequently,

sup sup sup

Py (Ing > H(f)) = (1= q)| = 0.
qE(O 1) ke{k07 ,k }fe]'—d‘e

We remark that the choice k = k,, = [log® n] with w = w®) € W*) satisfying SUDg >k, lw®] <
oo for the weighted Kozachenko-Leonenko estimator satisfies the conditions for efficiency in The-
orem 2.1 whenever f € Fy o with 6 = (o, 5,7,v,a) € © satisfying o > d and 8 > d/2; knowledge
of the precise values of a and f is not required. Moreover, the uniformity of the asymptotics in
k means that if k,, = l%n(Xl, ..., X,) is a data-driven choice of k, the conclusions Theorem 2.2
remain valid provided that P(k, < k&) +P(k, > k) — 0

2.3 Bias and variance expansions for Kozachenko—Leonenko

estimators

2.3.1 Bias

The proof of (2.3) is derived from separate expansions for the bias and variance of the weighted
Kozachenko—Leonenko estimator, and we treat the bias in this subsection. To gain intuition, we

initially focus for simplicity of exposition on the unweighted estimator

1 n
= 5;10%,

where we have written &; as shorthand for &) ;. For x € R? and u € [0,00), we introduce the

sequence of distribution functions
[ty
Foo0) = P& < ulX =) = 3 (" )1 = pca)
j=k

where

e¥(k)y, 1/d
Pn,z,u ::/ f ) dy and Tnu = { } .
et Vit — 1)

Further, for u € [0,00), define the limiting (Gamma) distribution function

Fy(u) = expl-uf(a ‘“’”}Z {uf @)Y = e Y

where X\, := uf(z)e?®. That this is the limit distribution for each fixed k follows from a

Poisson approximation to the Binomial distribution and the Lebesgue differentiation theorem. We



2.3. BIAS AND VARIANCE 11

therefore expect that
. o0 o0
E(H,) = / f(x)/ logudF, ,(u) dz =~ / f(x)/ logu dF,(u) dx
x 0 Y 0

oo VR, gkl
:/Xf(x)/o log(tf(w) )e (;_1)!dtd:c:H.

Although we do not explicitly use this approximation in our asymptotic analysis of the bias, it

motivates much of our development. It also explains the reason for using e¥*) in the definition of
&(k),i> rather than simply k. Lemma 2.3 below gives an expression for the asymptotic bias of the

unweighted Kozachenko—ILeonenko estimator.

Lemma 2.3. Fizd € N and = (a,8,v,7,a) € ©. Let k* = k¥ denote any deterministic
sequence of positive integers with k* = O(n'=¢) as n — oo for some € > 0. Then there exist
A1, Argy21-1 € R, depending only on f and d, such that super, , maxi—1, . (/211 A1 < o0
and for each € > 0,

/211 o . s

; I'(k +21/d)I'(n) ( {kw ¢ kd})
sup |Ef(H,)—-H — SRV = O maxd —,
[, [P ) ; T(k)D(n+21/d) " N\ neta< g

as n — oo, uniformly for k € {1,...,k*}, where \; =0 if 21 > da/(a + d).
When d > 3, a > 2d/(d — 2) and 3 > 2, we have

A = 1 Af(x) dr,

o+ 2V S f(@)P

which is finite under these assumptions; cf. the second part of Proposition 2.9 in Section 2.5.1.

Moreover, since, for each I > 0, we have % = _QZ/d{l + O(n } we deduce from

Lemma 2.3 that in this setting,

sup |Es(H,)— H +

['(k+2/d) Af(x) dg:' B (k2/d)
fEFus 2(d + 2)V/ T (kyn2/d Jx f(@)¥4

=0\ —5757)-
n2/d

In particular, when d > 4 and | X7 ( )2 /d dx # 0, the bias of the unweighted Kozachenko-Leonenko
estimator precludes its efficiency.

On the other hand, Lemma 2.3 motivates the definition of the class of weight vectors W)
n (2.2), and facilitates the expansion for the bias of the weighted Kozachenko-Leonenko estimator
in Corollary 2.4 below. In particular, since 2(|d/4] + 1)/d > 1/2, we see that this result provides
conditions under which the bias is o(n’l/ 2) for suitably chosen k. This explains why we let £ take
values in the range {1,...,|d/4]} in (2.2).

Corollary 2.4. Assume the conditions of Lemma 2.3. If w = w® € W® for k > kq and

SUDg> lw®| < oo, then for every e > 0,

2(ld/4]+1)
d

_a B
B, (%) — H(f)| = O(max] P K ke
[ By - nota—e ) A E )

uniformly for k € {1,...,k*}.
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The proof of Lemma 2.3 is given in Section 2.5.1, but we present here some of the main ideas
that are particularly relevant for the case d > 3, o > 2d/(d — 2) and 8 € (2,4]. First, note that
dF, . (u)

)

du

8pn,m,u
= Bkmfk(pn,m,u) ou 5 (24)

where B, ,(s) := B;is“_l(l—s)b_l denotes the density of a Beta(a, b) random variable at s € (0, 1),
with By :=I'(a)T'(b)/T'(a +b). For x € X and r > 0, define h,(r) := wa(T) f(y) dy. Since hy(r)
is a continuous, non-decreasing function of r, we can define a left-continuous inverse for s € (0,1)
by

hyl(s) :=1inf{r > 0: hy(r) > s} =inf{r > 0: hy(r) = s}, (2.5)

x

so that h,(r) > s if and only if » > h;(s). We use the approximation

_ sPAAf()
2(d+2)V,;/ f(z) 2/

Vaf()hy'(s)" ~ s

for small s > 0, which is formalised in Lemma 2.10(ii) in Section 2.5.1. In the case d > 3,
a > 2d/(d—2) and B € (2,4], the proof of Lemma 2.3 can be seen as justifying the use of the

above approximation in the following:

(i) = [ 1) [ toguartar = [ 1) [ rog( M M Yoo dsa

o ' (n=1)s\ Vg 920 f(x)

~ Jo10 [ {oe(Si5755) ~ s e fPun-a( ot
VYT (k +2/d)T(n) [ Af(x) "
(d+ 2T (k)T (n +2/d) Jx f2)24

:log(nfl)f\ll(n)wLHf2

Note that log(n — 1) — ¥(n) = —1/(2n) + o(1/n), which leads to the given bias expression. The
proof in other cases proceeds along similar lines. These heuristics make clear that the function
h;1(:) plays a key role in understanding the bias. This function is in general complicated, though
some understanding can be gained from the following uniform density example, where it can be
evaluated explicitly. This leads to an exact expression for the bias, even though the discontinuities

mean that the density does not belong to Fi ¢ for any 0 € ©.

Example 2.1. Consider the uniform distribution, U[0, 1]. For < 1/2, we have

s/2, ifs< 2z

s—z, if2r<s<l.

It therefore follows that

. 1/2 oo 1/2 1 2n — 1)h-1
E(H,) — H = 2/ / logudF, ,(u) dr = 2/ / log(W>Bk,nk(s) dsdx
0 0 0 0 €

: NE 1/2 ne1
= 2/ Bk,nk(s){/ log(2(s — z)) dz + / logsdw} ds + log(w)
0 0 s €

/2
i (log4 — 1) +log(n — 1) — ¥(n).

n
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2.3.2 Discussion of conditions and weakening of conditions

Recall the definitions of the quantity My, g(z) and A from Section 2.2. In addition to standard

moment and boundedness assumptions, the condition f € Fy¢ requires that

sup M;qp(z) <a(d) forall § >0 and some a € A. (2.6)
z:f ()20
In this subsection, we explore the condition (2.6) further, with the aid of several examples.

The condition (2.6) is reminiscent of more standard Holder smoothness assumptions, though
we also require that the partial derivatives of the density vary less where f is small. On the other
hand, we also allow the neighbourhoods of x in the definition of My , g(x) to shrink where f(z) is
small. Roughly speaking, the condition requires that the partial derivatives of the density decay
nearly as fast as the density itself in the tails of the distribution. As a simple stability property,
if (2.6) holds for a density fo, then it also holds for any density from the location-scale family:

{f=() =272, (2_1/2(- — ) p e RS =57 € R positive definite}.

This observation allows us to consider canonical representatives of location-scale families in the

examples below.

Proposition 2.5. For each of the following densities f, and for each d € N, there exists § € ©
such that f € Fqp:

(i) fz) = fzr,...,xq) = 2m)"Y2e121°/2 the standard normal density;

(i) f(x) = f(z1,...,2q) x (L + H:c||2/p)’%, the multivariate-t distribution with p > 0 degrees

of freedom.
Moreover, the following univariate density f also belongs to F1 ¢ for suitable 6 € O:

1
f(:]f) X exp<71_7xz) ]]‘{Z‘E(—l,l)}'

The final part of Proposition 2.5 is included because it provides an example of a density f that
belongs to Fi ¢ for suitable § € ©, even though there exist points zp € R with f(zo) = 0.

On the other hand, there are also examples, such as Example 2.2 below, where the behaviour
of f near a point zg with f(x¢) = 0 precludes f belonging to Fy ¢ for any 6 € ©. To provide some
guarantees in such settings, we now give a very general condition under which our approach to

studying the bias can be applied.

Proposition 2.6. Assume that f is bounded, that pa(f) < oo for some a > 0, and let k* be as
in Lemma 2.3. Let a, := 3(k+ 1)log(n — 1), let v, := {W}l/d, and assume further that
there exists B > 0 such that the function on X given by

" suPye go(r,) IS (W) = F@)/Ily — 2P~ if p>1,

is real-valued. Suppose that X, C X is such that

( G )B/d anﬁ(x) 27)

(x)1+5/d
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as n — oo, where B := B A 2. Then writing g, := fxc f, we have for every e > 0 that

Ef(H,)— H =0 ké/d/ C”ﬁ(w)d e gl 1 (2.8)
fn I i (Y7 x, f(z)P/d Coln o An 08T, T ) .

uniformly for k € {1,...,k*}.

To aid interpretation of Proposition 2.6, we first remark that if f € F;4 for some 0 =
(o, B,7v,v,a) € ©, then (2.7) holds, with X, := {x € X : f(z) > d,}, where d, is defined
in (2.12) below. On the other hand, if f ¢ F4 ¢, we may still be able to obtain explicit bounds on

the terms in (2.8) on a case-by-case basis, as in the following example.

Example 2.2. For a > 1, consider f(z) = [(a) 'z® ‘e 1,50}, the density of the I'(a,1)

distribution. Then for any 7 € (0, 1) small enough, we may take

X, = [(’“)34, (1—7)log Z}

n

to deduce from Proposition 2.6 that for every e > 0,

Ef(H,) — H = 0(:21:)

uniformly for k € {1,...,k*}.

Similar calculations show that the bias is of the same order for Beta(a,b) distributions with

a,b>1.

2.3.3 Asymptotic variance and normality

We now study the asymptotic variance of Kozachenko-Leonenko estimators under the assumption

that the tuning parameter k is diverging with n; the fixed k case is deferred to the next subsection.

Lemma 2.7. Let 0 = (o, 3,7,v,a) € © witha > d and 3 > 0. Let kg = k¢, and ki = ki ,, denote
any two deterministic sequences of positive integers with ki < ki, with k{/ log® n — co and with
k¥ = O(n™), where 11 satisfies the condition in Theorem 2.1. Then for any w = w®) € W®*) with

SUPgk>k, ||w(k)H < 00, we have

sup sup |nVarffI;f —V(f)| =0
ke{ks,....kT} f€Fa0

as n — oo.
The proof of this lemma is lengthy, and involves many delicate error bounds, so we outline the
main ideas in the unweighted case here. First, we argue that
Var H,, = n~! Varlog& + (1 —n~ 1) Cov(log &1, log &)
=n"'V(f) + Cov(log(&1f(X1)), log(€2f(X2))) +o(n™"),
where we hope to exploit the fact that & f(X;) 2 1. The main difficulties in the argument are

caused by the fact that handling the covariance above requires us to study the joint distribution

of (&1,&2), and this is complicated by the fact that Xs may be one of the k nearest neighbours of
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X, or vice versa, and more generally, X; and X5 may have some of their k£ nearest neighbours in
common. Dealing carefully with the different possible events requires us to consider separately the
cases where f(X7) is small and large, as well as the proximity of X5 to X;. Finally, however, we
can apply a normal approximation to the relevant multinomial distribution (which requires that
k — 00) to deduce the result. We remark that under stronger conditions on k, it should also be
possible to derive the same conclusion about the asymptotic variance of H,, while only assuming
similar conditions on the density to those required in Proposition 2.6, but we do not pursue this

here.

2.3.4 Fixed k

A crucial step in the proof of Lemma 2.7 is the normal approximation to a certain multinomial
distribution (cf. the bound on the term W,). This normal approximation is only valid when
k — oo as n — oo. In this subsection, we present evidence to suggest that, when k is fixed (i.e. not
depending on n), then Kozachenko—Leonenko estimators are inefficient. For simplicity, we focus
on the unweighted version of estimator.

Define the functions
1
ar(s,t) := Vd“d (Bo(sl/d) N B,i/ae, (tl/d)),

where e; = (1,0,...,0) is the first element of the standard basis for R? and jq denotes Lebesgue

measure on RY. Also define the functions T} on [0,00)? by

T, t e (r,s,t) I(r,s)—L J(r,t)—L {S S t)} {t - OéT(S t)}]a 8, t I(r,s) J(rt) sitd
(rs.8) i= e Z > - o
=0 =0 7=0 = =

where L(Ty 57t) =k—-1- ]]-{7‘<max(s7t)}7 I(T, S) =k-1- ]]‘{T<S}) J(r7 t) =k—-1- ]]-{7‘<t}~
In the case k = 1, this function appears in Delattre and Fournier (2017), where the authors
show that, under certain regularity conditions,
. T t
lim nVar H,, — V(f) = ¥'(1) +/ eis*tM drdsdt — 1+ 2log2.
n—o00 [0,00)3 S
More generally, Poisson approximation to the same multinomial distribution mentioned above,

together with analysis similar to the proof of Lemma 2.7, suggests that for (fixed) k > 2,

lim nVar H, — V(f) = ¥'(k) +/ e*S*tM drdsdt —1
+ 27 (2k=2) (2: ){\I/(Qk —1) — W(k) —log2}
k—2
Tt (M0 G- ) o2 )] (29)

Here, the U’/(k) term arises as in (2.18), the integral term arises from the Poisson approximation,
the —1 arises as in (2.27), and the remaining terms come from the fact that X; can be one of
the k£ nearest neighbours of X5, or vice-versa, which induces a singular component into the joint

distribution function F, ; , of (§1,&2) given (X1, Xo) = (z,y). It is interesting to observe that this
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ANE] 1 ] 2] 3] 4] 5
1 | 214|097 | 064 ] 0.48 | 0.39
2 [ 229 | 1.01 | 0.64 | 0.47 | 0.38
242 [ 1.03 | 0.64 | 0.47 | 0.37
2.61 | 1.05 | 0.65 | 0.47 | 0.37
10 | 2.85 | 1.10 | 0.68 | 0.50 | 0.40

w

ot

Table 2.1: Asymptotic variance inflation (2.9) of the Kozachenko-Leonenko estimator for fixed k.

asymptotic inflation of the variance is distribution-free; in Table 2.1, we tabulate numerical values
for (2.9) for a few values of d and k. These agree with those obtained by Delattre and Fournier
(2017) for the case k = 1.

2.4 Lower bounds

In this section, we address the optimality in a local asymptotic minimax sense of the limiting
normalised risk V'(f) given in Theorem 2.1 using ideas of semiparametric efficiency (e.g. van der
Vaart, 1998, Chapter 25). For f € F49, t > 0 and a Borel measurable function g : R¢ — R, define

frg: R? — [0, 00) by
2¢(t)

=TT ez @) (2.10)

frg()

where ¢(t) := ([za mf(x) dx)fl. This definition ensures that {f; 4 : ¢ > 0} is differentiable
in quadratic mean at ¢ = 0 with score function g (e.g. van der Vaart, 1998, Example 25.16). We

say (H,) is an estimator sequence if H, : (R*)*™ — R is a measurable function for each n € N.

Theorem 2.8. Fizrd € N, 0 = (o, 8,7, 11,a) € © and f € Faqg. For A € R, let gx := Mlog f +
H(f)}. Then, writing T for the set of finite subsets of R, we have for any estimator sequence (H,)
that

sup liminf maxnE; _, , [{ﬂn — H(fn—1/27g>\)}2:| > V(f). (2.11)

JeZ n—oo el FEDN

Moreover, whenever t|\| < min(1, {144V (f)}~1/?), with 6 = (a,ﬁ,4’y,4u, EL) €O anda € A
defined in (2.89) in Section 2.6.6 we have that fi 4, € F, ;.

The proof of Theorem 2.8 reveals that, at every f € Fg4 0, the entropy functional H is differen-

tiable relative to the tangent set {gx : A € R} with efficient influence function

by = —log f — H(f).

This observation, together with Theorem 2.1, confirms that under the assumptions on 6, w and
k in that result, the weighted Kozachenko—Leonenko estimator f[,‘f is (asymptotically) efficient at
f € Fap in the sense that

WY~ H(P)Y = 5 30X +0,(1)

(cf. van der Vaart, 1998, p. 367). Moreover, the second part of Theorem 2.8 and Theorem 2.1

imply in particular that, under these same conditions on #, w and k, the estimator ﬁ}f attains the
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local asymptotic minimax lower bound, in the sense that

i Frw 2
ig nhan;o rf\lg?(nEfnfl/zﬁg/\ [{Hn - H(fn—1/2,g>\)} ] = V(f)

2.5 Proofs of main results

2.5.1 Auxiliary results and proofs of Lemma 2.3 and Corollary 2.4

Throughout the proofs, we write @ < b to mean that there exists C' > 0, depending only on d € N
and 6 € ©, such that a < Cb. The proof of Lemma 2.3 relies on the following two auxiliary results,

whose proofs are given in Section 2.6.1.

Proposition 2.9. Let 0 = («, 8,v,v,a) €O, d €N and 7 € (ai+d’ 1}. Then

Td
f’il-/}:lfi),e /{I:f(w)<6} a(f(‘r))f(x) v 0

as 6 \,0. Moreover, for every p > 0,

sup /Xa(f(x)) flz)" < o0.

f€Fa0

Recall the definition of A 1(+) in (2.5). The first part of Lemma 2.10 below provides crude but

general bounds; the second gives much sharper bounds in a more restricted region.

Lemma 2.10. (i) Let f € Fy and let a > 0. Then for every s € (0,1) and x € RY,

(Vd|8f||oo)1/d < hyt(s) < ||z + (/iaf(];))l/a-

(ii) Fiz 6 = (o, B,7,v,a) € O, and let S,, C (0,1), X, C R? be such that

d/(1NB)
C,:= sup sup sup —a(f(x)) i

— 0.
fEF4 0 8E€ES, xEX, f(z)

Then there exists n, = n.(d,0) € N such that for alln > n,, s€ S, € X,, and f € Fyg,

we have —_—
- d/(2AB) . B/d
Vo (2 h=1(s)% — b ()t +2l/d <S{a(f(x)) 5} ’
D M R
where bo(x) = 1 and |by(x)| < a(f(x)) f(x)"2/? for 1 > 1. Moreover, if 3 > 2, then
Af(x)
b =— .
M e

We are now in a position to prove Lemma 2.3.

Proof of Lemma 2.3. (i) We initially prove the result in the case d > 3, a > 2d/(d — 2) and
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B € (2,4], where it suffices to show that

. T'(k+2/d)[(n) Af(x) ’_ ( {k+‘ k6}>
Eq(H,) —H dz| = O max{ ———,
B VT )T+ 27d) e T e o8

as n — oo, uniformly for k € {1,...,k*}. Fix f € Fye. Define ¢, := a(k/(n — 1))/ ") et
6n = ke log®(n —1)/(n — 1) (2.12)
and let X, ;= {x: f(z) > d,}. Recall that a,, := 3(k + 1)log(n — 1) and let

_ Va(n—1)h; ' (s)
Ugp s 1= S :

The proof is based on (2.4) and Lemma 2.10(ii), which allow us to make the transformation
$=DPnyu = hg(rny). Writing R;, i = 1,...,5 for remainder terms to be bounded at the end of

the proof, we can write
E(H,) = / f(x) / logudF, ,(u) dzx
x 0

1
:/ f(m)/ Bin—k(s)loguy s dsdr + Ry
X 0

= / f(z) /ﬂ_1 Bin—k(s)loguy s dsdx + Ry + Ro
X 0

e n—1)s AP LINTE: s
= [0 [ {oe(Gmsy) ~ iy argceyee Bk dode + 2

B n—1 Vi, 2/d Bryo/dn—r Af(w
- /X / @{log( @) > ~ ) S S DBy ()P } et ZR

V, 2 (k + 2/d)T(n)
2(d 1 2)T(MT(n +2/d) J f 2/dd *ZR

= H+log(n —1)—¥(n) —

Xn,

After multiplying the integrand by an appropriate positive power of é,/f(x), the first part of
Proposition 2.9 tells us that for every € > 0,

k2/d Af(z) fpata—e
sup - 5o dx = O( — )
ke{1,....k*} n?/d f€Fa0JXE f(I)Q/d nao+td €
as n — o0o. Since log(n — 1) — ¥(n) = O(1/n), it now remains to bound Ry, ..., R5. Henceforth,

to save repetition, we adopt without further mention the convention that whenever an error term
inside O(+) or o(-) depends on k, this error is uniform for k € {1,...,k*}; thus g(n, k) = h(n, k) +

o(1) as n — 00 means supyeqy g(n, k) —h(n, k)| - 0 as n — occ.

.....
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To bound R;. By Lemma 2.10(i), we have V& uo (f)% f||% > a®d?/(a + d)**+<. Hence

[log g, s| < log(n — 1) + [¥ (k)| —logs + |log || fllec| + [1og V4l
+ ﬁ| log pa (f)| — d log(1 —s) + dlog(l + 1|/|fH )
a a ol " (f)
Vdal/d(a—‘r d)a+d
acdd
d 1 Vey (o + d)atd d
+|10ng|+amaX{logu, dlog( T —alog(l—s)
(e +d)i+évj/dwd>

1
<log(n—1)+ |V (k)| —logs + max{log'y, o log<

(2.13)

+dlog(1+ Adgije

Moreover, for any Cy,C; > 0,¢ € (0,«) and € € (0,¢), we have by Holder’s inequality that

sup (2){Co +log(1 + Ci 2]} dz < 6577 sup /f )57 {Co + log(1 + Cy|Jz]))} do
fEFa,0 fE€Fa0

aze! d+{ {CO+1og(1+01||x|\)} dxrfdo(kaidf)
RO (L fal|) = e

Since |E(logB)| = ¥(a + b) — ¥(a) when B ~ Beta(a, b), we deduce that for each € > 0,

1 k +d —€
Ry :/ f(x)/ Bin—k(s )logumsdsdx—o< 6)
;; 0 n(x+d

as n — oo, uniformly for f € F40.

To bound R,. For random variables By ~ Beta(k,n — k) and By ~ Bin(n — 1,a,/(n — 1)) we
have that for every ¢ > 0,

B(Bi > a,/(n—1)) = B(By < k—1) < exp(—W> —o(n=B-9),  (214)

where the inequality follows from standard bounds on the left-hand tail of the binomial distribution
(see, e.g. Shorack and Wellner (2009), Equation (6), page 440). Now, for any C; > 0, we have
alog(1+Chllz]) < (1+Ciflz[)* — 1, so that supser, , [ f(2)log(1+ Ci[[z]]) dz < co. Moreover,

an n—k—1

n—1

1 4 |
_/ log(1 — s)Bg n—r(s)ds < ni/ Bin_k_1(s)ds = 0(7,L—(:3—e))7

for every € > 0, by a virtually identical argument to (2.14). We therefore deduce from these facts
and (2.13) that for each € > 0,

1
Ry = / f(x)/ Bin—k(s)loguy s dsdx = o(n_(3_6)), (2.15)
X’Vl an

n—1

which again holds uniformly in f € Fy .
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To bound Rs. We can write

an

- [ s [ s (Lettet)y Vattorize )

h=1(s)d — V*Q/d 2/d A
’ {Vdf(x) =ty 2+ z§f<x){f§/)d H Bron-i(s) s

R

=: R31 + Rs2,

say. Now, note that

d
6
sup sup sup sup alf (@))% < — 0.
,,,,, k*} fE€F a0 s€(0,an/(n—1)] v,  f(T) log(n —1)

It follows by Lemma 2.10(ii) that there exist a constant C' = C(d,#) > 0 and n; = ny(d, §)
such that for n > ny, k€ {1,...,k*}, s <a,/(n—1) and z € X,,,

Vaf@hs (' =s | sAf()

S

2(d +2)V, fla)re2rd]
and
Vaf (@)h; ' (s) — s

S

d/2v, 2 (£ () sa(f(2))¥2 177 _1
= T ) )/ *C{ 7() } =3

,..., k*}, using the fact that |log(1 + z)

[\

Thus, for n > ng and k € {1 —z| < 2% for |2] < 1/2,

v s alf @) o f salf @) o dsd
moi <2 [ g0 [T { S ) B
dV; T (k + 4/d)T(n) -

2(d + 22D (B)T(n + 4/d) /Xn“(f@)yf(x)l Y da

2C°0(k +28/d)0(n) [ s aaga

RN s, ) 5@

IN

On the other hand, we also have for n > ny and k € {1,...,k*} that

|Rgz\<c/ /{ (ff((z)))d/z}ﬁ/dgk,nk(s)dsda:

CT(k + 8/d)T(n) a( ()2 f(x) 8/ de
= TWT(n + 4/d) / R

Multiplying each of the integrals by f(z)/d, to an appropriate positive power if necessary and by
the second part of Proposition 2.9, for every € > 0

kata—c k4
max(|Rz1|,[R32|) = O maxq ———, —5 ¢ |
notd € nd

To bound R4. We have

"o /an(x) / : {log(e(g(’“_); (>::)) - 2‘(/21(12‘9)}/2355/2 }B’fvn—k(s) ds dz.

uniformly for f € Fg4.
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Consider the random variable By ~ Beta(k,n — k). Then, using (2.14) and the fact that (n —
1)s/e?®) > 1 for s > a,/(n — 1) and n > 3, we conclude that for every € > 0 and n > 3,

ul < 1oa (B )+ [ 160 (om0 + f(“;(;i) o

uniformly for f € Fq, since we have supscz, , Jx f(x)]log f(x)]dz < co by Lemma 2.11(i) in
Section 2.6.2.

To bound Rs. We use the fact that for f € Fyg9, x € X and € > 0,

[/l
fla ) )

yd(a—I—d)(H_d 1 ~ e
< 1 1 *1 — aqd ¢\ flx))
_max{ og"y, Ong+a og( acdd >}+e’(f(x))

[log f ()| < [10g | flloc| + log (+12

It follows from the first part of Proposition 2.9 (having replaced a(d) with max{a(d),|logd|} if

necessary) that for each € > 0,

Fs = [ f(@){log(n —1) = W(n) ~ log f(v)} d = (k>
xg

n(N
uniformly in f € F4¢. The claim follows when d > 3, a > 2d/(d — 2) and § € (2,4].

We now consider the case where either d < 2 or a < 2d/(d —2) or € (0, 2], for which we need

only show that
X Eafa—c k4
sup |Ef(H,)— H|=0|max{ ——, —5 ¢ |-
f€.7:d,9 notd ¢ nd

The calculation here is very similar, but we approximate log u, s simply by log( é(m 7 (x)) Writing

by..., RL for the modified error terms, we obtain

Es(H,) = H + log(n — 1) — +ZR'

Here, R} = Ry = o{ (£ )a/ atd)= }, and R = Ry = o(n=379), for every € > 0 in both cases. On
the other hand,

o —1(c\d ara—¢ B/d
Ré = / f(x)/ log M Bk n_k(s) dsdx = O max ka% B L
x, 0 S ’ natd € ’]’Lﬂ/d

for every € > 0, by Lemma 2.10(ii). Similarly, for every e > 0,

R) = /X f(x) /1 log<m> Bin_i(s)dsde = o(n=379),

n

and Rf = Rs = 0{ (%)a/(wrd)fe}. All of these bounds hold uniformly in f € Fy4, so the claim is
established for this setting.
Finally, consider now the case d > 3, a > 2d/(d — 2) and > 4. Again the calculation is very

similar to the earlier cases, with the main difference being that in bounding the error corresponding
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to Rs, we require a higher-order Taylor expansion of

Vaf (@)hy ) () - )

S

log (1 +

This can be done using Lemma 2.10(ii); we omit the details for brevity. O

Proof of Corollary 2.4. It is convenient to write d’ := [d/4| + 1 and ' := [3/2] — 1. We have

k Ld/4)
j+21/d)T(n)
B/ () - H| = lewa{]Ef(logf(J)l - lan/d)AH
k B
+21/d)T'(n)
<an{“‘3f1°gf<a>1 - - ;jnwud)k}‘

Jj=1

+

Ek:w] 7 Fj+2l/d )T(n )AH

= £ d,F I'(n+2l/d)

M

The first term can be bounded, uniformly for f € F¢ and k € {1,...,k*}, using Lemma 2.3. For

the second term, we can use monotonicity properties of ratios of gamma functions to write

k B’
I'(j+2l/d)T'(n) k+2l/d I'(n)
;“’J; I(j )F(n+2l/d)>\l = yties W';' "lgd:, T(k)C(n + 21/d)
T'(k + 2d'/d)T'(n) j2d'/d
< 1/2 r —
< V(5 - d +1)F(k) I(n+2d/d) d’<l<,8" = ( 2d’/d>’
uniformly for f € Fy. The result follows. O

2.5.2 Proof of Lemma 2.7

Since this proof is long, we focus here on the main argument, and defer proofs of bounds on the

many error terms to Section 2.6.5.

Proof of Lemma 2.7. We employ the same notation as in the proof of Lemma 2.3, except that
we redefine 8, so that 6, := ke log®(n — 1)/(n — 1). We write &, := {z : f(z) > §,} for this
newly-defined 4,,. Similar to the proof of Lemma 2.3, all error terms inside O(-) and o(-) that
depend on k are uniform for k € {kg,...,k7}, and we now adopt the additional convention that,
where relevant, these error terms are also uniform for f € F;49. By the nested properties of the
classes Fy ¢ with respect to the smoothness parameter 3, we may assume without loss of generality
that 8 € (0,1]. We first deal with the variance of the unweighted estimator H,,, and note that

Var H,, = n~! Varlog & 4 (1 —n~1) Cov(log &1, 1log &)
=n"'Varlog& + (1 —n~"){Cov(log(& f(X1)), log(&£(X2)))
—2Cov(log(&1f(X1)),log f(X2)) }- (2.16)

We claim that for every € > 0,

1 LB/d kata—€
Varlogfl:V(f)+k{1+o(1)}+0{max< 57d logn, O‘e)} (2.17)
n

na+d
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as n — 00. The proof of this claim uses similar methods to those in the proof of Lemma 2.3. In

particular, writing S, ..., S5 for remainder terms to be bounded later, we have

20\ _ T 9
E(log® &) = /X f(x)/o log® udF, ,(u)dz
1
= / f(x) / Bk,n—k(s) 10g2 Ug,s dsdx + Sl
Xn 0

an

:/ f(x)/ﬂ_ Bin—k(s )log Ug,s dsdx 4+ S1 + So
X,

/ /7log < k)f() ))Bk,nk(s)dsdx—i-sl—i-sz—i-Sg
- /X £()[log? £(x) — 2{log(n — 1) — (n)} log f(z)

+ U (k) — ¥’ (n) + {log(n — 1) — ¥(n)}?] do + Z S;

:/Xf(x)log2 f(z) d:r—kE:SZ-—F%{l—ko(l)}7 (2.18)
i=1

as n — oo. In Section 2.6.5, we show that for every ¢ > 0,

kB/d kata—e

as n — oo. Combining (2.18) with (2.19) and Lemma 2.3, we deduce that (2.17) holds.

The next step of our proof consists of showing that for every € > 0,

prrtard pith
Cov (log(&1 £(X1)), log f(Xg)):O(Hlax{ — 1og2+5/dn}> (2.20)

5
n atd nlta

as n — 0o. Define

so that

Foo(u) if||z— > Ty
P& <ulXy =2,Xp=y) = () . =l
Fpa(u) if [z =yl < 7o

Writing @iy, 4, = Va(n — 1)||lz — y[|?e"Y*), we therefore have that

COV( log(&1 f(X1)),log f(XZ))

- / F(@) @) log () / log (uf () d(Fne — Fr) () da dy
XXX N

n,x,y

—H(f) /X f(zx) /000 log(uf(:c)) (F;I — Fp)(u)de. (2.21)
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To deal with the first term in (2.21), we make the substitution

T
Y= Yos =T s ;M (2.22)
and let d,, :=

(24logn)/®. Writing T, Ts, T3 for remainder terms to be bounded later, for every
€ > 0 and for k > 2,

| s@iseessw | " loguf (@) d(Fy — Fiy)(u) dy de

XXX ﬁn,w,y

=rd 1/ f(Ya,2) 108 f(Ya, Z)A ‘dlog(uf( z))d(Fp . — F ) (uw)dzdz+T,
Bo(dy)

F ()

—ri [ fte)tog ) [ » / " log(uf(2)) d(By . — Fi,)(w)dadat Ty +T5

:nk;;,ll/xf(x) 10gf<$)dl‘/n log((z\;i(i))s)]gk’nikil(s)(l_(7;—2)3

3
H atae
o) 4o T ) + ZT

(2.23)
In Section 2.6.5, we show that for every € > 0
3 _ 14 2a _ 1.8
Lk—3tata—¢ kata
Z |T;| = O max e log2tP/d p, (2.24)
= e pivd

as n — 0o. We now deal with the second term in (2.21). Writing Uy, Us for remainder terms to be
bounded later, for every € > 0,

/ e / log (uf (2)) d(Fy, — Fr0)(u) da

1 kata—e
:1+U1+U2+O().

n1+ aid

(2.25)
In Section 2.6.5, we show that for every € > 0

k1/2 EB/d Lata—e
|U1| + |Us| :O( - max{nﬂ/d, e }) (2.26)

From (2.21), (2.23), (2.24), (2.25) and (2.26), we conclude that (2.20) holds

By (2.16), it remains to consider Cov(log(& f(X1)),log(&2f(X2))). We require some further
notation. Let F), ,, denote the conditional distribution function of (£1,§2) given X1 =z, Xo =y
Let a; := (k — 3kY2log!/?n) v 0, a := (k + 3k/2log"/?n) A (n — 1), and let

vy i=inf{u>0:(n—Dppow=a}, lL=inf{u>0:(n—Dpp.u=a,}
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so that P{¢&; < Ix,} = o(n=/279) and P{&; > vx,} = o(n™¥/279) for every ¢ > 0. For pairs
(u,v) with © < v, and v < Uy, let (M15M27M3) ~ Mlﬂti(” - 2;pn,r,uapn,y,v7 1- Pn,xz,u 7pn,y,v)7

and write
Gn7z}y(u7’l)) = P(M]_ Z kJ,Mg 2 k‘)7

so that F, 5 (u,v) = Gp 3y (u,v) for ||z —y|| > rnu + rn. Write

E::(l az>
a, 1

with e, = V; 'pa(Bo(1) N B.(1)) for z € R?, let ®x(s,t) denote the distribution function of
a N3(0,%) random vector at (s,t), and let ® denote the standard univariate normal distribu-

tion function. Writing W; for remainder terms to be bounded later, and writing h(u,v) :=
log(uf(z))log(vf(y)) as shorthand, we have

Cov(log(&1f(X1)),log(&2f(X2)))

:/XXX / / (u,0) d(Fp gy — FnoFny)(u,v) dedy
S

e

/ hu,v) d(Fney — FrnoFny)(u,v) dedy + W1
[l 00 ] X [Ly 0]

f(@)f(y)
f(x)f(y) / h(u,v) d(Fy.4y—Gnay) (U, v)dedy — % + Z Wi

[z va] X [1y,vy] i=1

X,LXX
_ nl/BOQ)/ / (Bss(s, 1) — ()@(t)}dsdtdz—%—s—zwi
:k(n_l +ZW o( ) i (2.27)

The proof in the unweighted case is completed by showing in Section 2.6.5 that for every € > 0,

4 5 34« 3
log?n k2tara kit
E l/‘/- =
; Wi O(max{ kx oplters oplt

nk?2

9 b 2a—e

B
n1+E n o+d

d ya—e 2a—e¢
7 R0 kit alogn ket }>
28
d

9 -
n1+z+2
as n — o0.

The proof in the weighted case uses similar arguments; details are deferred to Section 2.6.5. O

2.5.3 Proofs of Theorems 2.1 and 2.2

Proof of Theorem 2.1. Writing j; := |tk/d] for t =1,...,d and d’ := |d/4] 4+ 1 for convenience, a
sufficient condition for W) = () is that the matrix A®) e R > with (I,¢)"" entry

AR =T () TG + 200 — 1) /d)k—20-1/4,
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is invertible. This follows because, writing e; := (1,0,...,0)T € R? we can then define w = w® €
W) by setting
d/a]+1 -
(w; )i = (A) ey
and setting all other entries of w to be zero. Now define A € R %%’ to have (I,1)"" entry Ay :=

(t/d)?(=1D/d. Since zT(z)"'T(x +a) — 1 as  — oo for a € R, we have ||[A®) — A|| = 0 as
k — co. Now, A is a Vandermonde matrix (depending only on d) and as such has determinant

A= J] a8/ >o.

1<ty <ta<d’

Hence, by the continuity of the determinant and eigenvalues of a matrix, we have that there exists
kq > 0 such that, for k > kg, the matrix A®) is invertible and

A" er]] < [Amin(AD)| 7 < 2] Amin(A4) 1

)

where Apmin(+) denotes the eigenvalue of a matrix with the smallest absolute value. It follows that,

for each k > kq, there exists w*) € W satisfying sup,y, [[w®) || < 0o, as required.

Now, by Corollary 2.4 and the fact that w € W) we have for € > 0 sufficiently small,

: Rete Bk s
Ef(H,) - H(f) =0\ maxq ——, —57», —3 =o(n~1/?),
no+d n% nd

aw

€

uniformly for f € F; ¢, under our conditions on £k}, and 8. By Lemma 2.7 we have Var I:I;{’ =
n~1V(f) 4+ o(n™1) uniformly for f € F44. Note that by Cauchy—Schwarz, very similar arguments
to those used at (2.18) and Lemma 2.11 in Section 2.6.2 we have that, for j € supp(w),

1/2
(Cov s (1o (6,1 £(X1), log £ (X0)) | < {V (F)Es [log? (¢5).1/ (X1))]}* = 0
uniformly for f € Fy4 9. Therefore, also using (2.20), we have that
Varp(HY — H}) = Vary HY + 2Cov (HY, log f(X1)) +n "V (f)
k
- _ 2
= Var 0 =07V (f) + = > w;Covy (log (€1 f(X1)). log f(X1))
n
k
+2(1—-n"") Zijov(log(&j),zf(Xz)),log f(Xl)) =o(n™")
j=1
as n — oo, uniformly for f € Fy . The conclusion (2.3) follows on writing

Ep{(Hy — H;)*} = Varg (H) — Hy) + (B HyY — H(f)),

and the final conclusion is then immediate. O
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Proof of Theorem 2.2. We have

din (L(n"2 (Y~ H(P)Y), £(n > (H — H(£))))
< Zggﬁfm(nl/?{ﬁ;f — H(f)}) — h(n?{H — H()})]

<n'PE | HE — HY| < n'?[E{(HY - Hi)QHW.

(2.28)
Now write H* for the class of functions h : R — R having Lipschitz constant at most 1, and
let Z ~ N(0,V(f)). Then by standard properties of the Wasserstein distance (e.g. Gibbs and
Su, 2002, p. 424) and the non-uniform version of the Berry—Esseen theorem (e.g. Paditz, 1989,
Theorem 1),

dow (£ (n'/*{Hy = H(DY). N (0,V(£))

< sup [Egh(n'/?{H} — H(f)}) — Eh(2))|
heH*

:/_"O ‘[[Df(nl/Q{H;—H(f)}gx)—]P’(Zg:c)‘dmg 71718/53‘}62)’ (2.29)

where

Bs(f) = B {[log f(X1) + H(H)|} = /X f(@)|og f(x) + H(f)P da.

We conclude from (2.28) and (2.29), together with Theorem 2.1 and Lemma 2.11 in Section 2.6.2,
that

sup sup de (L(n2(LY — H(F)),N(0,V(f)) =0
ke{k,....k1} fE€Fa0

as n — 00, as required.

For the second part of the theorem, set

_ 1/3
g g Supke{l,...,k*}supfefd,g(2]Ef {Vw - V(f)}Q])
n = en(h6) = infrex, , V(f)?/3 7

so that €, — 0, by Lemmas 2.11(ii) and 2.13 in Section 2.6.2. Then, by two applications of
Markov’s inequality, for n large enough that €, <1,

Prwy1/2 Vw ~
Pf<‘(n)_1‘26n>gl[”f<‘ z —I‘Zen)+Pf(Van0)

Vi/2(f) V()
rw 2
. Ef[{V,%/(—f)‘g(f)} ] (61%+1 <e
For n € Nand L > 1, define hy, 1 : R — [0,1] by
0 if |2] > zg/2(1 +€,) +1/L
hop(z) == L{zga(1+e€n) +1/L — |z} if 0 <|z|—2z4/2(1+€,) <1/L

1 if |2] < zg/2(1 + €n).
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Thus h,, 1, has Lipschitz constant L and hy, 1(z) > L{ja) <2y /o (14en)}- Then, with Z ~ N(0, 1),

Ps(Inq 2 H(S))

1/2 gw _H v1i/2 1
SPf(n IV{L/Q(f) (f)l < zq/2(1+€n)> +Pf<(w)(f/2 < 1+€n>

V2ffw _ H
< thn,L<" {V{;Q(f) (f)}> +en

< Byt 2) ¢ en Lo (£ HE UL )

<P(IZ] € zgp2(1+€,) + L71) + 6
+ Lmax((1,V='2(f))dgr (.c(nl/Q(ﬁ;f — H(f))),N(0, V(f))).

Since L > 1 was arbitrary, we deduce from the first part of the theorem and Lemma 2.11 in
Section 2.6.2 that

2
limsup sup sup sup Pr(l,,2 H(f)) —(1—¢) < inf ———— =0.
n—co qe(0,1) ke{ks,...k1} FE€F a0 g ) L>1 L(2m)1/?
The lower bound is obtained by a similar argument, omitted for brevity. O

2.6 Appendix

2.6.1 Proofs of auxiliary results

Proof of Proposition 2.9. Fix T € (ai_‘_d, 1]. We first claim that given any € > 0, there exists A, > 0
such that a(d) < A.57¢ for all 6 € (0,~]. To see this, observe that there exists dy € (0, ] such that

a(0) < 67¢ for § < §p. But then

sup 6(d) < max{l,’yﬁa(éo)} <% ¢
3€(0,7]

which establishes the claim, with A, := 765 °. Now choose € = %(7‘ — O%d) and let 7/ =

7+ S((fiid) € (QLM, 1). Then, by Holder’s inequality, and since a7’/(1 — 7') > d,

sup / a(f(z))f(z)" dov < AS° sup / f(2) da
f€Fa0 J{z:f(x)<d} fe€Fa0 J{z:f(x)<d}
, 1—7/
< A1 +y)f’{/ (1+ |a]|*) T d:zr} -0
Rd

as § \( 0, as required.
For the second part, fix p > 0, set € := § (1 — 3%45) and 7/ := § + 2(%@ € (3%4;,1). Then, by
Holder’s inequality again,

sup /Xa(f(a:))pf(x)'rdeAE/p sup /Xf(:v)T,dx

fe€Fa0 fe€Fa0

, 1—7'
SAWOMN{/u+mw>ﬂw% < oo,
]Rd
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as required. O

Proof of Lemma 2.10. (i) The lower bound is immediate from the fact that h,(r) < Vg f||eor® for
any r > 0. For the upper bound, observe that by Markov’s inequality, for any r > 0,

palf)

/rOL

ha(lal| + ) = |

f(y) dy z/ Fly)dy>1-
B (||z]|+7) Bo(r)

The result follows on substituting r = (”1%('?)1/0‘ for s € (0,1).

(ii) We first prove this result in the case § € (2,4], giving the stated form of b;(-). Let
C = 4dVd_ﬂ/d/(d + ), and let y := Ca(f(x))?/?s{s/f(x)}P/%. Now, by the mean value theorem,

we have for r < r,(z) that

Va dVq

ha(r) = Var? f () — S+ 2>rd+2Af(x) < a(f(x))f(x)deJrﬁ_
It is convenient to write .y
Sey =S : 2/€f(:c) +y.
2(d +2)V, " f(z)1+2/4

Then, provided s, , € (0, Vard(z)f(x)], we have

h(w/»/>

_2/d -B/d
S V, i Af(z) 1+2/d _ a(f(x))dV, o 14+-5/d
2 Sgy T+ 5 ‘

@+ D@ B+ 5) P

Now, by our hypothesis, we know that

Sup Ssup sup max

—2/d —-2/d d
{Vd 2/ 32/d\Af(x)| y} X {dl/zvd 2/ 072/
fe]:dyg s€S, zeX, o

s 2(d +2)

B/d
2(d +2)f(x)+2/" s O, } =0

as n — co. Hence there exists ny = ni(d, 8) € N such that for all n > nq, all f € Fy4, s € S, and

r € X, we have

1+2/d ¢ g1/2y,—2/d 2/d
1 slt2/d _ 81+2/d) > 5 {d Va a(f(ac)/)s y}

2(d+2)( oY - 2 2(d + 2) f(x)/d s

Moreover, there exists ng = na(d, #) € N such that for all n > ng, all s € S,,, x € X, and f € Fyp

we have

|55, 1FE/4 < 25178/4.

Finally, we can choose ng = ng(d, ) € N such that

CT(L4*ﬁ)/d 2d1/2072/d d3/203/d d
max{ (A-B)/d ’ 2/d° 2/(1} < d
A(d +2)V, (d+B)V, 2(d+2)(d+ B)V; +8

and such that C, < (8d'/2)~V,/2 for n > ns. It follows that for n > max(ni, ng,nz) =: n., for
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f € Fug, s €S, and for z € X, we have that s, , € (0, Vyrd(z)f(z)] and

Gl/d
z,y
h“({vdﬂ >}1/d> =
__alf(a))s 2 {d1/2vd2/da<f<x )5 y} __da(f(@)s 7/
2d1/2Vd2/df(x)2/d 2(d + 2) f(x)2/d s (d+ 5)V%f(1’)§

a(f()2s 40047 a(f@)> PR s T Ca(f@) [ s P dv e
=T fap {C (d+2)V4/d{f(fE)} gdmv;/d{fu)} d+6}20'

>

The lower bound is proved by very similar calculations, and the result for the case 8 € (2, 4] follows.

The general case can be proved using very similar arguments, and is omitted for brevity. O

2.6.2 Auxiliary results for the proof of Theorem 2.2

Recall the definition of V(f) given in the statement of Theorem 2.1.

Lemma 2.11. For each d € N and 6 € © and m € N, we have

(i) supser, , [y f(x)|log™ f(z)|dz < oo;
(ii) infrer,, V(f) > 0;

Proof of Lemma 2.11. Fix d € N and 0 = (o, 8,7,v,a) € ©.
(i) For € € (0,1) and t € (0, 1], we have

log = < L.
gt T €
Let € = -850, so that % = 2d. Then, by Holder’s inequality, for any f € Fg,
[ t@nog” fwlar <2 [ pptogm (V) dot 1o 111
om 1 me
< ﬁ/ Fla) = da + 277 Log™ £
om=— l,yme

IA

1—me m
me dx}

1 Vo d d a+d
+ 2™ ' max{logm v, — log™ | 4+—— — — via+d) ,
a™ acdd

S0 [ @ el

where the bound on [log™ || f||so| comes from (2.13).
(ii) Now define

Ag = ma{ sup |H(7) — 5106 1ot [l 1)
f€]:d,ys ferx.

and the set Sgp := {v € X : e a0 < f(x) < e72440}. For f € Fup,x € Sqp and y €
B, ({8d"/?a(e=*44.0)}~1/(BA1)) we have by Lemma 2.12 below that

d1/2
1F) — F@)] < 2 a(e Ane)e2Ase ]y — o], (230)



2.6. APPENDIX 31

By the continuity of f, there exists z¢g € Sq¢ such that f(xo) = %672Ad’9(1 + e244.0). Thus,
by (2.30), we have that By, (r4,6) C Sq¢, where

[ T(1—em2as) 1/(BAD) 1
o= {30d1/2a(6_4Ad~9) } 8d!/2a(e—4Aa.0)}1/(BAT)
Hence
V(f) = Ey[{log f(X1) + H(f)}?) = A7 gy (X1 € Sap) = A7 e 410 Varg .
as required. O

The following auxiliary result provides control on deviations of the density arising from the
smoothness condition of our Fy ¢ classes.

Lemma 2.12. For 0 = (a,8,7,v,a) € O, m:= [f] —1, f € Fyp and y € Bw(ra(m)), we have,
for multi-indices t with |t| < m, that

oft af 15d"/? ’
P 9T < B o 5w 5@y — wlpo-lein

Proof of Lemma 2.12. If |t| = m then the result follows immediately from the definition of Fy 4.
Henceforth, therefore, assume that m > 1 and |¢| < m—1. Writing ||-|| here for the largest absolute
entry of an array, we have for y € B, (ra(:r)) that

afty) af af'(z)
<ly—a  sup |V
| ot ‘ zeBmmy—xn)‘ ozt H
< Hy—xlll\f(‘t'“)(x)ll+d”2\|y—x\| sup | 0D (z) - 0 )|
s€B, (ly—=])

m—|t|
< S IRy — IO @)+ — el sup | z) - f )|

= z€B, (ly—=])

1 /2 51 15d'/?
Sa(f(x))f($)|y${1_d1/2”y_x”+d Plly — || }S - a(f(x))f(@)|ly — |,
as required. O

Lemma 2.13. Under the conditions of Theorem 2.1 we have that

sup  sup E;{V¥ —V(f)}] —o0.
ke{ky,...ki} fE€Fa0

Proof of Lemma 2.13. For w = (wy,...,w;)" € WF) | write supp(w) := {j : w; # 0}. Then

k
BV = V() < D> wiErlog® &y — /X flong‘ + [E{(HY)*} — H(f)?]

j=1

< lwljy max
Jj€supp(w)

E;log” €)1 — /X flog® f‘ + Var, HY + |(EgHY)>—H(f)?|.

Thus, by Theorem 2.1, (2.18) in the proof of that result and Lemma 2.11(i), we have that
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SUDge ks, k1) SUP e 7, o [Ef Vi = V(f)| = 0. Now,

2

~ w
Var;V,» < Il ~max Varylog® &1 + [[w]f  max |C0Vf(log2 £y, log? Cw2)| (2:31)
N jE€supp(w) J,£€supp(w)

Let a,, ; :== (j — 3j%/21og'/?n) v 0 and ai’j = (j + 35/21og"% n) A (n — 1). Mimicking arguments
in the proof of Theorem 2.1, for any m € N, j € supp(w) and € > 0,

e} n— T —1 s d
By {log™ (€1 f(00)) = [ ) [ o (PSR g, s

2 - 1)s L
_/1;,]' IOg (e\II(J))Bjﬂ_](s)ds—!—O(maX{nﬁ/dlog n, n%ﬁfe —>O,

uniformly for j € supp(w), k € {k{,...,kT} and f € Fy9. Moreover, by Cauchy—Schwarz, we can

now show, for example, that

Eylog* &)1 = Ef[{log(&),1.f(X1)) — log f(X1)}] — Eylog® f(X1)

uniformly for j € supp(w), k € {k§,...,k{} and f € Fgqp. Using a similar approach for the
covariance term in (2.31) we see that SUDge (k7. k1) SUPfeF, , Var VT'LL“ — 0 and the result follows.
O

2.6.3 Proof of Proposition 2.5

Proof of Proposition 2.5. In each of the three examples, we provide 8 = («, 8,7,v,a) € O such
that f € Fy9. In fact, B > 0 may be chosen arbitrarily in each case.

(i) We may choose any a > 0, and then set v = dQQ/Q*IF(% + %)/F(l + %) We may also set
v = (27)~%2. Tt remains to find a € A such that (2.6) holds. Write H,.(y) := (71)’”6742/2%6’?/2/2
for the rth Hermite polynomial, and note that |H,(y)| < p-(Jy|), where p, is a polynomial of
degree r with non-negative coefficients. Using multi-index notation for partial derivatives, if ¢t =
(t1,...,ta) € {0,1,...,} with |t| := t; + ...+ t4, we have

d

d
= f(2) [T 1He (@) < f@) T pe, (2ll) < f(@)ae(l2]),

Jj=1 Jj=1

of'(x)
‘ Oxt

for some polynomial ¢, of degree r, with non-negative coefficients. It follows that if y € B2(1),
then for any 8 > 0 with m = [8] — 1,

L) (ol 2020
f@lly —zllf=m™ = f(o)lly — ||~ eftl=m| Oz dat
dm+1)/2 8ft(x + w)
ST ekt wlmy| ot
< J(m+1)/2 sup f(@ +w)gmi (|2 + wl])
weBo(1) f(x)

< a2l gy (2] + 1),
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Similarly,
1£ ()] /2
B TP d™" max gr(|lz])

Write g(d) := {—210g(5(27r)d/2)}1/2 and define a € A by setting a(d) := max{1,a(d)}, where

@) = a sy ] g ar(lel) @26l (1] + 1)
z:||z]|<g(6) r=1,....m

= dm/2 max{ I{laX lQT (g((;)) ) dl/Qeg(é)qurl (9(6) + 1) }

r=1,...,m

Then sup,. r(,)>5 My,a,5(7) < a(d) (67¢) for every € > 0, so (2.6) holds.

(ii) We may choose any « < p, and set
) (p/2)°72T (#5%)
) T()

v = d2a/2711—‘(% + g
r(1+4¢

To verify (2.6) for suitable a € A, we note by induction, that

(244
We may also set v = %.
if t = (t1,...,tq) € {0,1,...,}¢ with |[t| :=¢; + ...+ t4, then
of(x) f(@)qp (Iz]])
Ozt | 7 (14 |lz[2/p)”

where ¢, is a polynomial of degree r with non-negative coefficients. Thus, similarly to the Gaussian
example, for any 8 > 0 with m = [8] — 1,
fl@+w)gmn(lz+wl) _ 4
T dm,po

£ @) = FD iy
=d o weiP s F @+ 22 /p)

sup sup — <
verdyene(n)  f(@)|ly —z[|f=m™ 2€RE weBo (1)

say, where A((;T)n o [0,00). Similarly,

1f) ()| /2 ar(llzll) 2)
= <d™sup max ————"— =tA]
(L +[lz]2/p)" dmap

su max
o (@) R

€ [0,00). Now defining a € A to be the constant function

2

say, where Affzn, o
a(d) := max{1, Agzn,p, Aggn’p

we again have that sup,. ¢(;)>s Mf,a,6(2) < a(d), so (2.6) holds.

(iii) We may take any o > 0 and v = 1, v = 3. To verify (2.6), fix 8 > 0, set m := [5] — 1, and

define a € A by
a(8) := A, max{1, log>™*(1/8)},

for some A,, > 1 depending only on m. Then, by induction, we find that for some constants
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Al By, > 0 depending only on m, and = € (—1,1)

AL A1 f(Y)
My q5(z) < max{ max —————, sup mil }
fa,B r=1.. (1 _ x2)2r i0< y—|<ra(z) (1 _ 92)2(m+1)f(x)
B
< 422y < @),
provided A,, in the definition of a is chosen sufficiently large. Hence (2.6) again holds. O

2.6.4 Proof of Proposition 2.6

Proof of Proposition 2.6. To deal with the integrals over X¢, we first observe that by (2.13) there
exists a constant Cq s > 0, depending only on d and f, such that

1
/ f(:c)/ Bi,n—k(s)loguy s dsdx
£ 0

< Cd’f/ f(m){logn + log<1 + 1|/|i” )}dm = O(max{qn log mq}fe}), (2.32)
: pua“(f)
for every € > 0. Moreover,
f(x)log f(x) dx| = O(g, ), (2.33)
g

for every € > 0. Now, a slightly simpler argument than that used in the proof of Lemma 2.10(ii)
gives that for r € (0,7,], we have

dv, ;
—L ¢, s@)rtth.

|ha (1) — Vaf ()] < i+ 5

We deduce, again using a slightly simplified version of the argument in Lemma 2.10(ii), that there

exists ng € N such that for n > ng, s € [0, 27| and = € &,,, we have

—-B/d _
24V, a8/ _Cnis(@)

d+ f(z)HB/d :

’Vdf(x)hw_l(s)d — s’ < (2.34)

l\D\%

It follows from (2.32), (2.33), (2.34) and an almost identical argument to that leading to (2.15)
that for every n > ng and € > 0,

m)/ﬁllBknk(s) log(Vdf(x)h‘;l(S)d> dsdx

g2/ /4*&mk<>Wﬂ)

O
4dVd k+/3/dn k
d+8  Brn-rk

Ef, — H| < + O(max{q, “, gnlogn,n"'})

*\ ds dz + O(max{q}fe, Gn logn, nil})

T
S

/ i B;g dz+0(max{q ,qnlogn,nfl}),

as required. O
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2.6.5 Completion of the proof of Lemma 2.7

To prove Lemma 2.7, it remains to bound several error terms arising from arguments that approx-
imate the variance of the unweighted Kozachenko—Leonenko estimator H'n, and then to show how

these arguments may be adapted to yield the desired asyptotic expansion for Var(ﬁ}f).

Bounds on Si,...,S5

To bound Sy: By similar methods to those used to bound R; in the proof of Lemma 2.3 it is

straightforward to show that for every ¢ > 0, we have

1 ) k%*d_ﬁ
S1 :/ f(:v)/ Bin—k(s)log”uy sdsdx = O ——— |.
o 0

To bound S5: For every € > 0, we have that

1
SZ = / f(x)/ Bk,n—k(s) 10g2 Ug,s dsdxr = O(n—(?)—e))7
X,

An
n n—1

by very similar arguments to those used to bound R in the proof of Lemma 2.3.

To bound S3: We have

2 of (n—1)s
log” ug s— log (e‘l’(k)f(;z:)>

— {2108 75 +1g(Wh”)}1g<W“h“>

It therefore follows from Lemma 2.10(ii) that for every e > 0,

Sy = /Xn f(x) /0ﬁ Bk,n—k(s){logQ Uz,s = 10g2 (6(;(’:)1();)) } dode

L8/d kata—¢
= O{In&x(nﬁ/d logn, naid*) }

To bound Sy4: A simplified version of the argument used to bound R4 in Lemma 2.3 of the main

text shows that for every ¢ > 0,

Sy = /X @) /1 B (s) log? (M) ds dz = o(n—G=9)).

aAn
n —1

To bound S5: Very similar arguments to those used to bound R; in Lemma 2.3 show that for every

€ >0,

Ss = (z)log? f(z) dx = O(kcy:d_z>

c
Xn
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Bounds on T;, T> and T3

To bound Ty: Let B ~ Beta(k —1,n — k — 1). By (2.13), for every € > 0,

Tui=| [ @fogs) [ osuf@)d(F - Fr)wdyds
< 2 [ LI 1) [ oo B a1 = G sy
1 1 (n—2)B
o )10 51 [ (10w 108 125 )1 - U2

+ {logn +|log f(z)| + log(l + uijl:!f) }]E'l - (”k_Ql)BH dy dz

k_ l+ azfd —¢
=0\ — = . )
natd €
where we used the Cauchy—Schwarz inequality and elementary properties of beta random variables
to obtain the final bound.

Now let
Van — Db (225"

% L - n—1
Uy, () = Ug,a, /(n—1) = eV (k) )

and consider

Typ =

/ / F() 1 (y)log (1) / log(uf () d(Fn » — Fiy) () dy d|.
If @y 2y > ul(z), then by very similar arguments to those used to bound R; and Ry (cf. (2.13)
and (2.14)), together with Cauchy—Schwarz,

/ |10g uf |d n,r qu,a:)(u)

n,r,y

< /“717. |IOg(Um,sf(fL'))|{Bk71’n7k(s) + Bk,n—kfl(s)} ds

n—1

logn + |log f(x )|+log(1+ 1%” )
< &
n37e ?

(2.35)

~

for every e > 0. On the other hand, if @, .y < u;, (), then ||z —y[| < 7y wx (2) + Tn,ux (), Where we

have added the 7, ,x(,) term to aid a calculation later in the proof. Define the sequence

Pn = [Cn IOgl/d(n - 1)] _1'

From Lemma 2.10(ii),

an klogn}l/d (klogn)l/d
SUD T yx (y) = SUP hy < su < = 0(pn).
yer, W= R (”*1) pers { f(y) ndy, (pn)

Now suppose that z € X¢ and y € X, satisfy ||y — z|| < p,. Choose ng € N large enough that
Tt (y) < pn/2 forally € X, and that log(n—1) > max{(3/2)4(84"/%)4/5, 12V, 124} for all n > ng
and k € {k§,...,k7}. Then when § € (0,1] and n > ng, using the fact that B, (pn/2) C By(3pn/2),
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we have

/B ( /Q)f(w) dw > Vaf () (pn/2) = Vaa(F W) f (1) (on/2)4(3pn/2)?

a

> Vdf(y>(pn/2)d{1 - (3Cnpn/2)ﬂ} > %Vd(pn/z)dén > n j 1 . (236)

Hence, for all n > ng, x € X, y € X, with ||y — z|| < pp, and k € {k§, ..., kT},
Tnug (@) T o (y) < P (2.37)

On other hand, suppose instead that x € X and p} = infcx, ||y — x| > pn. Since &, is a closed
subset of RY, we can find y* € X,, such that ||y* — z|| = p¥, and set & := oz + (1- ‘;—g)y*. Then
|Z — y*|l = pn, so from (2.36), we have ry, () < pn/2 for n > ng and k € {kg,...,k7}. Since
Bz(pn/2) C Be(p; — pn/2), we deduce that 7, = (o) < pi — pn/2 and

{yeXn:lz—yll <rpu @) + o =0 (2.38)

for n > ng and k € {k§,...,ki}. But for n > ny,

1/2
)~ ) <

(2.39)

1
sup (cnpn)B < 5;

up
2 X yeXnilly—al|<pn J(Y)

so that if x € X¢, y € X, and ||z — y|| < pn, then f(y) < 20, for n > ng and k € {kg, ..., kT}.

It therefore follows from (2.35), (2.37), (2.38), (2.39) and the argument used to bound T7; that

for each € > 0 and n > no,
Ty < /n /X F@)fW)1og f() I Ljo—yli<rn s oy +mmus o}
[ ostus @l s = Fr ) dy o + o)
<[ [ f@rwesso) | " og(uf @) d(Fas — Fimy) () dy d + o(n™?)

1 2
k-ztata—c
=0 T %a |-
nafd —€

Finally for T3, we define

L] o F@) ) 1085 [O log (uf () d(Fyo — Fi)(u) dy .
X, g( n,1 n) m

n,r,y

Ti3 =

AIORC

By Lemma 2.10(ii) we can find n; € N such that for n > ny, k € {k§,...,k{}, = € X, and
s < ap/(n—1), we have Vyf(z)h;1(s)? < 2s. Thus, for n > ny, k € {kg,...,ki}, * € X, and

n d’rL
AS Bg(fr(gsl/d)a

N S 241logn 2ay, > ()
Up,zy > > > uy ().
T f@) T fla)er®




38 CHAPTER 2. EFFICIENT ENTROPY ESTIMATION

Thus, from (2.35), T13 = O(n~2logn). We conclude that for every e > 0,

k—2tata—¢
|71 < T11 +T12+T13:0<2a>'

na+d €

To bound Ty: Fix x € X, and z € By(d,). Choosing ny € N large enough that 7;1%” <
(8d1/2)*1/ﬁc;1 for n > ny, we have by Lemma 2.12 that

for n > ng, k € {k§,...,k¥}. Also, for all n > na, k € {k{,...,k}}, we have

|f(ym,Z) log f(yz,Z) - f(:c) log f(x)| < f(yr,Z)| IOg(f(yz,Z)/f(m)H + |10g f(x)Hf(yLZ) - f(x)|
< a(f(@)) f(@)||ya,= — x| *{|1og f(z)| + 4}.

Moreover, by arguments used to bound 771,

| / :d/m o8 (@) Py ~ Fr))] 5 Eog®)(1- S22

+{logn + Jtog )] + 1og 1+ @Uﬂm) beji - 228

where B ~ Beta(k — 1,n — k — 1). Tt follows that for every ¢ > 0,

RI0)
Ty = VD / /BO f(Yo,2)10g f(Ye,.) — f(x)log f(x)}

/ T log(uf(0) d(Foe — Fi)(u) dz da
lIz]14/ f (x)

kl/2 kata—c [B/d
=0 max : —, 10g2+6/d nyl.
n nata—¢’ nb/d

To bound T3: Note that by Fubini’s theorem,

] feyion s /Bod>/zd1°g“f A(Frs — Fy,)(u) dz da

v, /X fa)log f(x) / uf (z) log(uf (2)) d(Fox — Fyy)(u) de

uy, () )
- Vd/ f(x)log f(x) / wf(x)log(uf(x)) d(Fn o — F, ) (u) de + O(n=679)),
An 0

for every ¢ > 0, where the order of the error term follows from the same argument used to
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obtain (2.35) and Lemma 2.10(i). Thus, for every € > 0,
k—1 2T (Vaf(z)hg(s)d
ti= St [ o) [T vy, )
—r=LJx, 0 o
(n—1)s (n—2)s (3—c
_log<e\ll(k) Bk’nfkfl(s) 1-— ﬁ deCC-i—O(’rL ( ))

L1/2 kaxa—c EB/d
_O< - max{naid_67 B7d logn}>.

Bounds on U; and U,

To bound U;: Using Lemma 2.10(i) and (2.13) as in our bounds on 73; we have that for every
€ >0,

U11 =

s, (2)
Jt@ [ or(ur@) = B da

T n—1)s—k frtata—e
< [ 5@ [T Nog(urf (6 Brris(5) M’dsdw - (,ﬁ) (2.40)
Xe 0 — k= otd

Moreover, using arguments similar to those used to bound Rs in the proof of Lemma 2.3, for every
€ >0,

Uy = = o(n=79), (2.41)

| [ " log(uf(2)) d(Fyy — Fou)(u)da

»(@)

From (2.40), and (2.41), we have for every € > 0 that

’I’L1+“L+d_€

L2tata—e
|Ui| < U + Uiz = 0<>~

To bound Us: By Lemma 2.10(ii) and letting B ~ Beta(k + 5/d,n — k — 1), we have that for every
€ >0,

Usy = /an(x)/onanllog(W)Bk,n_k_l(s){(n_l)s_k}ds dx

n—k—1
kB/d (n—1)B—k k1/2 EBld  pata—e
< 1=8/d jp — A oz
Nnﬁ/dE< 1 D/Xna(f(x))f(x) dx O( - max{nﬁ/d’naid—ﬁ})'

Moreover, we can use similar arguments to those used to bound R, in the proof of Lemma 2.3 to

show that for every e > 0,

[ @ /1 log((z;kl))s>]3k,nk1(s){m}dsdx

n

U22 = = O(TL_(?)_E)).

We deduce that for every ¢ > 0,

L1/2 EB/d  Lata—e
|Uz| < Uzy + Uz =0 max y T .
n nB/d’ para—e
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Bounds on Wy,..., W,

To bound Wy: We partition the region ([l5,vs] X [ly,vy])¢ into eight rectangles as follows:

(s va] X [y vy)) = ([0, 12) x [0, 1)) U([0, 1) X [ly, v ]) U ([0, 1) X (vy, 00)) U ([Ls va] X [0, 1))
U ([las va] X (vy,00)) U ((vg,00) X [0,1,)) U ((vg,00) X [ly, vy]) U ((vg,00) X (vy,00)).

Recall our shorthand h(u,v) = log(uf(x))log(vf(y)). By Lemma 2.10(i) and the Cauchy—Schwarz
inequality, as well as very similar arguments to those used to bound R, in the proof of Lemma 2.3,

we can bound the contributions from each rectangle individually, to obtain that for every ¢ > 0,

Wy = / f@)f(y) / h(u, 0) d(Fp ey — FrwFay)(u,v) dzdy = o(n™9/279).
XXX ([la vz ] X [ly,vy]) ¢

To bound Wy: We have
Vg Vy 1
Wom [ J@F0) [ [ h0) d(Grny ~ FuaFoy)usv) dudy +
XXX le Jl, n

We write Bopc = I'(a)T'(0)T'(¢c)/T'(a + b+ ¢), and, for s,¢ > 0 with s+t < 1, let Bopc(s,t) ==
s 10=1(1 — s — )71 /By, denote the density of a Dirichlet(a, b, ¢) random vector at (s,t). For
a,b> —1, writing I, :== [a,, /(n — 1),a} /(n — 1)], let

B;ﬁa’nfk = /1 shta=l(q] — g)n=k=1gs,

n

Bl(:k)a,nfk

Bl(crfk)a,k+b,n72kfl = /1 , sETem (1 — s — )" 2R 2 ds dt
n Xln

(s) = s" o (1) R B,

(s,1) = sk+a—1tk+b—1<1 s t)n—Qk—Q/B(n)

(n)
B k+a,k+bn—2k—1"

k+a,k+bn—2k—1
Then by the triangle and Pinsker’s inequalities, and Beta tail bounds similar to those used previ-

ously, we have that

/ Bitaktbn—26—1(5,1) = Brtan—k(8)Brron—i(t)| dsdt
I, %I,

(n)
B k4+a,n—k—k+bn—k _ 1‘

k+a,k+bn—2k—1
Brta,k+bn—2k—1

n Bl(cn)a frbn—2k—1(5:1) 1/2
+ {2/ Bgch)a,ker,ankfl(Syt) 1og< (n)+ Lass o) )ds dt}
InxIn BkJra,nfk(S)Bkij,n—k:(t)

1 pl—t 1/2
B a n— — 7t .
= {2/ / Brtaktbn—2k-1(5,1) log< b hin—2k1(5, ) )ds dt} +o(n"?)
o Jo

Bita,n—k(8)Brton—k(t)

—1|+
' ‘Bk+a,n—kBk+b,n—k

a1/2 I'(n+a+b—1)'(n—k)?
= 2" [log(r(n — 2k —1)I'(n+a)(n+b)

)+ (0= 2k = 2)b(n — 2% — 1)
1/2
—(n—k—1){1/)(n+b—k—1)+1/J(n+a—k;—1)}+m/}(n+a+b—1)] +o(n™?)

= %{1 +o(1)}. (2.42)
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As a first step towards bounding W5 note that

Way = / (@)1 () / / (1, 0) d(Go g — Foo Fry) (1 0) it dy
X X Xp, Ly ly

_ /X @)W / o1t £ (2)) oty 0 ()

I, x1Iy

{Bk,k,n—2k—1(5; t) — Bk,n—k(s)Bk,n—k(t)} dS dt d:C dy

S 100 [ oo o)

{Brkn—2k-1(5,) = Bini(5)Brni(t) } ds dt d dy + Wayy

1 kata e Ly
+O<1+ = _€> +0(n™7) + War, (2.43)
n n a+d

for every € > 0. But, by Lemma 2.10(ii) and (2.42), for every e > 0,

{BkﬁJLQk1(&t)_'Bkmk(8ﬂ3hnkﬁ)}dsdtdxdy’
<2l S f s

[{log(n 1) = U(n—k—1) +log(l — 5)Brn_k_1(s)

1+% 1+2% €
— {log(n -1) - \Il(n)}Bkn,k(s)] dsdx dy’ + O(max{ k 7 k ; })

n+%F | pltata—e
E1/2 EB/d Lata—e
_ i , 9.44
( n max{nﬁ/d’ nw‘}) 24

Moreover, by Lemma 2.10(i) and (ii) and very similar arguments, for every € > 0,

Was —/ flz)fly / / (u,0) d(Gnpy — FnzaFny)(u,v) dedy
Xp X XS
k1+a+d € axa ¢ [B/d 1
= O(n1+wf maX{naid e ’I’Lﬁ/d ) kl/z })
Wasiw [ J@) [ [ 00) G — Py 0) dirdy
XexXe L. Ji,

1+a2” —e€ .
_ 0(’“”) (2.45)

n1+m_6

Incorporating our restrictions on k, we conclude from (2.43), (2.44) and (2.45) that for every € > 0,

1 k1/2 EB/d  patae
[Wa| < [War + —| 4+ 2[Wa| + [Was| = O — max{ —— , ——— ¢ |-
n n npld’ pata—c

To bound W3: We write hy,, h, and h,, for the partial derivatives of h(u,v) and write, for example,
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(hoF)(u,v) = hy(u,v)F(u,v). We find on integrating by parts that, writing F' = F,, ; y — Gn 2,4,

/ (hdF)(u, v) — / ’ /  (huo F (4, 0)) dudv
[la,v2] X [Ly,vy] le ly

Vy

:/vz[(hup)(u,zy)_(huF)(u,vy)}du +/ [(huF)(lx,v)—(hUF)(vm,v)]dv

x Y

+ () (ve, vy) + (hE) (s ly) = (RF) (02, 1y) = (hE) (L, 0y)- (2.46)

Using standard binomial tail bounds as used to bound W; together with (2.13) we therefore see
that for every € > 0,

X xX

Wari= [ @) )] // f?h aF)(u,v) - //(hF><u> dudv)da dy

— f(:r)f(y){ | tur) o) | <th><vm,v>dv}dxdy+o<n<9/“>>. (2.47)

xXxX lo L

Now, uniformly for u € [I;,v,] and (z,y) € X x X and for every € > 0,

n—2 — n—k— — —e
F(u’vy) = ]]'{HQC—?JHSTn,u} (k _ 1>p’rcz,m1,u(1 _pn,m,u) k=t + O(TL (072 ))

Bk,n—k(pmx,u) _ .
- ]]-{Ha:_yl‘grn,u}— + O(n (9/2 ))

n—1
1 - —€
< ]l{\lzfyl\érn,vm}w{l +o(1)} + o(n=7279), (2.48)

By (2.39) and the arguments leading up to it, we have

f(=)
sup sup ‘ — 1‘ — 0. 2.49
TEXS YEXnNBae (Tn, vy +7n vy ) ) ( )
We therefore have by (2.13) that, for every e > 0,
Vg k—%+n2_fd —€
[ 1@ [ tup ) dudyis =0 *—m—). (2.50)
XexX L na+d

Now, using Lemma 2.10(ii), for z € X,

B/d 1ogl/2
max{|l, f(x) — 1], Jvg f(x) — 1|} fja(f(x))(nfk(x)> liﬁ

We also need some control over vf(y). By (2.39) and the work leading up to it, for n >

(2.51)

max(ng, 5),z € X, and ||y — z|| < 7no, + Tn,,

1541/2

F) = {1 = =2 (npn)’ }ou = 60/2 2 b/ (n — 1).
Thus a(f(y)) < ¢ and using (2.49) we may apply Lemma 2.10(ii) to the set

X, =X, U{y:lly—z| <rnop, + Tn,v, for some z € X, }.
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From this and (2.49), for any x € X, and y € By (rn,v, + "nv,),

Bld 4,172,
max(|l, £ (y) — 1], |v, /() — 1) < a(f(4) (k) e

@) (2.52)

Using (2.49) again, we have that a(f(ys,.)) S f(x)~¢ for each € > 0, uniformly for z € &, and
12]] < {vef(2)}e + {v, f(z)}/4. From (2.48), (2.51) and (2.52) we therefore have that

| @i | " (hF) (u,v,) dudy de
Xy XX 1

x

Sk’”z/){ Xf(x)f(y)l{nx—yu«n,vz}|10g(vyf(y))|10g(vz/lx)dydx

n

ELl/2+28/d E3tata—e
O(max{ ogn b o }) (2.53)

ni+28/d 0 ppl/20 it e

for every € > 0. By (2.47), (2.50) and (2.53) we therefore have that

EL/2428/d 100 p /22—
W31 = O(max{ T TR RV }> (2.54)

Finally, by (2.13) and (2.49), we have since F' = 0 when ||z — y|| > 7y + 7, that

Wiy = /chx F@)f () /l [:y(th)(u,v) dudvdxdy=o<k"f_:>. (2.55)

n

Combining (2.54) and (2.55) we have that

EL/2428/d Yoo p  jata
ni+t28/d 7 pgl/2’ - | )’

W3 =Wz + W3y = O(max{

To bound Wy: Let pn == [4 () By (r )f(y) dy and let (Ny, Na, N3, Ny) ~ Multi(n — 2, pp, 4.0 —
pﬁvpn,y,v — PnsPn;, 1- pn,x,u - pn,y,v +pﬁ) Furtherv 1et

F) (u,v) :=P(Ny + N3 > k, N2 + N3 > k),
so that

(Froy—F) ) (w,0) =P(Ny + N3 =k — 1, No + N3 > k) Lyjmy)<rn .}

+P(N2+ N3 =k =1, Ny + Ns 2 k) Lijo—y<r,,.)
+ P(Nl + N3=k—1,Ny+ N3 =k — 1)l{Hr—yl\Srn,u/\f’n,u}'

Now B(Ny + N3 = k—1) = (1-2) k2t (1= po )51 < (20k) ™21+ 0(1)} and F 4 (u,0) =
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Grzy(u,v) if |2 —y|| > 7w + Tno, and so, by (2.51) and (2.52), we have that

Vo Uy (Fn,m,y — Gn,x,y)(u, 'U)
/X XX f@)i) /ll /ly du dv dz dy

uv
b [ (Bl = Giwy) (1,0)
:/ f(x)f(y)/ / = LY dudv dx dy
X XX le Yl uv
logn k3TF  prtatae
+O<max{ pyavo R et O (2.56)

We can now approximate FT(Ll%y(u, v) by ®x (k2 {uf(x) — 1}, k"/?{vf(x) —1}) and G, 4., (u,v) by
Ok 2{uf(x) —1})®(kY?{vf(x) —1}). To avoid repetition, we focus on the former of these terms.

To this end, for i = 3,...,n, let
Lix;eB.(r
Y, = < {X:€B.( n,u)}> 7
LixieB, (ra)}

N; + N.
1+ 3). We also define

Ny + N3

= E(}/z) _ Pn,zu
pn,y,v

V — COV(Y;) — pn,w,u(l _pn,w,u) Pn — pn,w,upn,y,v ’
Pn — pn,w,upmy,v pn,y,'u(l - pn,y,v)

so that 7" . Y; = (

When = € &, and y € Bg(rnw, + Tn,v,) We have that, writing A for the symmetric difference
and using (2.49), P(X1 € By (rn,u)ABy(rn,»)) > 0 and so V is invertible. We may therefore set
Z; := V~Y2(Y; — ). Then by the Berry-Esseen bound of Gétze (1991), writing C for the set of
closed, convex subsets of R? and letting Z ~ N(0, 1), there exists a universal constant Cy > 0

such that

1 - CE(125]1%)
Pl —— Z; -PZ < =2 2.
<(n—2)1/2§ 60) ( GC)‘ = (n—2)1/2 (2.57)

The distribution of Zs depends on z,y,u and v, but, recalling the substitution y = ¥, . as defined
in (2.22), we claim that for x € X,,, y = yo.» € Ba(Tn,u + Tnw), € [l5,05] and v € [Iy,v,],

sup
cec

n )1/2

E(121°) S (5

(2.58)
To establish this, note that for 2 € &, and |y — 2| < 740, + 7n,,, We have by (2.49), (2.51)
and (2.52) that ||y — z| < (nfk(w))l/d. Thus, for v € [I,, v,], and using Lemma 2.12, we also have
that

[of (2) = 1] < max(foy, f(y) = 1], Ly f(y) = 1)) + vy[f(y) = f(2)]

k pld logl/2 n
Satf@nson( )+ (2.59)
Now, by the definition of [, and v,
3k1/210g" %
max{|pn.a — k/(n— V)], oy — k/(n—1)|} < 228" (2.60)

n—1
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for all z,y € X and u € [l;,v,],v € [l,v,]. Next, we bound |22

—pn — ;| forx € X, and y =y, .
with ||z]| < {v.f(2)}? + {v, f(z)}}/?. First suppose that u > v. We may write

Bx(Tn,u) n By(rn,v) = {Bz(rn,v) n By(rn,’U)} U [{Bx(rn,u) \Bz(rn,v)} n By(rn,v)]v

where this is a disjoint union. Writing I, ;(x) := [ Ba,s(s) ds for the regularised incomplete beta
function and recalling that juq denotes Lebesgue measure on R?, we have

o e —ylPY _ ve™® R
,ud(Bm(rn,v) ﬂBy(rn,v)) = Vdrn’vf%y% (1 47"%,1; =——3 I%é 1 74{1}]”(@}2/(1
and
« = Jat1 1 1-— W
? 23 4 )
Now,

d 2 1—r2/4)%" 1

I“1<1r>’_( /)= < .
dr 2 4 Ba+1)/2,1/2 Biat1)/2,1/2
Hence by the mean value inequality,

Hd (Bz(rn,v) N By(va)) -

(k) oy, e?®) [o|lz)|]1 — {vf(z)} 11 o
(n—1)f(x) Shol { Bat1)/2.1/2 ) It =vf(@)]

It follows that for all € Xy, y € Be(rn,v, +Tnw,) and v € [ly,v,],

¥ (k) o k k Bld  p1/2 10g1/2 n
dw — —— 2| < 2 - -
/ e fwyd = S S na(f(fc)Af(y))(nf(x)> ¢ B

using (2.59) and Lemma 2.12. We also have by (2.60) that

/ f(U)) dw S Pn,zu — pn,m,v
{Ba(rn,u)\Ba(rn,0)}NBy (Tn,v)

Bld 1/21401/2
Sra@nf0) ()

Thusa when x € Xna Y=Yz, € Bz(rn,vm + 7nn,vy)a u € [lmvvm]a v E [lyavy} and u > v,

n—2
T —a,
2 Pn

k pld logl/2 n
< A —_— 2.61
Sai@ A0 (i) + e (2:61)
We can prove the same bound when v > u similarly, using (2.51), (2.59) and Lemma 2.12. We will

also require a lower bound on py, z « + Pnyw — 2P0 in the region where By (7y,4) N By(7r.0) # 0,
ie., ||z < {uf(2)}"¢ + {vf(z)}/. By the mean value theorem,

1—Tapa

[N

2 1/2 2742
(1-62) > 226 max{ ——— 1~ Lo +(1/2)
Ba+1)/2,1/2 z 02

for all § € [0,1]. Thus, for u > v, with v € [l,,v,], z € X, and y = y, . with ||z]| < 2{vf(z)}'/9,
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by (2.59) we have,

Hd (Bz(rn,u) N By(rn,v)c) = fd (Bm(rnv”) n By(rmv)c)
=yl alEd

When ||z > 2{vf(z)}"/* we simply have j (Ba(Tn,w) N By(rn,0)¢) = Vard , and the same overall

n,v

bound applies. Moreover, the same lower bound for g (By(rm,) N B, (Tn,u)c) holds when u < v,
u € [lg,v], v € Xy, and y = yp 2 € Bo(Tno, + Tnpw,). We deduce that for all x € X, y = yp» €

Bgc(rn,vp + Tn,vy)a AS [lxavx] and v € [lyvvy]v

k
P+ Payw = 200 2 MaX{Pnau = Py Py —Pn} 2 2 (2.62)

We are now in a position to bound E(||Zs]|*) above for & € X, ¥ = Yo € Ba(rnw, + T, )

V12 L= Pnazu
_pn,y,v
3

+ (1 — Pn,z,u — Pnyyw +pﬂ)

u € [z, vg], v € [ly, vy]. We write

V-2 (1 - pn,z,u>
1- pn,y,v

y-1/2( “Prau
1- pn,y,v

and bound each of these terms in turn. First,

3
+ (pn,w,u - pﬂ)

3

3
y-1/2 [ Preu ’
pn,y,v

(2.63)

E([1Z5]*) = pn

+ (Pny,0 — Pn)

)

L [1-p ° _
pﬁHV - <1 pm)u) = plVI™2{(1 = o) (1 = Prigo) P + Poyo — 290) 17
- Pn,y,v
3/2
_ (1 - pn,a:,u)(l - pn,y,v)
=P (pn T u_pﬁ)(pn.y 'v_pﬁ)
Pr — Pus Py + Lz ke

+ 1 32

< min{pn,w,u Pn,y,v 7 } 5 n1/2/k1/27 (264)
‘V‘ Pm - pn,m,upn,y,v

using (2.60) and (2.61), and where we derive the final bound from the left hand side of the minimum
if ||z|| > 1 and the right hand side if ||z|| < 1. Similarly,

‘V1/2 1- Pn,zu
—Pn,y,v

where we have used (2.62) for the final bound. By symmetry, the same bound holds for the third

3

_ n \1/2
< Guaa P2V S () . (269)

(pn,a:,u - pm) m

term on the right-hand side of (2.63). Finally, very similar arguments yield

(1 - pn,z,u - pn,y,'u + Pm)

’V—1/2 (p“a%“) H3 < (k/n)*2. (2.66)

pn,y,v
Combining (2.64), (2.65) and (2.66) gives (2.58).

Writing @ 4(+) for the measure associated with the N5(0, A) distribution for invertible A, and

¢4 for the corresponding density, we have by Pinsker’s inequality and a Taylor expansion of the
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log-determinant function that

25up|<I>A(C)—‘I>B(C)|2§/ d)Alog(b—A
cec R? ¢B

1
= S {log|B| —log |A| + tr(B~'(A - B))} < ||B~/*(A - B)B~"?|]%,
provided ||B=Y/2(A — B)B~'/?|| < 1/2. Hence

sup |®4(C) — ®5(C)| < min{1,2||B~2(A - B)B~/?|]}.
cecC

We now take A = (n—2)V/k, B =3 and use the submultiplicativity of the Frobenius norm along
with (2.60) and (2.61) and the fact that ||[S7/2|| = {(1 4+ a.)" " + (1 — a.)'}*/? to deduce that

1 k pld 10g1/2n
s [84(0) - ()| S Tl a0 AT (s )+ 5 o

cec nf(r)

for x € X, y € BA(Tnw, + Ty, ), U € [lo,vs], v € [ly,v,]. Now let u = f(z)~1(1 + k~1/2s) and
v = f(z)"*(1 + k~/?t). By the mean value theorem, (2.51) and (2.59),

“I’z <k1/2{<n o (:) }) - %(s,t)]

1 -2 n,m,u_k -2 n,,v_k
< (277)1/2{ U )kpl/Q - 8‘ + (n ;ﬁ/; - t‘}
k B/d
SHPa@ A0 () I (2.68)

It follows by (2.57), (2.58), (2.67) and (2.68) that for x € X}, and y € By (n 0, +7nv,),

sup Fiy(u,v) = @x(s,t)]
w€llo vl wElly vy

< min{l, %L +a(f(z) A (f(y) (%)ﬂ/d(kuz + %) }

Therefore, by (2.51) and (2.52), and since f(y) > f(x)/2 for x € &, y € Be(rnpw, + Tnv,) and

n > ng, we conclude that for each ¢ > 0 and n > ng

Ve [Uy F(1 — Py (s,t
/ / el )1{\|zfy|\§rn,u+rn,u}dudvdydw
anX
k log/ n k Brdy2
X -e N[ ——
<5 [ et s av@n ()
/ sup |FT(LI% v (U, 0) — Px(s,t)| dzdz
Bo(3) u€[le,va],v€E Ly, - vy, -] e

log®/2 T+ —e —-1/2+p/d 1/2+28/d
—O(kmax{ g _n K i ogn K }) (2.69)

k3/2 7 n%ﬂiie ’ nh/d ’ n2B/d

By similar (in fact, rather simpler) means we can establish the same bound for the approximation

of Grywy by @k 2 {uf(x) — 1})®(kY2{vf(x) — 1}).
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To conclude the proof for the unweighted case, we write X,, = X,Sl) U X,(L2)7 where
xW = {z: f(z) > k%(Sn}, X = {z:6, < f(z) < kﬁén},

and deal with these two regions separately. We have by Slepian’s inequality that ®x(s,t)
®(s)®(t) for all s and t. Hence, recalling that s = s,, = kY?2{uf(z) — 1} and t = t,, =
EYV2{vf(x) — 1}, by (2.49), (2.51) and (2.59), for every € > 0,

Ve [V By (s, 1) (5)<I>(t)
/(2) / / ]]‘{HI—Z/HSTn,u-i-Tn.v}dudvdydz
XX

e¥(k) / / i ]1{||z—yz,zugrn,uﬁrn;vm}
= Valn D Sy Ya2) F(@)2aly,

/,L{q)z(s’t)_‘I’(S)‘I)(t)}dsdtdzdx

<1 dzd L 2.70
~n/X,g> f(x)/BO@O‘Z o =o( S =) (2.70)

where to obtain the final error term, we have used the fact that fBo(Q) a,dz = Vy. By (2.51)
and (2.52) we have, for each € > 0,

e[ Dx(s, ) s)D(t
/ ' / / Ll )1{\|T*y|\§rn,u+rn,u} dudv dy dz
Al )><X

]l{\lr—yml\<m vy, )
< o= Y,z

¥ (k) logl/zn LB/d kﬁ,s
— m XT(LU f(l') dx+0<max{ nk1/2 5 n1+ﬁ/d 9 nl"'—%ﬁ—d_s })

W (k) log!/2 gB/d  p(+s5)a5a—c
= L0 (maxl 25" R . (2.71)
(n—1k nkl/2 7 pl+B/d’  pltgig—e

Y

o, dz dx

By Lemma 2.10(ii) as for (2.59) we have, for = € Xél),y € Be(Tn,v, + T, )s

kE \B/d
max |vf(z) — 1 — 3k 2log"? n| < a(f(z) A —_— =o(k™1/?), 2.72
a0 (@) g0l Salf@) A W) (7)  =o0T @)
with similar bounds holding for I, and [,. A corresponding lower bound of the same order for the
left-hand side of (2.71) follows from (2.72) and the fact that

2\Togn  2y/logn
/ / (Bsy(s,) — D(s)B(t)} ds dt = . + O(n~2)
2y/logn J —2/Togn

uniformly for z € RZ. It now follows from (2.56), (2.69), (2.70) and (2.71) that for each € > 0,

3 a—e d\a—e
W O( {10g5/2n kitara  g3/2+28/d pO+s5)850 pi+d logn})
4= max a—c a—c
nk1/2 ’ n1+m ’ n1+25/d ’ n1+a+d ’ n1+§ ’

as required.

We now turn our attention to the variance of the weighted Kozachenko—Leonenko estimator
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H®. We first claim that

k k
Var <Z w; logf(j)’l) = Z wjiw; Cov(log &) 1,log€u).1) = V(f) +o(1). (2.73)

j=1 =1

By (2.18), (2.19) and Lemma 2.3, for j such that w; # 0,

Varlog&;)1 = V(f) +o(1)

asn — oo. For [ > j, using similar arguments to those used in the proof of Lemma 2.3, and writing

ug(vkg = Uy = Vg(n — 1)h; (s)%e Y for clarity, we have

1 1-s
E(log &)1 log€(),1) :/ f(x)/ / log(u;{)s)log(ug’)ﬁt)Bj,l,j,n,l(s,t) dt ds dx
X o Jo

o0 [ et e (e st s

= /X f(z)log® f(z)dx + o(1)

as n — oo, uniformly for 1 < j <1 < kj. Now (2.73) follows on noting that sup,>, [|w|| < co.

Next we claim that

k k
Cov (Z w;log &)1, Y wlog €<z>,2) =o(n7Y) (2.74)
j=1 =1
as n — co. In view of (2.20) and the fact that sup,s,, || < oo, it is sufficient to show that

Cov (log(f(X1)&(j),1): log(f(X2)éw)2)) = o(n™")

as n — 0o, whenever w;,w; # 0. We suppose without loss of generality here that j < [, since the
J =l case is dealt with in (2.27). We broadly follow the same approach used to bound Wy, ..., Wy,
though we require some new (similar) notation. Let F}, . =~ denote the conditional distribution

function of (§;),1,€u),2) given X1 = x, Xo = y and let Féjg)g denote the conditional distribution

function of ;) given X7 = x. Let

() Ve
j) . ) _Ue G) oy (D)
Tn,u . {Vd(n _ 1) } 9 pn,x,u N I(Tn,u)'

Recall the definitions of af’j given in the proof of Lemma 2.13, and let v, ; := inf{u > 0 :
(n— 1)p£f)tu =a }and I, ; := inf{u > 0: (n - 1)p$3,)x7u = a;’j_}. For pairs (u,v) with u < vy ;
and v < vy, let (M7, My, M3) ~ Multi(n — 2;p£fy)x,u,pgf7)y,v, 1- pgf)wu —pgf?y,v) and write

G/ (u,v) = ]P)(Ml Z j,Mg Z Z)

n,z,y

Also write
(/D2 1 ’

where ol = V; 'puq(Bo(1) N B.(exp(¥ (1) — ¥(5))1/?)). Writing W/ for remainder terms to be
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bounded later, we have

Cov (log(f(X1)&(),1) log(f(X2)Ew),2))

_ / F@)f () / W, v) d(F, .~ F9) FO ) (u,v) d dy + W,
XXX [y,1,vy,1]X [z, 5,0, 5] w ' '
2
1
— [ r@rw >/ h(u,v) d(F,, ~ Gy N 0)dedy — ~ + 5 W
XXX yl,vyl]x[l,jv“] Y Y n ;

Vo, el 3
/ / Frz EMIC )dudvdxdy—l—i—ZWi’
n

X,LXX uv im1
et dsdrdz— 14w
<I>/ t d(t t - — W:

i [ ][ (s - etee) asda: W

(2.75)

/
n_ll/adz—f—l-ZW O( )—i—ZW
as n — oo. The final equality here follows from the fact that, for Borel measurable sets K, L C R¢

/d ta((K +2) N L) dz = pa(K)pa(L), (2.76)
R

so that [, of, dz = Ve O—¥()
To bound W{: Very similar arguments to those used to bound W; show that W] = o(n~(/279)
as n — oo, for every € > 0.

To bound W4: Similar to our work used to bound W5, we may show that

ety
(402

ﬁ / By st —i-1(5, )~ By s (5)Brasu(t) dt ds <

n—

{1+0(1)}

as n — oo, for fixed a,b > —1. Also,

// log 0 >log((n\y(l) ){len j—i—1(s,t) — Bj’n,j(s)Bl,n,l(t)}dtds—%—i—O(n )

as n — o0o. Using these facts and very similar arguments to those used to bound W5 we have for

every € > 0 that
L1/2 LB/d  pata—e
r_
W,y = O< - max{nﬁ/d . }>

To bound W4: Similarly to (2.46) and the surrounding work, we can show that for every € > 0

1 23 2a0
, logn k2TT kata~ ¢
Wiy = O| max 73 0 % = .
nkl/ nitT  npata €

(4) (0

) _pﬂvpﬂ71_pn,zu pnyv"’

To bound Wj: Let (N1, N2, N3, Ny) ~ Multi(n—2;py . —pn,pg,)y,v
pn), where pn := fB DB, (rD, )f(w) dw. Further, let

F; D =P(Ny + N3 > j,Na + N3 > 1).

n1x7
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Then, as in (2.56), we have

Vy 1 F/ / U,
X,,,XX

Vy, 1(1)
:/ / / ' Fray = Cry) (1, )dudv dx dy
X x X Ly uv

Y,
+0 logn kit frtatac
max = .
nkl/? ’ nl_;'_% ) n1+m_€

We can now approximate F;S})y(u, v) by ®x (/2 {uf(x) — 1},17/*{vf(x) - 1}) and G}, ., (u,v) by
OV {uf(x) — 1})®(1"/?{vf(z) — 1}). This is rather similar to the corresponding approximation

in the bounds on Wy, so we only present the main differences. First, let

V! — <H{XieBx<r£{L)}>
ixien, ()

We also define

and

l
V"= Cov(Y]) = (pﬁf)gc w1 =pPhw) pr— 20 upy, U)

() @) 'E“Ll,)y,'u(l_ O] )

yY _pn:vupnyv Pny,v

and set Z! := V'~1/2(Y/ — y1). Our aim is to provide a bound on pn. Since the function
(T’, 8) = Hd (BO(Tl/d) N Bz(sl/d))a

is Lipschitz we have for x € X,,,y = x + f(x)~"/%r ( 12 € By(r 7(12%] + r,(ll)vyy,,),u € [ls,5,vs,4] and
v € [ly,1,vy,] that

n—2 ,

B/d 1/2
k log"’“n
eGP T % )> + (2.77)

nf(x ki/z

using similar equations to (2.51), (2.52) and (2.59). From this and similar bounds to (2.60), we
find that |[V’| > k2/n? and ||(V')~Y?| < (n/k)'/2. We therefore have

< a(f(@) A <f<y>>(

B Z3* < (V) T2IPE(YS — /|1 S nt 2 kY2,
which is as in the [ = j case except with the factor of ||z||~*/? missing. Note now that

limsup sup sup 1(2) 72 < oo
n—00  (j,1):;j<l z€Bo(14e(¥H)—¥(5))/d)
wj,wy
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Hence, using (2.77), similar bounds to (2.60) and the same arguments as leading up to (2.67),

k B/d logl/2
)> o8 (2.78)

sup [8.4(C) - #5(C)] 5 al7) A F0) (70 B

ceC

where B := ¥ and

_ . _ l
A= (n-2) 5P (L = pe) G2 (p = p iy )
G2 (o — p e uply ) I~ 1pnyv(1—p5f)yv)

Now let u := f(x)"'(1+ 5~ "2s) and v := f(z)~ (1 4+ 1~/?t). Similarly to (2.68), we have

(n—=2)plhu =5 (n=2)piidy 1
’@Z’ ( 1/2 ’ 11/2 ) - (I)E/(S, t)

B/d
< K2a(f(2) A F() (n f’%) e,

Similarly to the arguments leading up to (2.69), it follows that

Ve, Uy 7()
J (v By (u,v) — Py (s, ¢
/ / wv 2y Loyl <r@), 400, ydu dv dy dz
Xn ><X Iyt
-0 1og n kitsta—e k- 1/2+8/d1og p  f1/2+28/d
( max{ k3/2 ’ na+d7€ 3 ’I?/B/d 5 n25/d }>7

where the power on the first logarithmic factor is smaller because of the absence of the factor of
the ||z||~! term in (2.78). The remainder of the work required to bound W is very similar to the
work done from (2.70) to (2.71), using also (2.76), so is omitted. We conclude that

3 3, a—c 3
log?n kIteTE ki

Wi—0<max{ g ln, —
n

+
1 28 —e€
nk3 nltata 1+ nitara

d a—e
2 pO+shars pi+s 10gn}>
) n1+% .

The equation (2.75), together the bounds on W7, ..., W) just proved, establish the claim (2.74).
We finally conclude from (2.73) and (2.74) that

k k k
. 1 1
Var(H,') = nVar(Z wj logf(jm) + (1 — n)Cov (Z w; logf(j),l, Zwl logf(lm)
=1 =1 =1
=V(f)+o(n),

as required.

2.6.6 Proof of Theorem 2.8

Proof of Theorem 2.8. For the first part of the theorem we aim to apply Theorem 25.21 of van der
Vaart (1998), and follow the notation used there. With P := {\(log f + H(f)) : A € R} we will
first show that the entropy functional H is differentiable at f relative to the tangent set P, with
efficient influence function ¢y = —log f — H(f). Following Example 25.16 in van der Vaart (1998),
for g € P, the paths ft,g defined in (2.10) of the main text are differentiable in quadratic mean at
t = 0 with score function g. Note that fX gf =0 and fx g2f < oo for all g € P. It is convenient
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to define, for t > 0, the set A, :== {x € X : 8t|g(z)| < 1}, on which we may expand e~2%9 easily as
a Taylor series. By Hoélder’s inequality, for € € (0,1/2),

/ g 1] = (30200 [ a0 =no 1 < o0 { [ 2} { [ ior s} = ot

as t \y 0. Moreover,

flog(1+e 2 < / (log 2 + 2t|g|) f < 16t*(41log2 + 1)/ g f.
A¢ Ag X

We also have that

| (-
e 29 — 14 2tg+tgle 9 — 1)
1+t
< [ [ Yo+ [ s dabs
16
? / 2f+72t2/ g2f§72t2/g2f. (2.79)
g X

It follows that
’t—l{H(fw)_H(f)}Jr/ {logf+H(f)}fg‘
:‘1/)({@_20“)) o fo 2t tog QC(tltg)ﬂg(Hlogf)}f‘

14e—2tg C 1+e 29 1+e

) +tg(1+ e*th)j +o(1)

1 —2tg —2tg 2
t/Atf‘{e —142tg+tg(e —1)}10gf—210g(m

16
-3

A

t/Xng|logf|+22t/Xng+o(1)—>O.

The conclusion (2.11) therefore follows from van der Vaart (1998, Theorem 25.21).

We now establish the second part of the theorem. First, by our previous bound on ¢(t) in (2.79),
for 12t < {, g f}~'/2 we have that

2|l flloo

fuallee < 2601l < 1y 7=z < Al

and N’a(ft,g) S 4Na(f)'
We now study the smoothness properties of f;,. This requires some involved calculations,
because we first need to understand corresponding properties of g. To this end, for an m times

differentiable function g : R* — R, define

(m) () — g(m)
Mg*(l’) .— max{ max ||g(t)( |, sup g™ (y) %_ (@) }

t=1,....m yEBS(rq(x)) ly — [P~
and M (2)
Sup,. x

D, := max{l, sup px,f(w)i:_l ! }
se@.lfl) ()
Let J, denote the set of multisets of elements {1,...,d} of cardinality at most m, and for J =

{1+, Js} € T, define g;(z) = T S-"a”( ). Moreover, for i € {1,...,s}, let P;(J) denote the
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set of partitions of J into ¢ non-empty multisets. As an illustration, if d = 2, then
j3 = {Qja {1}7 {2}v {]-a l}a {17 2}7 {27 1}7 {27 2}7
{1,1,1},{1,1,2},{1,2,1},{1,2,2},{2,1,1},{2,1,2},{2,2,1},{2, 2, 2}}

Moreover, if J = {1,1,2} € J3, then

PQ(J) = {{{la 1}3 {2}}v {{L 2}; {1}}3 {{17 2}7 {1}}}
Then, by induction, and writing ¢* := g1 = log f + H(f), it may be shown that
card(J) ayiel(s
g (x) = Z (l)fw Z fp .. fp,.

i=1 {P1,....,Pi yeP;(J)

Now, the cardinality of P;(J) is given by a Stirling’s number of the second kind:

card(P;(J)) = %Z(_l)i—é (Z)gcard(J) =: S(card(J),i),
T 4=0

say. Thus, if card(J) < m, then

card(J)

g5@)l < Y (i - DS (card(J), i)alf(x)) <

=1

m™  mla(f(x))™. (2.80)

N =

Moreover, if ||y — z|| < rq(z) and m > 1, then

card(J)
* * . |fP1"'fPi(y)_fPI"'fPi(x”
l97(y) — g3(2)] < (i —1)! ;
Y gJ ; {P17~~-7Pi}epi(J){ / (y)
|fP1 fpi(x)| l(y) o
L (i il
Now, by Lemma 2.12,
PO 0 (20T Ty
Fi(@) 1’ = ‘f(w) 1‘(“ f@) 1‘) <(w) 70 1"

Moreover, by induction and Lemma 2.12 again,

r ) = T )l < 8072 (2) = el @) F@ly - ol

We deduce that (even when m = 0),
. . 2 (T\™ m+2 m+1 f—m
1950) — g5 @) < 82 (2) "mim + ) Ra(f @)y - 2P (281)
Comparing (2.80) and (2.81), we see that

1\m
D, < 8d1/2(%) m!(m+1)""% = D. (2.82)
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Now let g(y) := (1+e2%)~1, so that f, 4(z) = 2c(t)q(g(2)) f(z). Similar inductive arguments to
those used above yield that when J € 7, with m > 1 and ¢ is m times differentiable,

card(J)
(qog)s(@)= Y ¢P(g) Y. gr - gr(@),
i=1 {Pr,...,P}eP;(J)

and we now bound the derivatives of q. By induction,

? ay) ef2t5y

¢ (y) = (2t)’ ;(—UMW’

where for each i € N, we have agi) =1,a" =il and agi) = é(agifl) + aéijll)) for £ e {2,...,i—1}.

Since maxi<s<; ay) < (24)*~1 (again by induction), we deduce that
(14 e 2m)]g® ()] < 2213701 (2.83)

Writing s := card(J), it follows that

(g0 9)5(@)] < a(g(@) 3 24 S(s, i)a(f () ™D}
i=1

< q(g(x))s*12% ! max(1,1)° Bya(f(2))* "V Dy, (2.84)

where B, := >7_, S(s,i) denotes the sth Bell number. We can now apply the multivariate Leibniz

rule, so that for a multi-index w = (w1, ...,wq) with |w| < m, and for t <1 and m > 1,
0 fug- (2) w\ 4(g"(x)) " f(x)
: = |2¢(t
' Oxv g )U;w v OoxV Ox»—v
< 22"t B D a(f (@)™ frge (). (2.85)

“fegr W) 0% fi g (x)

Now, in order to control ‘6 Fa——- — —g2-—|, we first note that by (2.81) and (2.82), we have

for ly — z|| < re(x),i €N, J € Fp with card(J) = s and {P1,..., P} € Pi(J),

195, - 95, (y) = gb, - 95, (2)] < (2D)"a(f ()" "D |ly — P, (2.86)

Thus, by (2.83), (2.86), the mean value theorem and Lemma 2.12, for ¢t < 1, ||y — z|| < ro(x) and
m>1,

[(go9")(y) — (gog™)s(z)]

Z Vg @) Y {gb--9p(w) g, ---9p, (w)}‘

{Pl,...,P-;}€'P-;(J)

<

+

RRTIEYEITE) S S A]
i=1 {P1,....,Pi}eP;i(J)
Bm23m+5d1/2(m+ 1)m+1(1 + thg*(:c))
e2tg*(z) 4 e—2tlg* (y)—g* ()]
56

< D™q(g" (@)a(F (@)™ "y — 2l B2 a1y (B0) (2.87)

< D™q(g*(x))a(f(x))™ ™y — a| P
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Using the multivariate Leibnitz rule again, together with (2.84), (2.87) and Lemma 2.12, for ¢ < 1,
Iy — all < ra(z) and jw| = m > 1,

* frg(y) 0% frg(2)

oxw oxv
W\ [0V f(y)]|0¥q(g*(y) 0Yq(g*(x)) q(g*(x)) ||0" f(y) 0" f(x)
< 2e(t) V;w (V){ oyw—v ‘ oxv v ‘—’_ oxV ‘ dxv  Ox¥ }
< 2O By (m o 1) DM a(f ()™ fr g (2)ly — al] P
=: 1, D"™a(f(2))™ " fy g (@) |y — 2P (2.88)

This also holds in the case m = 0. Now note that if 12t < {[,.(¢*)2f} /2 we have

14 e 29" (@) fr.gx ()
= * > 2 .
f(l') QC(t) ft,g (l‘) = 4
Finally, define the function
a(8) := d™2C!, D™ a(5/4)™ L (2.89)

Then @ € A and from (2.85) and (2.88), we have My, . as(z) < a(fig-(x)). We conclude that
for t < min(1,{144 [ g*>f}~1/?), we have that f; ,« € Fye/, where ¢’ = (a, 8,47,4v,d) € ©. The
result follows on noting that f; 4, = fix¢=- O



Chapter 3

Tests of independence based on

mutual information

3.1 Introduction

Independence is a fundamental concept in statistics and many related fields. The assumption
of independence is made in countless statistical models; as a simple example, the linear model
Y = X + ¢ under random design often assumes that X and e are independent. Often we would
like to confirm that the assumption of independence is reasonable, as if this assumption is violated
then standard theory may not apply. Testing independence and measuring dependence are very
well established areas of statistics with the idea of the correlation between two random variables
dating back to the end of the 19th century when it was introduced by Francis Galton (Stigler, 1989),
and subsequently expanded upon by Pearson. Since then many new measures of dependence have
been developed and studied, each with its own advantages and disadvantages, and there is no
universally accepted measure. For surveys of well-established measures see, for example, Schweizer
(1981), Joe (1989), Mari and Kotz (2001) and the references therein. We give an overview of more
recently introduced quantities below; see also Josse and Holmes (2014).

One area in which measuring dependence plays a central role is independent component analysis
(ICA), a special case of blind source separation, in which a linear transformation of the data is
sought so that the transformed data is maximally independent; see e.g. Comon (1994), Bach and
Jordan (2002) and Samworth and Yuan (2012). Independence tests may then be carried out to
check the convergence of the ICA algorithm. In many applications the aim is simply to establish
whether or not there is dependence between two variables, and tests of independence are required;
see Nguyen and Eisenstein (2017) for a recent example in computational linguistics or Steuer et al.
(2002) and Albert et al. (2015) and the references therein for biological examples. In addition, the
problem of measuring dependence has applications in feature selection (Torkkola, 2003; Song et
al., 2012), in which one seeks a set of features which contains the maximum possible information
about a response, and in evaluating the quality of a clustering in cluster analysis (Vinh, Epps and
Bailey, 2010).

In the contingency table setting where observations are categorical, the testing problem reduces
to testing the equality of two discrete distributions and the chi-squared test is commonly used.

Here we will focus on the case of continuous random variables. Classical nonparametric approaches

o7
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to measuring dependence and independence testing in such cases include Pearson’s correlation
coefficient, Kendall’s tau and Spearman’s rank correlation coefficient. Though these approaches are
widely used they suffer from a lack of power against many alternatives; indeed Pearson correlation
measures linear relationships between variables and Kendall’s tau and Spearman’s rank measure
monotonic relationships. Hoeffding’s test of independence (Hoeffding, 1948) is able to detect a
wider class of departures from independence but, together with these other classical methods, is
only applicable in the case of univariate variables. Tests such as Kendall’s tau, Spearman’s rank
and Hoeffding’s test in which the test statistic depends on the data only through their rankings
have the advantage of being distribution-free, that is the null distribution of the test statistic
does not depend on the marginal distributions of the data and critical values can be tabulated in
advance. The concept of ranks in the multidimensional setting is less clear, and distribution-free
tests are more difficult to construct.

Recent research has focused on constructing tests that can be used for more complex data
and that are consistent against wider classes of alternatives. The concept of distance covariance
was introduced in Székely, Rizzo and Bakirov (2007) and can be expressed as a weighted Lo
norm between the characteristic function of the joint distribution and the product of the marginal
characteristic functions. This concept has also been studied in high-dimensions in Székely and
Rizzo (2013). In Sejdinovic et al. (2013) tests based on distance covariance were shown to be
equivalent to a reproducing kernel Hilbert space (RKHS) test for a specific choice of kernel. RKHS
tests have been widely studied in the machine learning community with early understanding of the
subject given by Bach and Jordan (2002) and Gretton et al. (2005), in which the Hilbert—Schmidt
independence criterion was proposed. These tests are based on embedding the joint distribution
and product of the marginal distributions into a Hilbert space and considering the norm of their
difference in this space. One drawback of the kernel paradigm here is the computational complexity,
though the recent works Jitkrittum, Szab6 and Gretton (2016) and Zhang et al. (2017) attempt to
address this issue. The choice of kernel also affects the results in RKHS methods. Other methods
include those based on partitioning the sample space; see, for example, Gretton and Gyérfi (2010)
and Heller et al. (2016). These have the advantage of being distribution-free, though partitions of
the sample space must be chosen.

We now formalise the independence testing problem considered in this chapter. Let Z = (X,Y)
and suppose we observe independent and identically distributed copies Zi,...,Z, of Z. The
property X Il Y of independence is often characterised as either the joint distribution function,
density function or characteristic function factorising as the product of the corresponding marginal

functions.We wish to test the hypotheses
Hy: X 1LY wvs. H: X QLY.

Many related problems have also been studied, such as testing mutual independence between a
group of random variables (see e.g. Bai et al. (2009) for the Gaussian case) and testing conditional
independence. The concept of conditional independence is particularly useful in graphical mod-
elling (Lauritzen, 1996) and causal inference and there is a large literature on the corresponding
conditional independence problem (e.g. Su and White, 2008; Zhang et al., 2011). In Fan, Feng
and Xia (2017) the problem of conditional independence testing in graphical models is reduced to
independence testing through a linearity assumption and then a distance covariance-based test is

used. We will not explicitly consider conditional independence in this chapter except to say that
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our approach is rather flexible and it is likely some of our work will extend to this setting.

A very natural measure of dependence is given by mutual information, defined between random
variables X and Y with joint density f and marginal densities fx and fy by

I(X;Y)=I(f) := /f(x,y)logdedy:H(X) +HY)-H(X,Y), (3.1)

fx (@) fy ()
where H denotes differential entropy defined in Chapter 2. This is the Kullback—Leibler divergence
between the joint distribution of (X,Y) and the product of the marginal distributions. It is non-
negative and equal to zero if and only if X and Y are independent. As noted in Comon (1994)
mutual information is very useful in ICA and indeed many methods for fitting ICA models are
based on mutual information or approximations thereof. Another attractive feature of mutual
information as a measure of dependence is that it is invariant to invertible transformations of X
and Y. Indeed, if X takes values in X C RP, and g is a differentiable invertible function on X then

H(g(X)) = H(X) + Elog |J(X)],
where J is the Jacobian of the transformation x — g(x). Therefore,

I(g(X);Y) = H(X) + Elog |J(X)| + H(Y) = H(X,Y) — Elog |J (X))
= H(X)+H(Y) - H(X,Y) =I(X;Y),

where we used in the above the fact that J is also the Jacobian of the transformation (z,y) —
(9(x),y). Moreover, the concept of mutual information is easily generalised to more complex

situations though objects such as the conditional mutual information

I(X;Y|Z):= H(X|Z)+ H(Y|Z) - H(X,Y|Z)
= H(X,Z)+ H(Y,Z) - H(Z) - H(X,Y, Z)

and the mutual information between p random variables

I(Xy;.. 5 X,) =Y H(X;) = H(X1,...,X,). (3.2)

j=1

These quantities are non-negative and equal to zero if and only if we have conditional independence
or mutual independence respectively. They are also expressible purely in terms of differential

entropy.

The estimation of mutual information of course plays a crucial role in tests based on this
quantity. Many estimators are based on the expansion (3.1) in terms of differential entropy, which
allows one to estimate mutual information through entropy estimation. In Miller and Fisher (2003)
the authors perform ICA based on (3.2) using entropy estimators based on sample spacings. Recall
that the Kozachenko—Leonenko entropy estimator based on a d-dimensional sample Z1,..., 7, is
given by

n

. . 1 Va(n —1)p? . .
H, = Hy(Zy,...,Z,) = Zlog(eq,(k)()’)
i=1

where p(y) ; is the kth nearest neighbour distance for the ith observation. The KSG estimator is a
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popular estimator of mutual information which is described in Kraskov, Stogbauer and Grassberger
(2004). This is based on the Kozachenko—Leonenko estimator but uses a data-driven, local choice

of k for the marginal entropy estimation. For simplicity we will instead consider the estimator

In=1.(2,....,Z,) = HX(X1,..., X))+ HY (Y1,...,Y,) — HXY(Z1,..., Zy), (3.3)

where on the right hand side we have (weighted) Kozachenko—Leonenko estimators of H(X), H(Y)
and H(X,Y) defined in Chapter 2 with appropriate choices of k (and w). This is similar to the
idea for an independence test considered in Goria et al. (2005), though the null distribution for

their test statistic is not studied and no test is formally defined.

A common approach to testing when the null distribution of the test statistics is unknown
is to use a permutation test. These are a general type of resampling method in which the null
distribution is simulated by randomly permuting the data a large number of times and calculating
the test statistic for each of these new data sets. As a simple example, when testing for equality
of means between two sets of data one would randomly define new sets of data of the same size by
sampling without replacement from the pooled data. In this way the resampled data sets will have
the same means on average, and the null distribution of the test statistic can be approximated
(Romano, 1990). In the context of independence testing with paired data (X1,Y1),...,(Xn, Ys),
for a random permutation 7 one would consider the new data set (X1, Yr(1)),..., (Xn, Yr(n)) in
which X; 1L Y;(;) whenever (i) # i. In Albert et al. (2015) a permutation test of independence

is proposed which is shown to be consistent.

The aim of this chapter is to propose tests of independence based on entropy estimation and to
provide a theoretical understanding of these tests. In Section 3.2 we make the assumption that the
marginal distributions of X and Y are known and propose a simple test of independence. We show
that, under our regularity conditions, the power of our test converges to 1 provided the mutual
information is above some threshold that may be o(n~'/2) as n — oo; to the best of our knowledge
this is the first time that such a local power analysis has been carried out for an independence test.
In Section 3.3 we no longer assume that the marginal distributions are known and formally consider
a permutation test. We show that this test is consistent whenever our regularity conditions are
satisfied and X and Y are not independent. Again to the best of our knowledge, this is the first
study of nearest neighbour methods when some of the components have been permuted. Proofs of

our results are presented in Section 3.4.

‘We now introduce some notation used throughout this chapter. We will denote by f, fx and fy
the joint density of (X,Y"), the marginal density of X and the marginal density of Y with respect
to the appropriate Lebesgue measure, and for given dy,dy € N and density f on R4 we use

the convention that

fx(x) = flz,y)dy, and  fy(y) = f(z,y) da.
Ry RXx
For given marginal densities fx on R and fy and R we also define the product density fx fy
on RIx+dv by £y fy(2,y) = fx(x)fy(y). For a density function g we denote by P,(-) and E,(-)

probabilities and expectations respectively when the true underlying joint density of (X,Y) is g.
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3.2 A test in the case of known marginal distributions

To define our test formally recall the mutual information estimator I,, introduced in (3.3), and
write (kx,wx), (ky,wy) and (kxy,wxy) for the tuning parameters selected for f[f,l:[%/ and
ﬂf Y respectively. Since I(X;Y) > 0 with equality if and only if X and Y are independent we
will reject the null hypothesis of independence when I, is significantly large. Defining the critical

values
Cé") =inf{r e R: Py s, (I, >7) < q},

the test that rejects the null hypothesis if and only if I, > Cé”) has size at most q. We suppose
in this section that the marginal distributions of X and Y are known, and have densities fx and
fy respectively. Making this assumption allows us to simulate I,, under Hy and find the critical
values of the test to arbitrary precision, so we assume for simplicity that the critical values are
known. Observe that, under regularity conditions, the estimators ﬁf , H’}L/ and fIffY are efficient

and under Hy we then have that
—77210 1 1 X)) fy (Y -1/2 -1/2
= g fx(Xi) +log fy (Ys) — log{fx (Xi) fy (Yi)}] + 0p(n™"/7) = 0p(n™"/7)
as n — oo. The critical values therefore satisfy

C’é”) =n Y2nf{r e R: Py, (021, > 7) < q} = o(n™Y/?)

as n — oco. Now, under regularity conditions and a fixed alternative, writing V(X;Y) = V(f) :=

Var log(%), we have, again by the efficiency of the entropy estimators, that

n2(I, — 1) = 1/2{ 21 <Xf;//()))—H(X)—H(Y)+H(X,Y)}+op(1)
N(O,V(X;Y)).

Hence, for a fixed alternative f we have that

1/2 (n) _ 1/2[ XY
i (X ))%o (3.4)

e e e

as n — o0o. We will not use this approximation explicitly in our following analysis though it
provides some heuristic justification that our test is consistent against alternatives with I(X;Y)

greater than n=1/2,

The remainder of this section is devoted to a rigorous study of the power of our test that is
compatible with a local alternative f, having mutual information I,, — 0. Recalling the definitions
of Fz and © in Section 2.2, for dx,dy € N and 9 = (6,0x,0y) € ©3, define

Fx dy 0 = {f € Fax+dy,0 0 [x € Faxox,fy € Fayoy, [x[fv € ]:dx-l-dyﬂ}

and, for b > 0, let
]:dx,dy,ﬁ(b) = {f € ]:dx,dy,ﬁ : I(f) > b}
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Given d € N and 0 = (o, 3,7, v,a) € © additionally define

Tl(d,ﬁ)zmin{ 2 a—d _4(BA1) }

S5a+3d’ 2a T 4(BA1)+3d

and
d/4

d
79(d,#) =minq1l — —, 1 — ———F——
200 =minf1 - 55,1~ i
(cf. Theorem 2.1 in Section 2.2). Note that min;—; 2 7(d, ¢) > 0 exactly when a > d and 8 > d/2.
The following theorem constitutes our main result on this test and shows that, under regularity

conditions, it is consistent against any alternative with sufficiently large mutual information. Recall
the definition of W) in Section 2.2.

Theorem 3.1. Fir dx,dy €N, set dxy = dx +dy and fir 9 = (Oxy,0x,0y) € ©3 with

min min 7;(dy,, 61,) > 0.
Le{XY,X,Y}i=1,2 (o, 01)

Let ki = ki, kx = kx .. ky = kY, and kX = KXy, denote any deterministic sequences of

positive integers with ki < min{k%, ki ki ¥, with ki/log® n — oo and with

kf ki
max  max L , L —0
Le{XY,X,Y} nTl(dL»aL)—€ nTQ(dL,GL)

for some € > 0. Also suppose that wx = wg?X) e WEx) wy = wgw) e W) and wxy =

wg?}}fY) € Wkxy) " and that lim sup,, maxye(xy,x,v} |wL|| < oo. Then there exists a sequence (by,)

such that b, = o(n='/?) and for each q € (0,1)

inf Pi(l, > CM) =1
fefdx,dy,ﬁ(bn) f( 1 )

uniformly for kx € {k§, ..., k% ky € {k§, ... kS Y and kxy € {k§, ... k%v }-
An outline of the proof of Theorem 3.1 is as follows. For I > Cé") we have
Py(l, > CM) =Pp(I, —1>CM —1)

T _71\2
> 1Pyl — 1> T - M) >1- E(f{”(f)” (3.5)
I-cy"

by Markov’s inequality. Applying Theorem 2.1 in Section 2.2 we see that

sup  [nEf[{I, — I(f)}*] -V (f)| =0

f€Fay . dy 0

uniformly for kx € {k§,... . kx}, ky € {k§,..., k3 } and kxy € {k§,...,k%y}. The next step of
the proof is to bound the critical values 0,5") above, which can be done again using Theorem 2.1
in Section 2.2. We must finally understand the behaviour of V(X;Y"), particularly when I(X;Y)

is small. It is clear that
I(X;Y)=0 = X 1Y = V(X;Y)=0,

but we will require an upper bound on V(X;Y) that vanishes as I(X;Y) — 0. To gain intuition
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consider the following example. When X and Y are standard univariate normal random variables
with Cov(X,Y) = p we have I(X;Y) = —(1/2)log(1 — p?) and V(X;Y) = p?, which are asymp-
totically equivalent, up to a factor of 2, for small p. Next consider the following rough calculation

based on a Taylor expansion of the exponential function around the origin:

0=2 / Fx (@) fy () dady — 2 =2 / F(,y)elos Ix @y =108 1@0) gy gy 9

Ix@)fy(y) 1. 5 fx(@)fv(y) 2
:::Q/f:my {log+10g == dz=V(XY)+I(X; YY) - 2I(X;Y).
N ) T2 ) IR = 21T
This seems to suggest that the above relationship between I(X;Y) and V(X;Y) for bivariate
Gaussians is fairly general. The following is a bound, possibly rather conservative, that is strong

enough for our purposes.
Lemma 3.2. Fizdx,dy € N and ¥ € ©3. Then

sup I(/) "YWV (f) < .
f€Fax ,dy,0(0)

This has the consequence that the asymptotic distribution of our mutual information estimator
is more concentrated about its mean when I(f) is smaller; thus we may detect smaller departures
from independence than we might expect from a first glance at (3.4). Formal proofs of Lemma 3.2

and Theorem 3.1 are given in Section 3.4.

3.3 A test in the case of unknown marginal distributions

In this section we consider the, perhaps more realistic, setting in which the marginal distributions of
X and Y and the critical values of the previous test C(g") are not known. We propose a test similar
to the test used in the previous section in which we estimate the critical values by permuting our
sample to attempt to mimic the behaviour of the test statistic under Hy. For some large positive
integer B simulate m,...,7p uniformly from S,, the permutation group of {1,...,n}, and for
b=1,...,B set Zi(b) = (X, Yx,(y) and also set i = fn(Zf)), .. .,Z,(lb)). We can now estimate
Cy™ by

B
e = mtfre®: ()7 Y 10, <),
b=0
the (1 — ¢)*" quantile of {f,(L()), - 7I;(LB)}, adopting the convention IAT(LO) .= I,,. We reject Hy if and

only if I,, > C‘én)’B. The following result controls the size of the test, and follows from the fact
that, under Hy, the sequence (f,(LO), . ,IA,QB)) is exchangeable.

Theorem 3.3. We have Py, (I, > C’én)’B) < q for any marginal densities fx and fy and
g€ (0,1).
Note that we have f,, > C{™"% if and only if

B
(B+1)7" Z Liwsiy <@ (3.6)
b=0
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Thus, by Markov’s inequality,

L [ > f
= q(B+1){1+BIP>(In1 >I,)}

1 .
= qi{l +BP(HYY > HD)},

where A is the (weighted) Kozachenko—Leonkenko estimator applied to Z{l), oz, Taking
B = B,, — oo, we see that it is enough to show that IP’(.FAIfY > fL(Ll)) — 0 under H; to prove the
consistency of the test. In fact (3.6) shows that estimating the marginal entropies is unnecessary
to carry out the test, since fr(Lb) - fn = f[ffy - I:L(«Ll).

In the remainder of this section we work under H; with a fixed alternative, where X and Y are
not independent and we therefore have I(X;Y") > 0, and discuss the power of our test. For simplic-
ity we will restrict our attention from this point to test statistics I, based on unweighted entropy
estimators, as weighting will be seen to be unnecessary in achieving consistency. Corresponding

results for the test based on weighted estimators will hold straightforwardly. Writing
P(HY > HY) =P(HYY — H(X,Y) > HY — H(X) = HY) + I(X;Y))
. 1 - 1
<P(IEXY = HX,Y)| 2 51(XY)) + P(|HY - HX) = HY)| 2 SI(X;Y)), (3.7)

we see that it is sufficient to show that ﬁffy is a consistent estimator of H(X,Y") and I;D(Ll) is a

consistent estimator of H(X) + H(Y) under suitable regularity conditions. To ease notation we

write k = kxy where this will not cause confusion. Write p(y) (1) for the distance from ZZ-(l) to its

kth nearest neighbour in the sample Zl(l), ceey Z,gl) and 551) = e_‘I'(k)Vd(n — 1)p‘(ik),i’(1) so that

. 1 & 1
Y = T3 sl

We will work with the following conditions.
(A1)(a) We have || fx oo, [y lloo < 00 and [ [[2]|*f(2) dz < oo.

(A2) There exists X, C {z: fx fy(z) > 0} such that

).
sup sup |————— Ixfy(w)dw -1 —0
5€(0,2] 2€X, VdrgyanfY(Z) B.(rz5) ()
d se?(®)

as n — 00, where 17 5= gty

Our condition (A2) ensures that the density fx fy is smooth enough for us to use the approxima-
tion ££1)fxfy(Zfl)) ~ ke~ Y(%) ~ 1. This approximation is the basis of such k-nearest neighbour

estimators, and in this case, together with (A1)(«), will allow us to show that
- 1« 1 &
) =3 gl = = Tlos fefy (£ = ) = HU) + H(5).

The following lemmas formalise this approximation to establish the consistency of fIr(Ll) as an
estimator of H(X) + H(Y), and are proved in Section 3.4.
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Lemma 3.4. Suppose that (A1)(c) holds for some o > 0 and also that (A2) holds with p, =
Jye Ixfy = o(log™* n). Suppose also that k/log>n — oo and klog®n/n — 0 as n — oo. Then

E(H\Y) - H(X)+ H(Y)

as n — 0o.
Lemma 3.5. Suppose that (A1)(a) holds for some o > 0 and also that (A2) holds with p, =
Jxe fxfy = o(log™?n). Suppose also that k/log*n — oo and klog®n/n — 0 as n — co. Then

Var H(Y — 0

as n — oQ.

The following analogous conditions on the joint density f are sufficient for the estimator lfl,)f Y

)

of H(X,Y) to be consistent. This is much simpler to prove than the consistency of fL(LI for

H(X)+ H(Y) and we omit a formal lemma in the interests of brevity.
(A3)(«) We have || f|loc < 0o and [ [|2]|*f(2) dz < co.

(A4) There exists V), C X such that

el
sSup sup | ——r——~ flwydw =] =0
6e(0.2) €Vl Vas? 51(2) JB.(s. o)
as n — 00, where Sig = Vd(fgii)k}(z)'

The following result summarises our work on the power of the permutation test against a fixed

alternative.

Theorem 3.6. Let dx,dy € N be given and let f be a density function on R+ satisfying

(A1)(a) and (A3)(cr) for some o > 0, (A2) with [,. fxfy = olog™*n), (A4) with Jye f=
o(log™%n) and I(f) > 0. Let k = kXY satisfy k/log*n — co and klog®n/n — 0 and let B = B,

define a sequence of positive integers such that B — oo as n — co. Then
Py(l, > C{MB) -1,

as n — oQ.

This follows from a straightforward combination of (3.7), Lemmas 3.4 and 3.5 and the consis-
tency of HXY as an estimator of H(X,Y).

3.4 Proofs of main results

Proof of Lemma 8.2. For x € R we write z_ := max(0, —xz). First, by Pinkser’s inequality,

o f(Z) _ Mo fxfy(2) . . fxfr(z) .
E{l ngfY(Z)} /{Zif(Z)SfoY(Z)} f( )1 ¢ f(Z) ! S/foXfY f( ){ f(z) 1}d

=sgp{ [axse- [ f} < {I(X;Y) /25172,
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Thus,
E|log % =I(X;Y)+ 2E{log fXj;é/Z()Z)}_ <I(X;Y)+ {21(X; Y)}I/Q. (3.8)

We therefore have that

. o 2 f(Z2) o _f(2) 2 . f(2) e
V(X;Y) <Elog’ £ EUI ngfy(Z)] I ngfy(Z)’ }
= 4{E‘10gf(z)\}1/2{1E log fx (X)) + E|log fy (Y)|? + E| log f(Z)|*}1/2] (3.9)
B Ifxfy(Z) . .

By Lemma 2.11 in Chapter 2 we may combine (3.8) and (3.9) to conclude that V(X;Y) = O(I'/*)
as I — 0, uniformly for f € Fy, 4, .9. The result follows on using Lemma 2.11 in Chapter 2 again
to see that

sup  V(f) < oo, (3.10)
f€Fay . dy 0
so that I(X;Y)~"1/4V(X;Y) is also bounded above when I(X;Y) is bounded below. O

Proof of Theorem 3.1. It will be convenient to define the set K, := {k, ..., k% } < {k§,..., k¥ } %
{k§,... . kxy} and to write k = (kx, ky, kxy). Then, writing I}; := 2> | log #Z()Zl), we have
by Theorem 2.1 in Chapter 2 that

sup sup  nE{(I, - I})?} — 0.
KEKn fE€EFdy dy 0

Thus,

e = sup  sup [nEs[{L, — I(f)}*] - V()| (3.11)
REKn fEFdy dy 9
< sup  sup {nEf{(fn — 1)} 4+ 2[nEf{(I, — I})*}V(f)] 1/2} — 0,

REKn fE€EFdy dy 9

where we use (3.10) to bound V(f) above. We now have, since fx fy € Fuy .4y ,0, that

< nEffofg < SUPfeFuy ay o ‘nEf[{jn - I(f)}2] - V(f)|

Pty (nl/an > €n) < €.

2 2
€ €n

Choosing ng € N such that we have ¢, < g for n > ny we have that

sup sup C’é") <n2,.
KREK, fe}‘dx,d‘,,ﬂ

for all n > ng. Now consider b, := max(2¢,n~*/2, n=4/7logn). By (3.5) and Lemma 3.2 we have
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for n > ng that

Es[{1, — 1(/)}*]

inf inf Py (1, > C’é")) >1— sup
rekn fej:dx’dy’ﬂ(b") KEK, fefdx,dy,ﬁ(bn) {I(f) - Ctgn)}z
4V 3

>1— sup L—i_;n}

f€Fax dy,0(bn) nl(f)
4 V(f)

>1-— s e 1,

log7/4 N fE€Fay ay,0(0) I(f)v/4
as required. O

Proof of Theorem 3.3. We first claim that (f,(lo), fr(Ll), . ,f,(LB)) is an exchangeable sequence under
Hy. Indeed, let 0 € Spy1 be arbitrary. Then, since (X;,Y;)™, 4 (Xi, Yr(i))iey for any 7 € S,
under Hy, for any Borel set A C RE+1 we have

PO, ... [B)) ¢ 4)

1 - R
L Yo BT, L) € Al =7, mp = Th)

’ T1,..,TBESn

1 7(0 7(B 1 _1
~ (n)B Yo PP IP) € Almi = 10Ty T = To(3) Ty p)

_B((1O),... 1)) € A).

n

We now have

A A B+1)]
P(I, > C™:B) < laB+1)]
(In > C"7) = =% R
where the first inequality would be an equality if we knew that ties among fﬁo), .. .,f,(LB) had
probability zero. O

Proof of Lemma 8.4. Throughout the proof, we write a < b to mean that there exists C > 0,
depending only on d € N and f, such that a < Cb. The first step of the proof is to show that we
may restrict attention to the event on which the random permutation 7y does not have too many

fixed points. To do this we will need bounds on }AIT(LU

that do not depend on 1. Writing p(x) s, x
for the distance from X; to its k*" nearest neighbour in the sample X1, ..., X,, and defining P(k),i,Y

similarly, we have

2 2 2 2 2
max{pie) 5 x> Plk) (i), v L S Pliyin(1) S Pln—1),i,x + Pln—1),m (i), v

Using the fact that 0 < log(a + b) < log2 + |logal + |logb| for a,b > 0 such that a +b > 1, we
have that

2
Vd n—1 d P k). (1
[log &")] < 10%(2\1,(,6))) ‘ +dllog pa,i, x| + 5 log<(2)())

Pk),i,x

<

Vd n—1 d
log<£‘y(k))> ‘ + 3d|log piy,i,x | + 3 log 2 + d[log p(n—1),i,x | + d|10g p(n—1),x, (i), v|

Vd(n — 1) d
< ’log (e‘l’(k) +510g245d max max{—logpu);x108P(n-1);x > 108 -1y}
(3.12)
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By the triangle inequality and Markov’s inequality we have that

...............

/0 P(;ﬁlﬁ?ﬁnHXuLe )dM
< a Ylogn + log E(|| X1]|*)} + o~ nE(||X1]|*) exp(— log n — log E(|| X1 ]|*))
SOfl{logn+10gE(”ZlHa)Jrl}’ .

and the same bound holds for Elog p(,,—1),;,y. Similarly, for n > (Val| fx [loc)'/3,

o0
E{log‘ r{ﬂn p(l),i,X} < / P(_ lelin P1),ix < €_M) dM
i=1,...,n — 0 i=1,...,n

oo

< 3d 'logn + n/ {1-(1- Vd||fX||ooe*Md)”*1}dM
3d—1logn
o0

< 3d_110gn+n(n—1)VdHfX||oo/ e Mdam

3d—1llogn

=3d tlogn +d 'n 2 (n — )V fx|lco- (3.14)

Define S!, C S,, to be the set of permutations with exactly [ fixed points. Then

1
P € Uien, 8 < (7 )10 € S m(0) = Lo + 1) =1 4 1)

In+1
a0 ()
n!\l, +1 (In + 1)! 2 (ly + 1) \In +1

by Stirling’s approximation. Thus, using (3.12), (3.13), (3.14) and choosing I, = [loglogn] so

that I, logl,/loglogn — oo, we have

logn

|]E(H( )]]-{TrleU, In +1S£l )‘ g m

as n — oo.

The next step is to show that, when 71 has fewer than [,, fixed points, the dominant contribution
to HS" comes from those i such that m1(i) # @ and the k nearest neighbours of Z; ™) are among
the Zj( ) such that 71(j) # j. Suppose that m; = 7 € S!, and, without loss of generality, suppose
that 1,...,1 are the fixed points. We use an argument that involves covering R? by cones; cf.
Section 20.7 in Biau and Devroye (2015). Define the cone

C(2,0) = {w € RT\ {0} : cos™ (z"w/(||llw])) < 0} U{0}.

There exists a constant Cr 6 < 0o depending only on d such that we may cover R? by C, /6 cones

Y In each cone, mark the k nearest points to Z{l) among Zél), ceey Zr(ll).

of angle 7/6 centred at Z§
Now consider a point Zi(l) that is not marked, and let ZZ-(ll)7 Cey Zi(kl) be the k£ marked points in a
cone containing Zi(l). By Lemma 20.5 of Biau and Devroye (2015) we have, for each j =1,... k,
that

127 = 2P <127 = 271

Thus, the unmarked Zi(l) is not one of the k nearest neighbours of Zfl), and only the marked
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points, of which there are at most kC /¢, may have Zl(l) as one of their k nearest neighbours. This
immediately generalises to show that at most kIC} /¢ of the points Zl( +)1, ey Z,(LD may have one of
Z{l), e Zl(l) among their k nearest neighbours. Thus using (3.12), (3.13) and (3.14) and defining
the event A’ := {The k nearest neighbours of ZZ-(I) are among Zl(+)1, ces Zy(ll)}7 we have that

)‘ 5
=7 —logn.
n

E(H|m = 7) - ( Zlogs”u

i=l+1

By (3.12), Lemma 2.10 as in (2.13) and Holder’s inequality we have for ¢ > [ 4 1 that

E(“ngz(l)‘]l{zgl)exﬁ}hl = 77) S IOgn"‘p?lziE

for each € > 0. It therefore suffices to consider

1 ¢ (1)
E(= Y logeM 1y, |m =
(n 0g&; 'La,|m

i=l+1

where A; := A/ N {Zi(l) € Xy}

Now, as above,

1 ¢ (1)
El — I g ]
‘ <n E 0g& ' La,m

i=l+1

=|E( - 1 g
‘ (n E og§; 'la,|m

i=l+1

- 7r) —H(X) - H(Y)‘

_ W) +E(log fX(X1)fY(Y2))’

S ‘E(i > log(¢ (€M fx (214,

i=l+1

kl,, e
T =T —I—T—Fpnlogn—kpn )

for each ¢ > 0, and the remainder of the proof is devoted to studying, on the event A;, the
convergence of §£1)fxfy(Zi(1)) to 1. We again work on the event m; = 7 € S! and assume that
the fixed points are 1,...,I. Write P(-) := P(-|m; = 7). Recalling the definition of 7, s in (A2)

we define the random variables

1
Z z" -z <r pom

1<j<n

J#i

For 0 < € < 1 we have

Br({& xSy (Z8) = 1314, 2 € = Ba(Ai {pui) 2 7500 1, 1) S Pa(BIF <k, 21V € &)

/ Fxfy(2)P(BIe < k|2 = 2) d.
To bound the above we study the bias and the variance of B. We have by (A2) that

E,(B*|ZzM =2) > (n—1, — 3) / Fx fy (w) dw
B (Tz 1+6)

= (n—ln = 3)Varl 1y fx fr (2) {1+ o(1)} = k(1 + €){1 +o(1)}
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uniformly for € € (—1,1) and z € A,,. Similarly,
E.(BFzY =2) <24 (n—1, - 3)/ fx fy(w) dw = k(1 + €){1 +o(1)}
B (rz,14¢)

uniformly for € € (—1,1) and z € &,. Note that if jo & {j1,7(j1), 7 *(j1)} then

Cov, (1 }\Z§1> =2)=0.

120 =2 <re ey TZD =2l 14
Also, for j ¢ {i,n(i), 71 (i)} we have

=y oy

1 _
Vare (L 200 spr. %" =2) < / P fy (w) dw
B (Tz 1+6)
uniformly for € € (—1,1) and z € &,,. When j =€ {i,7(i), 7 '(i)} we simply bound the variance
above by 1 so that, using the Cauchy—Schwarz inequality,

31+ e)k
n

Var, (B[ Zz) < (n — 1, — 3) {14+o0(1)} +4 =3(1+e)k{1+o(1)}.

We have now shown that, given ¢ € (0,1), there exists ng such that for n > ng we have
EW(B}+€|Z£1) =z) >k for all z € X, and

Var, (B €|z = 2)
{E(BIF|2{) = 2) — k)2

o ({60 fx Sy (ZM) — 1)1, > 6) < / fx ()

< 3(1: 6)f{1+ o(1)} =0 (3.15)

as n — oo. Using very similar arguments and increasing ny if necessary we also have for ¢ € (0, 1)
that

Pr ({6 fx fy (Z0) = 131, < —€) <P (BI 7 > k, 2 € &)

Var, (B}~ E|Z1) 2) 3(1—e) 1
S/ foY(Z){k;—]Eﬂ(B} ‘2= dz < —— E{1+0(1)}_>0

as n — oo.

We have now established that log(f ) fx fy( ))]IA |m1 =7 % 0, and our aim now is to show
that these random variables are bounded in £ and so uniformly integrable, so we have convergence
in £1. First, by Markov’s inequality, for £ > 3 and € € (0, 2],

Po(e P f (20) < e ) < L2 / Fxfv(z /B | Prfr(w) dudz = 1 +o(D)

Now, by (3.15),
(g“)fxfy( 1)) >14+k12 logn, A;) = O(log_2 n)
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as n — oo. Also, by Markov’s inequality applied twice,

P (¢ fx fy (ZM) > M, A) <Po(BM <k, ZV € x,)

n—1,—1 2
S P.(||Z — S
_n—ln—l—k/anXfY(Z) (Il ZII>TZ,M)dZ+n_ln_1_k

n—1,—1 B E||Z||* + ||z||* 2 n \ ¢
. m - 1,221 d < [ = .
S w6 }/anXfY(Z) = T 1k~ \EM

We now integrate by parts to see that, writing g and G for the density and distribution function

respectively of fil)foy(Zi(l)N’]Tl = m on the event A;,
nlog2d/a

14+k~1/2 logn R e’
E (log” (f( )foY(Z( ) )La,) {/ / / +/ 2 }loggxg(x)dz
+k—1/2logn 7"1055,6 u

1 2d/a
—21 1 _
< / Og$G(x) dx + log2(1 + k12 logn) + log2 <nngn)G(l + k12 logn)
0

o T
2d/a 2d/a o ~
5 (nlog n nlog 2logz G(x)
+2log (k >G<k ) +/L10g2d/a B — dz = 0(1)

as n — 0o. We have now established the required uniform integrability. Since all of our bounds

are uniform in 7 € Ué;lS’fl we have now shown that

’E(i > log(e fx fr (Z) 14, Im :ﬂ>’
i=l+1
n—1

< n _
=" lr<nla<)l(" ::SPZ E(' 1Og(£l+l 1)foY( l+1))|1Az+1 ‘ﬂ’l m™) =0

as n — oo. This concludes the proof. O

Proof of Lemma 3.5. We start by writing
- 1
Var AV = - Varlog&; (1) + (1 —n™ ") Cov(log &y (1), log &2 1)) (3.16)
We have, similarly to in the proof of Lemma 3.4, that

Elog® & (1) — Elog?(fx (X1) fy (Y2)),

and so
Varlog&y oy = - Varlog(fx (X2)fy (V2)){1 + (1)} = O(n™")

as n — oo. It is now sufficient to consider the covariance term in (3.16). Using Cauchy—Schwarz

we write

| Cov(log & (1), log&a 1))l
= | Cov (log(&1, 1y fx fr (Z{")) —log fx fy (Z] >log<§2 W fx fr (23 >)—logfxfy<Z§”))|
< Varlog(&y, 1) fx fr (1)) +2{Varlog(é1, oy fx fy (Z(")) Varlog fx fy (Z()} 2

+ Cov(log fx fy (Z"), log fx fy (25"))
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and deal with each of these three terms separately. Firstly, again by similar methods to those used

in the proof of Lemma 3.4, we have that

Varlog(ér,)fx fyr(21)) < Elog*(é1,0) fx fyr(21)) = 0
as n — oo, and so the first term vanishes. Now note that, by (A1)(«),

Elog” fx fy (") < 2{Elog’ fx(X) + Elog’ fy (Y)} < ox, (3.17)
and so we also have that the second term vanishes as n — oo. Now,

P({m (1) =2} U{m((2) =1}) =P(m(1) = 2) + P(mi(2) = 1) = P(m (1) = 2,m(2) = 1)
=2 ' —ntn-1)"t=0(n"),

and on the complementary event Zl(l) and Z2(1) are independent. Hence, using (3.17),
Cov(log fx fv (21 log fx fy (Z5)) = O(1/n)

as n — oo, and the result follows. O



Chapter 4

Local nearest neighbour
classification with applications to

semi-supervised learning

4.1 Introduction

Supervised classification problems represent some of the most frequently-occurring statistical chal-
lenges in a wide variety of fields, including fraud detection, medical diagnoses and targeted adver-
tising, to name just a few. The area has received an enormous amount of attention within both
the statistics and machine learning communities; for an excellent survey with pointers to much of
the relevant literature, see Boucheron, Bousquet and Lugosi (2005).

The k-nearest neighbour classifier, which assigns the test point according to a majority vote
over the classes of its k nearest points in the training set, is arguably the simplest and most intuitive
nonparametric classifier. It was introduced in the seminal work of Fix and Hodges (1951), later
republished as Fix and Hodges (1989), and early understanding of some of its theoretical properties
was provided in Cover and Hart (1967), Duda and Hart (1973) and Stone (1977). Further recent
contributions, some of which treat the k-nearest neighbour classifier as a special case of a plug-in
classifier, include Kulkarni and Posner (1995), Audibert and Tsybakov (2007), Hall et al. (2008),
Biau, Cérou and Guyader (2010), Samworth (2012), Chaudhuri and Dasgupta (2014) and Celisse
and Mary-Huard (2015).

Despite these aforementioned works, the behaviour of the k-nearest neighbour classifier in the
tails of a distribution remains poorly understood. Indeed, writing (X,Y") for a generic data pair,
where the d-dimensional feature vector X has marginal density f and Y denotes a binary class
label, most of the results in the papers mentioned in the previous paragraph pertain either to
situations where f is compactly supported and bounded away from zero on its support, or where
the excess risk is computed only over a compact subset of R%. Unfortunately, such restrictions are
typically imposed purely for mathematical convenience, and leave open the question of the effect
of tail behaviour on the excess risk.

The first goal of this chapter, therefore, is to provide a new asymptotic expansion for the

global excess risk of a k-nearest neighbour classifier (Theorem 4.1), where we allow the feature

73
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vectors to have unbounded support. Our expansion elucidates conditions under which the dominant
contribution to the excess risk comes from the locus of points at which each class label is equally
likely to occur, but we also show that if these conditions are not satisfied, the dominant contribution

may arise from the tails of the marginal distribution of the features.

The proof of Theorem 4.1 also reveals a local bias-variance trade-off that motivates a mod-
ification of the standard k-nearest neighbour classifier in semi-supervised classification settings,
where, in addition to the labelled training data, we have access to a further, independent, sample
of unlabelled observations. Such semi-supervised problems occur in a wide range of applications,
especially where it is expensive or time-consuming to obtain the labels associated with observa-
tions; in fact, it is frequently the case that unlabelled observations may vastly outnumber labelled
ones. For an overview of semi-supervised learning applications and techniques, see Chapelle, Zien
and Scholkopf (2006).

Our second contribution is to propose to allow the choice of k to depend on an estimate of f at
the test point in semi-supervised settings. By using fewer neighbours in low density regions, we are
able to achieve a better balance in the local bias-variance trade-off. In particular, we initially study
an oracle, local choice of k that depends on f, and under regularity conditions, we show that the
excess risk over R? is O(n~%/(4+4)) provided that the feature vectors have p > 4 finite moments.
By contrast, our theory for the standard k-nearest neighbour classifier with a global choice of k
requires that d > 5 and the feature vectors have p > 4d/(d — 4) finite moments. Assuming further
that f has Holder smoothness v € (0,2], we show that if m additional, unlabelled observations
are used to estimate f by fm, and if m = m,, satisfies liminf,,_, .o mn/n2+d/7 > 0, then our

semi-supervised k-nearest-neighbour classifier mimics the asymptotic performance of the oracle.

As mentioned previously, studies of global excess risk rates of convergence in nonparametric
classification for unbounded feature vector distributions are comparatively rare. Hall and Kang
(2005) studied the tail error properties of a classifier based on kernel density estimates of the
class conditional densities for univariate data. As an illustrative example, they showed that if,
for large x, one class has density az~®, while the other has density bz —?, for some a,b > 0 and
l<a<fB<a+l< oo, then the excess risk from the right tail is of larger order than that in the
body of the distribution.

Perhaps most closely related to this work, Gadat et al. (2016) recently obtained upper bounds
on the supremum excess risk of the k-nearest neighbour classifier, when 7 is Lipschitz, the well-
known margin assumption of Mammen and Tsybakov (1999) is satisfied, and a tail condition on
the rate of decay of P{f(X) < 6} as 6 \, 0 is imposed. They also derived minimax lower bounds
(in general, of different order) in the same problem. Our assumptions and conclusions are not
directly comparable, but allow us to obtain the same rates of convergence as in situations where
the marginal distribution of X is compactly supported and bounded away from zero on its support,
as well as to provide the leading constants in the asymptotic expansion for the excess risk in such

cases.

The remainder of this chapter is organised as follows. After introducing our setting in Sec-
tion 4.2, we present in Section 4.3 our main results for the standard k-nearest neighbour classifier.
This leads on, in Section 4.4, to our study of the semi-supervised setting, where we derive asymp-
totic results of the excess risk of our local k-nearest neighbour classifier. We illustrate the finite-
sample benefits of the semi-supervised classifier over the standard k-nearest neighbour classifier in

a simulation study in Section 4.5. Proofs are given in Section 4.6, while in section 4.7 we present
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an introduction to the ideas of differential geometry that underpin much of our analysis.

Finally, we fix here some notation used throughout this chapter. Let || - || denote the Euclidean
norm and, for r > 0 and z € R? let B,(z) := {z € R? : ||z — 2| < r} and B.(x) := {2 €
R? : ||z — 2|| < r} denote respectively the open and closed Euclidean balls of radius 7 centred
at x. Let a4 := d%?(ri;;; denote the d-dimensional Lebesgue measure of By(0). For a real-valued
function g defined on A C R? that is twice differentiable at x, write §(z) = (g1(), ..., ga(z))T and
§(z) = (gju(w)) for its gradient vector and Hessian matrix at «, and let [|g|lc = sup ¢ |g(x)|. Let

|| - |op denote the operator norm of a matrix.

4.2 Statistical setting

Let (X,Y),(X1,Y1),..., (Xn+m, Yntm) be independent and identically distributed random pairs
taking values in R?x {1,2}. Let 7, := P(Y =), forr = 1,2, and X|Y =r ~ P,, for r = 1,2, where
P, is a probability measure on R%. Let n(z) := P(Y = 1|X = z) and let Px := 7 P; + mo P> denote
the marginal distribution of X. We observe labelled training data, T, := {(X1,Y1),..., (Xn, Yn)},
and unlabelled training data, T, == {Xn+1,- .., Xnt+m}, and are presented with the task of assigning
the test point X to either class 1 or 2.

A classifier is a Borel measurable function C' : R? — {1,2}, with the interpretation that C
assigns # € R? to the class C(z). Given a Borel measurable set R C R?, the misclassification rate,

or risk, over R is

Rr(C) :=P{C(X) #Y}N{X e R}].

When R = R?, we drop the subscript for convenience. The Bayes classifier

1 ifn(z) > 1/2;

2  otherwise,

CBayes (.13) — {

minimises the risk over any region R (Devroye et al., 1996, p. 20). Thus, the performance of a
classifier C' is measured via its (non-negative) excess risk, R (C) — Rg (CB%es).

We can now formally define the local-k-nearest neighbour classifier, which allows the num-
ber of neighbours considered to vary depending on the location of the test point. Suppose
kr : RY — {1,...,n} is measurable. Given the test point x € R%, let (X, Y))s - (Xny, Yny)
be a reordering of the training data such that || Xy —z[| < -+ < [| X () —z||. We will later assume
that Pyx is absolutely continuous with respect to d-dimensional Lebesgue measure, which ensures
that ties occur with probability zero; where helpful for clarity, we also write X(;)(z) for the ith
nearest neighbour of z. Let Sy, (z) := ky(x) ! Ziig‘”) Ly, =13- Then the local-k-nearest neighbour
(krnn) classifier is defined to be

1 if S, (z) >1/2;

2 otherwise.

—_—

Given k € {1,...,n}, let ky denote the constant function ko(z) := k for all z € R?. Using
kr, = ko the definition above reduces to the standard k-nearest neighbour classifier (knn), and we
will write CE™ in place of Cko™™. For § € (0,1/2), let

K= {[(n 171, [(n = 1] + 1., [(n - 1)'7]}
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denote a range of values of k that will be of interest to us. Note that Kg, 2 Kg,, for 81 < fa.
Moreover, when f is small, the upper and lower bounds are only slightly stronger requirement than

the consistency conditions of Stone (1977), namely that k = k,, — oo, k,/n — 0 as n — oo.

4.3 Global risk of the k-nearest neighbour classifier

Our aim in this section is to provide an asymptotic expansion for the global risk of the standard

(non-local) k-nearest neighbour classifier. Our analysis will make use of the following assumptions:

(A.1) The probability measures P; and P» are absolutely continuous with respect to Lebesgue
measure, with Radon-Nikodym derivatives f; and fs, respectively. Moreover, the marginal
density of X, given by f := w1 f1 + maofo, is continuous Px-almost everywhere and X F =

{z € R%: f is continuous at z} is open.
Let S := {z € R?: n(x) = 1/2} and, for € > 0, let S¢ := S + B.(0).

(A.2) Theset SN{z € R%: f(x) > 0} is non-empty and f is bounded on S. There exist ey > 0
and a measurable function g : S — [1,00) with the property that f is twice continuously

differentiable on S, and

wax{ el sup e+ 0)llp < Flanlgtoo) (@)
u€B., (0)
for all 2o € S, where sup, cs.7(z0)>5 9(¥0) = 0(077), as 0 \, 0, for each 7 > 0. Furthermore,
writing pe(z) := Px(Be(z)), there exists po € (0,aq) such that, for all z € R?\ 8% and
€ € (0, €], we have

pel) > ot (z).

(A.3) We have inf, cs ||9(z0)]| > 0, so that S is a (d — 1)-dimensional, orientable manifold (cf.

Section 4.7.3). Moreover, sup, g2« ||7()|| < oo and 7j is uniformly continuous on §%% with

SUPges2<o ||7i(@)]lop < oco. Finally, the function 7 is continuous on {z : f(z) > 0}, and for
every 7 > 0,

sup  |n(z) = 1/2[7 = 0(677)
2ERI\S%0: [ (2)29

as 0 \ 0.

(A.4)(p) We have that [y, [|z[|?dPx (z), [ f(z0)¥ ¢+ DdVol® " (z,) < oo, where dVol* ' denotes

the (d — 1)-dimensional volume form on S (cf. Section 4.7.3).

The density assumption in (A.1) allows us to define the tail of the distribution as the region
where f is smaller than some threshold. The second and third parts of (A.1) ensure that for all
6 > 0 sufficiently small, the set R := {z : f(z) > §}NX} is a d-dimensional manifold, and Py (R¢) <
P{f(X) < 5}, where the latter quantity can be bounded straightforwardly using (A.4)(p). The
first part of (A.2) asks for a certain level of smoothness for f in a neighbourhood of S, and controls
the behaviour of its first and second derivatives there relative to the original density. In particular,
the greater degree of regularity asked of these derivatives in the tails of the marginal density
allows us still to control the error of a Taylor approximation even in this region. Moreover, (4.1)

is satisfied by all Gaussian and multivariate-¢t densities, for example. The second part of (A.2)
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concerns the behaviour of the marginal feature distribution away from S and is often referred to
as the strong minimal mass assumption (e.g. Gadat et al., 2016). It requires that the mass of the
marginal feature distribution is not concentrated in the neighbourhood of a point and is a rather
weaker condition than we ask for on S; in particular, we do not ask for derivatives of f in this
region.

The first part of (A.3) asks for the class conditional densities, when weighted by their respective
prior probabilities, to cross at an angle, while the bounds on the first and second derivatives of 7
ensure that we can estimate n sufficiently well. The last part of this condition asks that 1 does not
approach the critical value of 1/2 too fast on the complement of S€. Finally, the first condition
of (A.4)(p) is a simple moment condition, while the second ensures the constants B; and Bs
n (4.2) below are finite.

Let

o (o) d=1(2 Y an o JF(IO)PMda 20)2 d-1(,,
B ._/874"7?(%0)” dVol*™ () and By ._/37”7'7(550)” (wo)2 Vol (z),  (4.2)

where

> i (@) i (@) + Sy (@) f(2)}

(d+2)ay* f(x)

We are now in a position to present our asymptotic expansion for the global excess risk of the

a(zx) = . (4.3)

standard k-nearest neighbour classifier.

Theorem 4.1. Assume (A.1), (A.2), (A.3) and (A.4)(p).
(i) Suppose that d > 5 and p > ;‘szl, Then for each 8 € (0,1/2),

A B kN 4/d 1 kN\4/d
knny Bayes _ 71 v _ _
R(CE™) = R(CP™*) = L+ By () +0<k+(n) >
as n — oo, uniformly for k € Kg.
(ii) Suppose that either d < 4, or, d > 5 and p < %. Then for each 8 € (0,1/2) and each
€ > 0 we have
B

R(CA™) = R(CP»™) = =L + 0(% + (%) T_)

as n — oo, uniformly for k € Kg.

Theorem 4.1 reveals an interesting dichotomy: we see from part (i) that, when d > 5 and
(A.4)(p) holds for sufficiently large p (and the other regularity conditions hold), the dominant
contribution to the excess risk arises from the difficulty of classifying points close to the Bayes
decision boundary S. In such settings, the excess risk of the standard k-nearest neighbour classifier
converges to zero at rate O(n’4/ (‘”4)) when k is chosen proportional to n*/ (¢4 On the other
hand, part (ii) suggests that when either d < 4 or d > 5 and we only know that (A.4)(p) holds for
small p, the dominant contribution to the excess risk when k is large may come from the challenge
of classifying points in the tails of the distribution. Indeed, Example 4.1 below provides one simple
setting where this dominant contribution does come from the tails of the distribution.

The proof of Theorem 4.1, and indeed those of Theorems 4.2 and 4.3 which follow in Section 4.4
below, depend crucially on Theorem 4.4 in Section 4.6. This result provides an asymptotic expan-
sion for the excess risk of a general (local or global) k-nearest neighbour classifier over a region
R, C {x € R : f(x) > 6,(x)}, where §,(z), defined in (4.8) below, shrinks to zero at a rate
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slow enough to ensure that X()(x) concentrates around z uniformly over R,. This enables us
to derive asymptotic expansions for the bias and variance of Sn(x), uniformly over R,,, and using
a normal approximation, we can deduce an asymptotic expansion for the excess risk, uniformly
over the relevant set of nearest neighbour classifiers. Having proved Theorem 4.4, the proof of
Theorem 4.1 is completed by controlling the remainder terms in Theorem 4.4 appropriately, and
bounding Px (R¢) using (A.4)(p).

Example 4.1. Suppose that the joint density of X at x = (z1,22) € (0,1) x R is given by

f(@) =2z fo(22),

where fs is a positive, twice continuously differentiable density with fa(z2) = e~ 1#2!/2 for |za| > 1.
Suppose also that n(x) = z1. Then (A.1), (A.2), (A.3) hold, and (A.4)(p) holds for every p > 0.
We prove in Section 4.6.3 that for every 8 € (0,1/2) and € > 0,

liminf inf (%>1+E{R(C'ﬁnn) _ R(CBayCS)} >0 (44)

n—oo keEKg

as n — oQ.

4.4 Local k-nearest neighbour classifiers

In this section we explore the consequences of a local choice of k, compared with the global choice in
Theorem 4.1. Initially, we consider an oracle choice, where k is allowed to depend on the marginal
feature density f (Section 4.4.1), but we then relax this to semi-supervised settings, where f can

be estimated from unlabelled training data (Section 4.4.2).

4.4.1 Oracle classifier

Suppose for now that the marginal density f is known. For 3 € (0,1/2) and B > 0, let

ko(z) := max|[(n — 1)77, min{ | B{ f(z)(n — 1)}4/(d+4)J ,L(n =118 }], (4.5)

where the subscript O refers to the fact that this is an oracle choice of the function kp, since it

depends on f. This choice aims to balance the local bias and variance of S’n(x)

Theorem 4.2. Assume (A.1), (A.2), (A.3) and (A.4)(p). Then for each 0 < B, < B* < 00,
(i) if p > 4 then for B < 4d(p — 4)/{p(d + 4)?},

R(Cio™) = R(CP¥*) = Byn™ /("9 {1 1+ o(1)},

uniformly for B € [B,, B*] as n — oo, where

d/(d+4) . 1

R fT(L il 4/da$ 2 Odilx
BS'_/S 17 (zo) {4B+B (o)}dVI (o).

(i1) if p <4 and 8 < min{1/2,4/(d + 4)}, then for every e >0

R(CFommy _ R(CBWes) = o(n ¢/ (pFd)+B+e)
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uniformly for B € By, B*], as n — co.

Comparing Theorem 4.2(i) and Theorem 4.1(i), we see that, unlike for the global k-nearest
neighbour classifier, we can guarantee a O(n~=%/(?+4) rate of convergence for the excess risk of
the oracle classifier, both in low dimensions (d < 4), and under a weaker condition on p when
d > 5. In particular, the condition on p no longer depends on the dimension of the covariates. The
guarantees in Theorem 4.2(ii) are also stronger than those provided by Theorem 4.1(ii) for any
global choice of k. Examining the proof of Theorem 4.2, we find that the key difference with the
proof of Theorem 4.1 is that we can now choose the region R,, (cf. the discussion following the

statement of Theorem 4.1) to be larger.

4.4.2 The semi-supervised nearest neighbour classifier

Now consider the more realistic setting where the marginal density f of X is unknown, but where
we have access to an estimate fm based on the unlabelled training set 7. Of course, many
different techniques are available, but for simplicity, we focus here on a kernel method. Let K
be a bounded kernel with [o, K(z)dz = 1, [p, 2K (z)de = 0, [, ]|z|?|K(2)|dz < oo, and let

f]Rd x)?dw. We further assume that K(z) = Q(p(x)), where p is a polynomial and @
is a functlon of bounded variation. Now define a kernel density estimator of f, given by

Jn@) = frun( }ﬂEZK("”ﬂ)

Motivated by the oracle local choice of k in (4.5), for 8 € (0,1/2) and B > 0, let

kss(2) = max[[(n — 1)°], min{[B{ () (n — DI [ (n—1)12]}].
For « € (0, 2], we will consider the following condition:

(A.5)(y) We have that f is bounded and, if v > 1, then f is differentiable on R¢; moreover, there
exists A > 0 such that

1F () = F@)| < My —=||”  for all 2,y € RY, if v € (0,1]
1f(y) = F@)| < Ally — 27" for all 2,y € RY, if v € (1,2].

Theorem 4.3. Assume (A.1), (A.2), (A.3), (A.4)(p) and (A.5)(y) for some v € (0,2]. Let
mo >0, let 0 < A, < A* <00 and 0 < B, < B* < 00, and let h = h,, := Am~ @20 for some
A>0.

(i) If p > 4 and B < 4d(p — 4)/{p(d + 4)*},
R(Clssm™) — R(CBW%) = Byn ™"/ (44 {1 4 o(1)}

uniformly for A € [A,, A*], B € [B., B*] and m = m,, > mq(n —1)**%7 where Bs was defined in
Theorem 4.2(i).
(it) if p < 4 and 8 < min{1/2,4/(d + 4)}, then for every ¢ > 0,

R(CI=m™) — R(CB) = o(n =/ 0+0%)
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uniformly for A € [A., A*], B € [B,, B*] and m = m,, > mo(n — 1)>+4/7,

Examination of the proof of Theorem 4.3 reveals that the same conclusion holds for any estimator
fm of f constructed from T;,, provided there exists o > (1 + d/4)/ such that

HD(”fm - f”oo Z m) = o(n_4/(d+4)). (46)

Condition (A.5)(y) ensures that (4.6) holds for our kernel density estimator.

4.5 Empirical analysis

In this section, we compare the konn and kggnn classifiers, introduced in Section 4.4 above, with
the standard knn classifier studied in Section 4.3. We investigate three settings that reflect the

differences between the main results in Sections 4.3 and 4.4.

e Setting 1: P; is the distribution of d independent N(0,1) components; whereas P, is the
distribution of d independent N(1,1/4) components.

e Setting 2: P; is the distribution of d independent t5 components; P» is the distribution of d
independent components, the first |d/2| having a t5 distribution and the remaining d — |d/2]
having a N(1,1) distribution.

e Setting 3: Pj is the distribution of d independent standard Cauchy components; P» is the
distribution of d independent components, the first |d/2] being standard Cauchy and the
remaining d — |d/2| standard normal.

The corresponding marginal distribution Px in Setting 1 has all moments finite. Hence, for
the standard k-nearest neighbour classifier when d > 5, we are in the setting of Theorem 4.1(i),
while for d < 4, we can only appeal to Theorem 4.1(ii). On the other hand, for the local k-nearest
neighbour classifiers, the results of Theorems 4.2(i) and 4.3(i) apply for all dimensions, and we can
expect the excess risk to converge to zero at rate O(n~%(4+4), In Setting 2, (A.4)(p) holds for
p < 5, but not for p > 5. Thus, for the standard k-nearest neighbour classifier, we are in the setting
of Theorem 4.1(ii) for d < 20, whereas Theorems 4.2(i) and 4.3(i) again apply for all dimensions
for the local classifiers. Finally, in Setting 3, (A.4)(p) does not hold for any p > 1, and only the
conditions of Theorems 4.1(ii), 4.2(ii) and 4.3(ii) apply.

For the standard knn classifier, we use 5-fold cross validation to choose k, based on a sequence

of equally-spaced values between 1 and |n/4] of length at most 40. For the oracle classifier, we set

o) = max 1, min[| Bo {7 (x)n/ | |}/ | n/2]],

where Bo was again chosen via 5-fold cross validation, but based on a sequence of 40 equally-
spaced points between n~%/(d+4) (corresponding to the 1-nearest neighbour classifier) and nd/(d+4),

Similarly, for the semi-supervised classifier, we set
fss (w) 1= max |1, min[| Bss{ fun(@)n/ | fmlloc} /49 |, /2],

where Bgs was chosen analogously to Bo, and where fm is the d-dimensional kernel density estima-

tor constructed using a truncated normal kernel and bandwidths chosen via the default method in
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Table 4.1: Misclassification rates for Settings 1, 2 and 3. In the final two columns we present the
regret ratios given in (4.7) (with standard errors calculated via the delta method).

d Bayes risk n  knn risk konn risk  kggnn risk O RR SS RR
Setting 1
1 22.67 50 26.85¢.13 25.91¢.12 25.980.13  0.780.022  0.79¢.023
200 24.07¢.06 23.520.06 23.480.05 0.61g.030 0.58¢.020
1000  23.20¢.04 22.930.04 2294004 0.483.048 0.500.048
2 13.30 50  17.700.09 16.96¢ 08 16.950.08 0.830.015 0.830.015
200  15.099.05 14.69¢.04 14.749.05 0.770.018 0.800.019
1000 14.04¢.04 13.780.03 13.809.03 0.650.025 0.670.025
5 3.53 50 9.46¢.07 8.950.06 8.940.06 0.919.006 0.910.006
200 6.94¢ 03 6.670.03 6.700.03 0.920.006 0.93¢.007
1000 5.490.02 5.180.02 5.230.02 0.84p.008 0.870.008
Setting 2
1 31.16 50 36.55¢.14 36.079.14 35.930.14 0.915.020 0.88¢.020
200 32.93¢.08 32.38¢.07 3242007 0.699.031 0.71g.032
1000 31.62¢.05 31.370.05 31.37p.05 0.460.065 0.470.066
2 3115 50 37.790.13 38.020,12 37.90()‘12 1.020_014 1.010.015
200 33.64¢.08 33.630.07 33.540.07 1.009.028 0.96¢.026
1000  31.83¢.05 31.81¢.05 31.800.05 0.979.039 0.95¢.038
5 20.10 50  28.74¢.12 29.16¢9.12 29.13p.11  1.059.011 1.05¢0.011
200 23.609.06 23.750.06 23.93p.06 1.049.014 1.09¢9.015
1000 21.86¢.04 21.71¢.04 21.770.04 0.915.014 0.950.014
Setting 3
1 37.44 50 44.76¢.10 43.090.12 43.080.12 0.770.013 0.770.013
200 41.86¢.0s8 40.18¢.09 40.230.09 0.629.017 0.639.017
1000 38.68¢.06 37.850.05 37.89.05 0.330.033 0.360.032
2 37.45 50  46.20¢.09 44.81¢.10 45.240.10 0.840.009 0.89¢.009
200  43.500.07 42.29¢ 08 42.8609.08 0.809.011 0.890.011
1000 40.53¢.06 39.64¢9.06 39.96p.06 0.71g.013 0.820.014
5 23.23 50 41.56¢.11 38.13p.11 39.26p.12 0.81g.005 0.87¢.005
200 36.02¢.07 33.34¢0.06 34.680.07 0.799.004 0.909.004
1000 31.46¢.05 29.91¢.05 30.580.05 0.81g9.004 0.89¢.004

the R package ks (Duong, 2015). In practice, we estimated || fin||so by the maximum value attained
on the unlabelled training set.

In each of the three settings above, we generated a training set of size n € {50,200,1000} in
dimensions d € {1,2,5}, an unlabelled training set of size 1000, and a test set of size 1000. In
Table 4.1, we present the sample mean and standard error (in subscript) of the risks computed
from 1000 repetitions of each experiment. Further, we present estimates of the regret ratios, given
by A A

R(Com™) - R(CE==m) = R(CP)
R(CE™) - R(CE™) — R(CP=)

for which the standard errors given are estimated via the delta method. From Table 4.1, we saw

R(OBayes)
R(C’Bayes)

(4.7)

improvement in performance from the oracle and semi-supervised classifiers in 22 of the 27 experi-
ments, comparable performance in three experiments, and there were two where the standard knn
classifier was the best of the three classifiers considered. In those latter two cases, the theoretical
improvement expected for the local classifiers is small; for instance, when d = 5 in Setting 2,
the excess risk for the local classifiers converges at rate O(n~%/?), while the standard k-nearest

neighbour classifier can attain a rate at least as fast as o(n~1/3+¢) for every e > 0. Tt is therefore
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perhaps unsurprising that we require the larger sample size of n = 1000 for the local classifiers to
yield an improvement in this case. The semi-supervised classifier exhibits similar performance to
the oracle classifier in all settings, though some deterioration is noticeable in higher dimensions,

where it is harder to construct a good estimate of f from the unlabelled training data.

4.6 Proofs

In this section, we provide proofs of all of our claimed results, which rely on the general asymptotic
expansion presented in Theorem 4.4 below. We begin with some further notation. Define the d xn
matrices X" := (X1 ...X,,) and 2™ := (21 ...x,). Write

,\

fin(2) = fin(@,a") := E{S, (2)|X" = 2"

(),

and
kL(I)

o (@) =67 (z,a"):=Var{S, (¢)| X" = "} = @) Z (@) {1 —n(ze)}-

Here we have used the fact that the ordered labels Y(y),...,Y(,) are independent given X", satis-
fying P(Y(;y = 1|X™) = n(X(;)). Since 1 takes values in [0,1] it is clear that 0 < 62(z) < m
for all z € R Further, write pu, () := E{S,(z)} = e Zfigl) En(X(;) for the unconditional
expectation of S, (). Recall also that p,(z) = Px (Br(2)).

4.6.1 A general asymptotic expansion

Let

= ~ sup 9(xo),
20€S: f(w0)>kL(z0)/(n—1)

where g is defined in assumption (A.2), and for x € R, let

3u(a) = B (o) = P e log? (5. (45)

Recall that S = {z € R? : (z) = 1/2}, and note that by Proposition 4.5 in Section 4.7.2, for

€ > (0, we can write

S = {1’0+t7_7(x0) tx0 €St < e}.
[ (o)l
Let
: (4.9)
€ 1= , .
Cm61/2 10g1/2(n - 1)

and recall the definition of the function a(-) in (4.3).

Theorem 4.4. Assume (A.1), (A.2), (A.3) and (A.4)(p), for some p > 0. For n sufficiently
large, let R, C {z € R? : f(z) > 6,(z)} be a d-dimensional manifold. Write OR,, for the
topological boundary of R, let (OR,)¢ :== OR,, + eB1(0), and let S,, .= SNR,,. For 3 € (0,1/2)
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and T > 0 define the class of functions

n(zo
kL($O+tH77(f”0)H) 1’ <T}-
kL(IEo) -

Then for each 8 € (0,1/2) and each 7 = 7, with 1, \, 0, we have

Akpnny Bayes\ __ f(l’()) 1 kL(mO) 4/daas 2 Od—l T
e €)= €)= [ e+ () oo v

+ o(ym (kL)) + O{Px ((OR,)" NS™)}

Kg = {k‘L ‘RY = Kg: sup sup

2o ESH [t|<en

as n — oo, uniformly for ki, € Kg », where

._ f(xo) 1 ky (wg) 4/ 202\ gvord—1(x
”"(’“L)“/Sn ||7'7($0)||{4kL(130)+<nf($o)> al °>}d‘” (o).

Proof of Theorem 4.4. First observe that
Ry, (CRX™) = Ry, (CP9) = /R [P{S0n(x) < 1/2} = Liyy<iyzp] {20(2) = 1} f(2) dx. (4.10)

The proof is presented in seven steps. We will see that the dominant contribution to the integral
in (4.10) arises from a small neighbourhood about the Bayes decision boundary, i.e. the region
S NR,. On R, \ §, the krnn classifier agrees with the Bayes classifier with high probability
(asymptotically). More precisely, we show in Step 4 that

N L P{S,.(x) < 1/2} = Lgy)<ijzy| = O(n™M),
for each M > 0, as n — oo. In Steps 1, 2 and 3, we derive the key asymptotic properties of the
bias, conditional (on X™) bias and variance of S, () respectively. In Step 5 we show that the
integral over S NR,, can be decomposed into an integral over S,, and one perpendicular to S.
Step 6 is dedicated to combining the results of Steps 1 - 5; we derive the leading order terms in
the asymptotic expansion of the integral in (4.10). Finally, we bound the remaining error terms to
conclude the proof in Step 7. To ease notation, where it is clear from the context, we write ki, in

place of kr,(z).

Step 1: Let p,(z) := E{S,(x)}, and for 2o € S and t € R, write x = x(x¢,t) := @0 + t .

We show that () \ 2/ . (20) 2/
- () = (),

uniformly for ki, € K3 -, ©op € S,, and [t] < €,. Write

n(zo)
i (zo)ll”

kL ZE)

—n(x)}

pin () —n(x) =

kL ’E)

E{(X — =) Von(x)} + %E{(X(i) - Hf)Tﬁ(x)(X(i) —z)} + Ry,
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- ()

uniformly for ki, € Kg -, xo € S, and [t] < €5,

where we show in Step 7 that

The density of X;) —z at u € R? is given by

fiy(u) = nf(z +u) (?:;)pﬂuf(l = pu)™ " = nf (@ + wpl, (= 1), (4.12)

where pj,| = pju(z) and pﬁ;‘ll(i — 1) denotes the probability that a Bin(n — 1,p),) random

variable equals ¢ — 1. Now let

2%y, () }”d
= 1 (2) = SO O 413
W= T (419)
We show in Step 7 that
Ro:= sup sup sup B{||Xpy) —z[*Lyx,,  —a)zry} = On™M), (4.14)

kLEKp, + €Sy |t|<en
for each M > 0, as n — oo. It follows from (4.12) and (4.14), together with the assumption on
In(-)] in (A.3) that

B((Xe) — )" i(e)} = [ i) un{Fle+ )~ F@)lpfli - Ddu-+ O,
7, (0)

uniformly for 1 < i < ki, xp € S,, and [t| < €,. Similarly, using the assumption on ||7j(-)|op in
(A.3),

E{(X) —2)Ti(z)(X @) —T)} = / 0) )unf(x +u )pﬂbu—ul(i— 1) du+ O(n=™),

n

uniformly for 1 < i < ky,, 9 € S,, and |t| < €,. Hence, summing over i, we see that

kLZE{ W =)’ ZE{ (@) — o) i(x) (X — =)}
= / [ﬁ(fﬂ)Tun{f(x )~ F@)} + gui@)un (@ -+ u)] g () du+ O(n=™),
B, (0)

where qﬁg”l(kL) denotes the probability that a Bin(n — 1,p),)) random variable is less than Ap..
Let ng € N be large enough that

€n+ sup sup r,(x) < €
ToESy |t|<en

for n > ng. That this is possible follows from the fact that, for €, < €,

, ‘J‘[f(t:))) - 1‘} < max{T, Cn€n + Cn;

2
Sup sup Sup max n
kLEKg + x0E€Sh [t|<en

(i -

}a& (4.15)
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By a Taylor expansion of f and assumption (A.2), for all zg € S, |t| < €n, ||u|| < rn and n > ng,

D) z0)g(zo)-

Wl? <
9 up [ f(z+ 5)|lop <
SEBHu” (0)

F+w) = f(@) = " fl@)| <
Hence, for g € S,,, |t| < €, 7 < 1, and n > ny,

Ipr(z) — F(@)aar?) < / e+ ) — F(z) - o f(2)] du

B (0)
dad

< ghengten) [l du = S Faoaort (@16)

r

Now, for v € B1(0), zg € Sp, |t| < €, and n > ny,

ku(@) = (n = Dpjofr, = ku(z) = (n = 1) f()aallvl|*ry + Rs
= kp(2)(1 = 2[|v]|?) + Rs,

where

daa(n — 1) f(wo)g(wo)[lv]|“+2ri*
- 2(d +2)
dky () f (z0)g (o) ]| **?r3
(d+2)f(z)
22/ddky (1) ( f (o ))1+2/d< kL(zx) )2/(1
az/d(d—l—Q)log (ch ) f(x) k(o) .

B
A

It follows from (4.15) that there exists n; € N such that, for all zg € S,, |t| < €, ||[v]|¢ €
(0,1/2 =1/1log ((n — 1)/kL(x0))] and n > nq,

ki (z)

ku(x) — (0 — 1)pjojjr, > log((n — 1) /kL(x0))’

Similarly, for all ||v]|4 € [1/2 4 1/log((n — 1)/kr(x0)),1) and n > nq,

(n = Dpjoyr, — kr(@) = log((n —Ll)/kL(afo))'

Hence, by Bernstein’s inequality, we have that for each M > 0,

sup sup sup sup L= gt (k@) = O,
kLEKp,» T0ESH |t<en [[0]|2€(0,1/2—1/ log((n—1) /kr,(x0))]
and
sup sup sup sup Wvlllrn(kL(x)):O(n*M). (4.17)

kLEKg, + ®0€ESh |t|<en ||v]|¢€[1/24+1/ log((n—1)/kL(z0)),1)
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We conclude that

1
k‘L (.Z‘)

[ [T undfe 4w - F@)} + guiungte + o] (@) du
B, (0)

- (@) Tun{ f(z +u) — f(z 1uT"xwfx u)| du
_ka)/Bl/d (0)[’7() {f(@+u) = f@)} + Jutij(z)unf(z + )}d + Ry
(
)

j _ _
(kL(z))2/de:1{nj x)fjg/r)l 277”( 2)f @)} + R41 + Rao
n (d+ 2)a f(x)HQ/d
_ ki(x 2/d -
= (37a)) @)+ Rus+ Rz, -

where

‘R41| + |R42| = 0((5;(-1'0) )W‘{q(%o))7

uniformly for ki, € Kg -, xo € S, and [t] < €5,
Step 2: Recall that 62 (z,2") = Var{S,(z)| X" = 2"}. We show that

62 (x, X™) ) = 0,(1/ky), (4.19)

uniformly for ki, € Kg -, xp € S, and [t]| < €,. Recall that

2, X7 —kQZn 1= (X))

Let no € N be large enough that lfcnenfd—ié €2 > 19/ ag for n > ny. Then for n > max{ng, na},

€ < €n, Tg € Sy, and [t| < €, we have by (A.2) and a very similar argument to that in (4.16) that

pe(®) > poe f(w0) > po€ed, (o). (4.20)

Now suppose that zi,...,2xy € R, U S5 are such that ||z; — z¢|| > €,/6 for all j # ¢, but
SUpP,er, user MiNj=1 . N ||z — z;|| < €,/6. We have by (A.2) that

Nuoﬁd/Q log"?(n — 1)
124(n — 1)1-

N
1= Px(R%) ZZ Pen/12(25)

For each j =1,..., N, choose

2 € argmax k(z).
ZEsz (en/6)N(RAUSL™)

Now, given z € R, US", let jo := argmin,; ||z — 2|, so that B /(2] ) C Be, j2(w). Thus, if there
are at least kp(zj) points among {z1,...,r,} inside each of the balls B /(2}), then for every
r € R, USS there are at least kp(z) of them in B, /o(x). Moreover, by (4.15), (4.20) and (A.2)

(min {np, () = k() } 2 (0 —1)°

Jj=1,...,

for all ki, € K » and n > ng, say. Define Ay, = {[| X, )(2) — 2| < €,/2 for all z € R,, USS }.
Then by a standard binomial tail bound (Shorack and Wellner, 2009, Equation (6), p. 440), for
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n > ng and any M > 0,

P(A5,) =P{ sup | X(e, (@) — all > e /2]
TER,US™

1 -M
< Nj:r??)fN exp(—inpenm(z;) + k:L(z;)) =0(n™"), (4.21)
uniformly for ki, € K3 .. Now,

sup sup sup sup  max [|n(xz(x)) —1/2] = 0.
kLEKp,» T0ESR [t|<en T EAK,, 1<i<kr(z) @

It follows that

kv ()

QZ (e @)L = 0o @)} — —

Sup Ay, (2)

a:"EAkL

- o(%(x)) (4.22)

as n — oo, uniformly for zg € S, |t| < €, and ki, € Kg .. The claim (4.19) follows from (4.21)
and (4.22).

Step 3: In this step, we emphasise the dependence of fi,, (z, ™) = E{Sn(x)\X” = 2"} on ki,
by writing it as ,usl L)( x™). We show that

Var{ i) (z, X™)} = o{ é ( ﬁ?iﬁii ) Q/d} (4.23)

uniformly for zg € S,, |t| < €, and ki, € Kz ,. We will write X™J := (X;...X; 1 Xj41...X,),

considered as a random d X (n — 1) matrix, so that

~ n ~(k n, (3 1
k) (z, X™) - l%(z L%(an 0y = E{U(X(i)) = (X hp+1)) L fi<hr ) -

It follows from the Efron—Stein inequality (e.g. Boucheron, Lugosi and Massart, 2013, Theorem 3.1)
that

Var (Al (z, X)) < 3 E[{A0) (2, X7) — ) (@, X0)7]

=1
ky, k1,
= klﬁ ZE[{U(X@')) — Xk 11))}?] < —% Z — ()} + (X (pprny) — 1(2)}?].
_ (4.24)

Recall the definition of r,, given in (4.13). Now observe that, for max(e,,r,) < €y and all M > 0
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we have that

max E[{"?(X(z‘)) - 77(3”)}2]

i€{1,...,kL+1}
< E[{n(X«) — 2Lyx,— P(||X - n
< e E[{n(X ) = 0@} Loxg -ai<r] + P X e = 2l > )
<rp osup [[9(2)[> + O(n~™M), (4.25)
265260

uniformly for z¢ € Sp, |t| < €, and ki, € Kg .. The final inequality here follows from similar
arguments to those used to bound R;. Now (4.23) follows from (4.24) and (4.25).

Step 4: We show that

sup sup  [P{Sn(z) < 1/2} — Lypmy<ijoy] = O(n™M),
kLEKg r zER,\Sen

for each M > 0, as n — oo. First, by (A.3) and Proposition 4.5 in Section 4.7.2, there exists
¢p > 0 such that for every e € (0, €],

inf —1/2] > { inf on 5/2}'
93671211\85 (=) /2| = cominy e we%{}\sm (@)

Hence, on the event Ay, , for €, < eg and z € R, \ S, all of the ky, nearest neighbours of z are

on the same side of S, so

kL
i X% = 1721 =[5> 0(X) - 172

. . €n . B/2
> — > — .
>t () =172 Zeo mm{ 5oL n (@) }

Now, conditional on X", S, (x) is the sum of ki, (z) independent terms. Therefore, by Hoeffding’s

inequality,
sup  [P{S,(x) < 1/2} = Liyiay<i/ay]
TERH\Sn
= sup  [E{P{Su(x) < 1/2|X"} - Liygay<iyay ]
TER,\Sn
< ;u{)s E [exp(—2ky{fin (z, X™) — 1/2}2)]1,4,%} +P(45, ) =0 M)
TERp\S

for every M > 0. This completes Step 4.

Step 5: It is now convenient to be more explicit in our notation, by writing zf = x¢ +
tn(xo)/||n(xo)||. We also let

Y(z) == {2n(z) — 1}f_(95) = m fi(z) — mafa(z).
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Recalling that S,, := S N'R,,, we show that
/ B(@)P{Sn () < 1/2} — Lgnay<1/2y]) do
SenNR
=/ / Y(xh)[P{Sn(2h) < 1/2} — Lioy] dt dVol ! (o) {1 + o(1)} + O{ Px ((9R,)" N S) },

uniformly for kr, € K .. Now by Proposition 4.6 in Section 4.7.2, for

infyyes [|7(zo) }
SUpP,es<o |77(Z)||op

€n < min{eo ,

the map z(xg,t) := zf is a diffeomorphism from S,, X (—€p, €,) to S, where

n(xo)

S; = {:z:o +t txo € Sp, [t < e}.
" [EIEDIN

t| < €n, sgn{n(zl) — 1/2} = sgn(t). Now observe that (S* NR,) \

Sir C (OR,) NS and St \ (8" NR,,) C (OR,)™ NS It follows from this and (4.56) in

Section 4.7.3 that

Furthermore, for such n, and

[ @B < 172} - Tyl
- ¢($)[P{Sn($) <1/2} - ]l{n(:r)<1/2}] dzr + O{pX ((8Rn)5" N Sen)}

Spn

:/ /j” det(I + tB)y(zh)[P{Sn(zh) < 1/2} — Lis<oy) dt dVold™ (z) + O Py ((0Rn)* 1155}

where B is defined in (4.49) in Section 4.7.2, and det(I +¢B) = 1+ o(1) as n — oo, uniformly for
xg € Sand t € (—€p, €n).

Step 6: The last step in the main argument is to show that
/ D) PG (ah) < 1/2) — L gscoy] dt dVOl* (o)
Sn J—en

= [ o + Gy atro favor'=1ay) + oru(i)

s, IIn(zo nf(wo)

as n — oo, uniformly for ki, € Kg .. First observe that

L oSt <172~ L] ol ao)

/ /_ 16 (o) | B{Sn () < 1/2} — 1 gecoy] dt dVol™™ (zo){1 + o(1)}.

Now, write P{S,, (z}) < 1/2} — Litcoy = E[P{S,(z}) < 1/2|X"} — L{i<0y]. Note that, given X",

Sp(z) =

kLl(x) Zfigz) 1{y,, =1} is the sum of kr(z) independent Bernoulli variables, satisfying
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P(Y(;) = 1|X™) = n(X(;)). Let ® be the standard normal distribution function, and let
6(2) = —{fin(, X™) = 1/2} /50 (w, X")

2\ 2/
B ) = =2 o0) it + (P42 ) ata) .

We can write

/en s (z0) [P{Sn(25) < 1/2} — Lypcop] dt

—€n

:/%mwwwuﬂa%»—%@ﬁﬁ+&@w

—€n

= /e" tl (o) [ {®(B(wo,t)) — Ljrcoy } dt + Rs(xo) + Re(o),

—€n

where we show in Step 7 that

/5 R5(xg) + Rg(zo) dVoldil(xO)

= o(yn(k)). (4.26)
Then, substituting v = 21€L(330)1/2t7 we see that

[ ol [@000,1) ~ Lecoy]

€n

1 2k (20) e, ) B w
= — wl|y(z Dl Ozg, ———=) | — Ly du
4k, (20) /_%L(a:o)l/%n ¢ O)”{ ( ( ’ 2/fL($0)1/2)> { <O}}

- {4kL( fleo) ( b1 (20) )4/d Flao)atzo)” }{1 +o(1)}.

o) [i(wo)ll ~ \nf(zo) 77 (o)l

ld—l

The conclusion follows by integrating with respect to dVo over S,.

Step 7: To complete the proof it remains to bound the error terms R;, Ro, Rs and Rg.
To bound Ri: We have

k1,
Ry = kiL ;(EU(X@)) —n(z) — E{(X(5) — )" n(z)} - %E{(X(i) — ) "ij(x) (X ) — ﬂf)}>~

By a Taylor expansion and the uniform continuity of 7j from (A.3), for all € > 0, there exists
r =1¢ € (0,€0], such that for all z € S and ||z — z| <7,

1(6) = 1(e) = (: = 2)7ie) = 5z = 2oz — )| < el = P

Hence

kL
1
[R1] < o D E(IX G — 21 Lgxy, —eli<r )+ 2P{1 X ) — @l >}
i=1

+ sup I INEN X 1) — 2l L0y, —al>r

+ sup. () lop BN X (ke) — 2L yx0, ) —ali>r) - (4.27)
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Now, by similar arguments to those leading to (4.18), we have that

£ EkL:]E(HX 2|1 )= s )W L)) (4.28)
N — —x s = € — 5 .
Er v (7) X ey —lI <} naqf(z) d+ 2

uniformly for zg € Sy, |t| < €, and ki, € K . Moreover, for every M > 0,
P{| X (k) — x| > 7} = g (k) = O(n™ ™), (4.29)

uniformly for zy € S, [t| < €, and ki, € Kg -, by (4.17) in Step 1. For the remaining terms, note
that

E{l X (ke) = 2L x0p —all>ry} = PLUX Gy — 2l > 7} + /2 P{)| X(ky) — 2ll > vV} dt

Let to = to(z) := 5%/7(1 + 20~ 1)2/P{E(|| X||?) + H:r||”}2/p. Then, for ¢ > ¢y, we have

—1y EAIXP) 4 [l 1
It follows by Bennett’s inequality that for p{n — (n — 1)' =8} > 4,

/ QT (k) dt < €M (14 207 )RR (| X |P) + e} 2 / Py
to to

_ _dehE 2012 (E(|X|17) + |lx|fe} 2/ 5= (ke /2

" p(n— k) — 4 '

But, when Slog(n —1) > (d+2)/d and n > max{ng,na},

(n — 1)'PeE( X ]?) }” .

sup z|| <€ +{
ell= o poB?log"?(n — 1)

TER,US,

We deduce that for every M > 0,

sup sup / q.;(kr) dt = O(n=M). (4.31)
k:EKBﬂ' QZERHUSZW to

Moreover, by Bernstein’s inequality, for every M > 0,
to
sup sup {qf(k‘L) —|—/ WAL dt} =0(n™M). (4.32)
kLEKB, r €R,US" r2

We conclude from (4.15), (4.27), (4.28), (4.29), (4.30), (4.31) and (4.32), together with Jensen’s
inequality to deal with the third term on the right-hand side of (4.27), that (4.11) holds. With

only simple modifications, we have also shown (4.14), which bounds Rs.

To bound Rs: Write

Rs ;:/S R5(x0)dVold_1(x0)/$n /thnz/}(xO)n [P{Sn(xg) < 1/2}—1E<1>(é(xg))} dt dVol*™ (zy).

n
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Now by a non-uniform version of the Berry—Esseen theorem (Paditz, 1989, Theorem 1), for every
t € (—€p,€,) and g € Sy,

G t ny _ ) Z‘t 32 1
|P{S,(zh) < 1/2| X"} — ®(0(zh))| < FL ) X T )P (4.33)
Let o (10) \ 2/
ty, = tn(xg) := C’max{kL(mo)l/z, (m) g(a:o)},
where

O dmax{2sup,cseo |7(2)], dsup,cseo

‘77(2) HOP} )
(d+2)a2  inf.cs |7(2)]

In the following we integrate the bound in (4.33) over the regions [t| < ¢, and [t| € (tn,€n)

separately. Define the event

. n 1
BkL = {O'7L(.’,I,'67X ) 2 W for all T € Sn, t e (_€n,€n)},
so that, by very similar arguments to those used to bound P(Aj, ) in Step 2, we have P(Bf ) =
O(n=™) for every M > 0, uniformly for ki, € Kz .. It follows by (4.33) and Step 2 that there

exists ny € N such that for all n > ny, ki, € K3, and 29 € Sy,

tn ~ .
‘/ t[[P’{Sn(a:f)) <1/2} —E@(a(xg))} dt‘
—tn
b 3‘2|15|]leC 128752
</ E : dt + 2P(BE ) < ——n 434
/tn <kL($6)&n($67X")> TinP(Bi) < ky,(z0)t/? (4.34)

By Step 1, there exists ns € N such that for n > ns, [t| € (tn,€,),20 € S, and ki, € Kg ;,

| (25) — 1/2] > In(x5) — 1/2] = |pn (25) — 1(25)]
(20)

| —_— | k. 2/d Lo
5 mf ()|l — ZC;gglln(Z)II(nf(mo)) 9(zo) > 7 Inf [l()[e].  (4.35)

Y

Thus for n > ns, |t| € (tn,€,), 20 € Sy, and ki, € Kg , we have that

- 1
t L. . 1/2
P{[6(a})| < 7 inf [()IIkL*(@o)ltl }

N 1, .
< P (. X") = pn(@b)| > lun(h) = 1/2] = 5 ink ()1}
64Varji, (xb, X))
infcs (=) P72

1
< (2 X — ¢ = ] < )
< P{Jftn (b, X) = pualah)| > 5 int ()|t} < (4.36)
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It follows by (4.33), (4.36) and Step 3 that, for n > ns,

‘ / {[P(Sn(at) < 1/2} — E®(d(ah)] dt
|t|€(tna€n)
321 1
S/ t|E( 1 ABkt n - : 3 3/2 3>dt
te(tnen)  \KL(TG)Gn (x5, X™) 1455 inf.es [9(2) [Pk (20)3/2]t|

64Var{ fi, (25, X
+ / War{jin(@o. X)) 4, o 2ppe
ltle(tn,en) 0fzes [1(2)]%]2]

< 192 /OO Y du
T kn(z0)3? Jo 14 g infes [In(2)|Pud

128 ~ t €n 2
——————  sup Var{j,(zy, X" 10g(—> + €. P(Bj,
e T ey - o XD Hog (G 1)+ ¥ (B

_ 0(@) (4.37)

uniformly for 2o € S,, and ki, € Kz_,. We conclude from (4.34) and (4.37) that |Rs| = o(yn (kL))

To bound Rg: Let 0(x) := —2kp(x§)Y?{pn (zh) — 1/2}. Write
Rg := / Rg(l‘o) dVOldil(.%‘Q) = Rg1 + Rego,
S'VL

where

Rey = /S /_thb(xo)|[E<I>(é(x5)) —@(9(953))} dt dVol®™ ()

and

Ry = /s /:t||¢(g:0)||[q>(9(zg)) — ®(0(z0,1))] dt Vol (z0).

To bound Rgy: We again deal with the regions |¢t| < ¢, and |t| € (t,,€,) separately. First let
0(zh) = —2kp(x4)/?{fin(z}, X™) — 1/2}. Writing ¢ for the standard normal density, and using
the facts that |[0(z})| > |0(x%)|, that O(xf) and 6(xf) have the same sign, and that |z¢(z)| < 1, we
have

’/tn t[ED(0(xt)) — @(0(z}))] dt‘

HE{ 10(b) — O(ab) 1o (b)) La,, + 10(a) — Oh)] } dt + E2P(AZ, )

1
_ 1)
2k (x5)" /2 0m (2h, X7) }

+ 2kp (z§) "2 Vart /2 { i, (zf, X")}} dt + 12P(A5 ) = o(t2)

uniformly for zo € S, and ki, € Kg .. Note that for |t| € (t,,¢,) and 9 € Sy, we have when
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€, < €g and n > ns that

]]-AkL ﬂBkL

Tk PR An t Xn — U t
Un($07Xn)|M ($07 ) 2 (xO)‘

E{Ls, np,, |0(zb) — 0(zb)[} < E{

1
* L, e 0025 “%L 5126, (zh, Xm) 1’}
< 3kL(x0)1/2Var1/2{ﬂn(x6,X")}
1
—1‘ . (4.38
Tk (a1) /26, (a1, X7) } (4.38)

Thus by (4.35), (4.36), (4.38) and Step 3, for €, < €9 and n > ns,

5 .
+ S sup |n<z>|||t|E{ﬂAkLmBkL
2ES€0

[ IER(h) - e(0(h) di
Me(tnvfn)
ArotY t 1 . 1/2
< [ Bt 00— 0 o (G it e o)

128
+P(AS UB{ )+ ————————  sup Var{j,(z}, X" log( ) 0(
(4, U Bi,) infees 11212 i1t en) 1in(z, X7} tn

1
o (xo)) (4.39)

uniformly for z¢ € S, and ki, € Kg ;.

To bound Rgo: Let

k() \ 2/4
u(a) = ke () (S5 )

nf(z)
m < 1/2, by Step 1 there exists ng € N such that
for n > ng, ki, € Ka -, zo € S,, and [t| < e,

Given € > 0 small enough that €2 +

’9( ) é(wo’ |S62{|t|kL($0)1/2+U(930)9(330)}-

By decreasing € and increasing ng if necessary, it follows that
’@(9(%6)) — @(é(mo, )‘ < 52{|t‘kL x0)1/2 _|_u xo .%'0 }¢( xo, )>7

for alln > ng, kr € K., and 29 € Sy, t € (—€p, €,) satisfying 2eu(zo)g(zo)|7(z0)| < |0(x0,t)|.
Substituting u = 0(wg,t)/2, it follows that there exists C* > 0 such that for all n > ng and all
ki, € K,Bﬂ—,

2f(zo)

R <// " |u+u(xg)alz du dVol* ! (z
Bz <eatonsatonyiteny) TR Tr )+ HF0)atzo) (o)

/ /°° 2f (wo)|u + u(wo)a(xo) |{€2|u+u(zo) (o)

[[9(xo) ||k (z0)
+ elul}p(u) dudVol®™ ! (o) < C* ey (k). (4.40)

The combination of (4.39) and (4.40) yields the desired error bound on |Rg| in (4.26) and therefore

completes the proof.
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4.6.2 Proof of Theorem 4.1

Proof of Theorem 4.1. Let k € Kpg, and note that since ki, (z) = k is constant, we have that
Cn = SUDyy € 8 Flag) > k/(n—1) 9(%0), and 6, = Ezeflog?(2L). Now let

Rn={zeR?: f(z) > 6n} N X,

and let ng € N be large enough that R,, is non-empty for n > ng, so that, by Assumption (A.1),
for n > ng it is an open subset of R%, and therefore a d-dimensional manifold. For n > ng, we may
apply Theorem 4.4 with ky,(z) = k for all z € R? to deduce that

A 1 k\4/d
R (C5™) =R, (C™) = Bup + Bon (5) "+ 00 (k) + O Px (0Ra)" n5)}

k

uniformly for k € Kg, where

S R (GRS
Bin "/S Tty Vo @)

and

/ fo o a(wo)® dVol* ™ (o),

Hn o)

and S, := SNR,. We now show that, under the conditions of part (i), B1, and By, are well
approximated by integrals over the whole of the manifold S, and that these integrals are finite.
First, by Assumptions (A.3) and (A.4)(p),

f(zo) d-1 1 /
B —/ 7dV1 To) < (z dVol T) <00
=g o] OO0 T, o o Js T VL @)
Moreover,
f(@o) -1 1 1 = d-1
By — Bin :/ 7dVol (v9) < - —— f(xzo) dVol™ " () — 0,
L s\r,, 4lln(xo)ll dinfyies [[n(zo)ll Js\r,

uniformly for k € K3. By Assumptions (A.2), (A.3) and (A.4)(p) and the fact that p/(p+d) >
4/d, we have that

)= 4/d
/ flln (oo 0)* VeI (o)

< Sup{ (%)Qf(fo)p/(ﬁd 4/d
= 20€s [[7(zo) |

/ Fa0) P+ gVl (z0) < oo

Similarly,

flao)t =4/ 2 d-1
Bs;—B n:/ —————a(xg)* dVol T
2 Ban= om0 (zo)

< sup {“<$0)2f($0)"/(”+d)_4/d }
T 20ES [[7(o) |

S\Rf(xo)d/(p+d) dVol®!(z) =0,

uniformly for k € Kz, as n — oo. A similar argument shows that v, (k) = O(1/k + (k/n)%/4),
uniformly for k € Kjg.
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Finally, we bound Px ((0R,) N 8“) and Rg. (Clnny Rre (CB%°%). Suppose that z €
(OR,,)» NS». Then there exists z € OR, N B, (r) N S?*" with f(z) = ,,. By Assumption (A.2)
we have that

’ (z)
(2)

Thus there exists n; € N such that (OR,)» NS C {x € R?: f(x) < 25,} for n > ny. By the
moment assumption in (A.4)(p) and Holder’s inequality, observe that for any « € (0,1), n > ny
and € > 0,

g

2 o 1+e€,/2
~ BY2log*(n— 1)

(4.41)

1
1 < g@)lle = 2ll + 59() |l —

by

- 1—rld-—o)

Py ((OR,)™ NS™) < P{F(X) < 26,} < (26,)"7+ /  F@) R de
z:f (x)<26n

p(l—a)

< @) [ 1+ la1nf) a) /L (1 T )

d o
L ||z 76=e
k p(l_::) —e
4
- O<(> )’
n

uniformly for k € Kg. Moreover,

Ry (CF™) = Ry, (CP™) < Px(R,) < P{f(X) < 26,},

so the same bound (4.42) applies for this region. Since p/(p + d) > 4/d, this completes the proof
of part (i).

For part (ii), in contrast to part (i), the dominant contribution to the excess risk could now
arise from the tail of the distribution. First, as in part (i), we have By ,, — B1 < 0o, uniformly for
k € Kg. Furthermore, using Assumptions (A.3) and (A.4)(p) and the fact that 4/d > p/(p + d),

we see that

4/d ;ll/d—p/(p+d) F( \1—4/d
B2,n(ﬁ) S5Z/(p+d)/ 0 1 f(x.o) a(x0)? dVol® ™ (o)
n s.cplogh((n—1)/k) lln(zo)ll

< sup { a(zo)” } g5/ o+
~aoes, Uli(@o)ll ¢ log?((n — 1) /k

)/Sf(xo)d/(”*d) dVol®™(z0) = o((k/n)P/ (P+d=e),

for every € > 0, uniformly for k& € Kg, where the final equality follows from the fact that
SUp,, cs, @°(20)/c2 is bounded. We can also bound v, (k) by the same argument, so the result

follows in the same way as in part (i). O

4.6.3 Proof of claim in Example 4.1
Proof of claim in Example §.1. Fix e > 0 and k € Kg, let

Tn = (0,1/2) x ((1 + €) log(n/k), ),
and for v > 0, let

By = m {7 <[ Xgs1)(z) — 2l <22 — 1}

z=(x1,22)€Tn
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Now, for eflogn > 4 and v € [2,elog(n/k)/2),
P(B;,) <P(T>k+1)+P(T" <k),

where T' ~ Bin(n, p?), T" ~ Bin(n, p.),

1 e
1k 1+e 1k 1+e/2
:/ / tlexp(ftg)dtldtg S *(7) 6’Y§ *(7) y
(1+¢) log(n/k)—~ 2\n 2\n

34+31/2 1
Px = / / tl exp tg) dtldtz Z —=.
3-31/2 8

Therefore, there exists ng € N such that np. — (k+1) > k/2 and k + 1 — np3 > k/2 for all
k € Kg, v € [2,elog(n/k)/2) and n > ng. It follows by an application of Bernstein’s inequality
that supie k., SUDyc[2,c log(n/k)/2) P(Br,,) = O(n=M) for every M > 0.

Now, for © = (z1,22) € Tn, €Blogn >4 and v € [2,22 — 1), we have that

r x — x /2 —
wa(z) n(t)f(t)dt fo fx;Jr{{J - (ttll xll))Z}}1/2 2e=t2 dty dty f t2 sinh ({72 — (t1 — x1)2}/?) dt,
Jo,@ F®)dt fo f;ﬁ{{f:(:f fll)) }}11//2 e tdiydt  fy Smh({ = (= 1)*}/?) dty
_1)1/2 (312
S gsmh(("y 1)t/2) S gsm.h(?) ) S 1
-3 sinh(y) ~ 3 sinh(2) 2
Our next observation is that for v € [0,00) and z(441) € R¢ such that sy — x|l = 7,

d ~ ~ ~ ~
we have that (X(l),)/(l), ces 7X(k);}/(k))|(X(k:+l) = I(k+1)) = (X(l),Y(l), ce ,X(k),)/(k)), where
(X(l),f’(l)), cel (X(k),f/(k)) is a reordering of the independent and identically distributed pairs
(le?l)a ceey (Xk,ifk) such that ||X(1) — a:|| <...< ||X(k) — 1‘” Here X1 X|(||X 17” < ’y) and
P(Y; = 1|X; = x) = n(z). Writing S, (z) := 5 Zi:l 1y,_4y we therefore have by Hoeffding’s
inequality that, for 2 € 7, eBlogn > 4 and ||z (441) — 2| € [2,22 — 1),

P{Sn(2) < 1/2|X(p41) =11} =P{Su(2) < 1/2} =P{S,(2) — ES,(2) < —(En(X1) — 1/2)}

o2 ({3 ) o0

for all M > 0, uniformly for k € K. Writing P 1) for the marginal distribution of X(;41), we
deduce that

P{S,(z) < 1/2} < P{S,(2) < 1/2,|| X(441) — z|| € [2,22 — 1)} + P(Bf )

= / P{Sy(x) < 1/2| X(ks1) = T(ka1) } APlrs1) (@ (rg1)) + O(n™M) = O(n~ M)
By —1(x)\B2(x)

for all M > 0, uniformly for £k € Kg. We conclude that for every M > 0,

R, (€)= Ry, (€% = [ [P8,(2) < 1/2) = Ly cazn] 20(0) — 1) d

n

o0 1/2 ~ 1+4e
= /( / P{S,(z) > 1/2}(1 — 221)z1 exp(—x2) dxy das = 21 (E) ! + O(n=M),

1+€)log(n/k)

uniformly for k € Kz, which establishes the claim (4.4). O
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4.6.4 Proofs of results from Section 4.4

Proof of Theorem 4.2. Recall that

ko (x) = max[[(n — 1)%], min{ | B{ F(z)(n — )} "] |(n = 1)"=2]}],

and define

_ ko(x) n—1
57“0(]3) T no_ 1 CZ 10gd<ko(x))7

where ¢, 1= SUD, 5. F(20) > ko (v0)/(n—1) 9(T0)- For a € ((1+d/4)B,1) let
Rn={zeR?: f(z)> (n— 1)~} n g

Then there exists ng € N such that for n > ng we have R,, C {x eRe: f(x) > 5n,0($)} and by
Assumption (A.1) we then have that R, is a d-dimensional manifold. There exists n; € N such
that for all n > ny and z € R,, NS we have that ko(z) = | B{ f(z)(n — 1)}4/(d+4)J. By (A.2),
we therefore have that ko € Kj . for some 7 = 7, with 7, \, 0. We deduce from Theorem 4.4 that

R(Oﬁonn) . R(CBayes) _ B&nn—4/(d+4) + O(Wn(ko)) + O{PX<(5Rn)€” mSEn) + PX(R;)}
as n — 0o, where

f_(xo)d/(d+4) 1 i ) s
Byni= | {5 + BYalx0)’ | dVol’™ (ao).
e At (@0)? } Vol )

By a similar argument to that in (4.41) we have that if x € (OR,)» NS then f(z) < 2(n —
1)~(1=2), But, by Markov’s inequality and Hélder’s inequality, for & € (0, 1),
p(1—&) —= 1_e(d-a)

PLAX) < 20— 1707 < 20— )"0 5 [ fa) S o

< {2(n — 1)~ (=)} {/Rd(l + [|2]|°) F(x) dx}l "
p(1—&)

1 oTd
{/Rd (1 + [[z]p)erd/Tp-a)}-1 dx} ' (4.43)

Thus, if p > 4, then we can choose « € ((1+d/4)5,d(p—4)/{p(d+4)}) and & < 1—4(p+d)/{p(1—
a)(d+4)} in (4.43) to conclude that

Px(R;) < P{f(X) <2(n—1)" "9} = o(n~ /41,
Moreover, by very similar arguments to those given in the proof of Theorem 4.1, v,(ko) =
O(n_4/(d+4)) and Bs, — Bs as n — oo. This concludes the proof of part ().

On the other hand, if p < 4, then choosing both & > 0 and a > (1 + d/4)8 to be sufficiently
small, we find from (4.43) that

Fa =B
B ) 450 Py 1) + PR —o( (L))

for every € > 0. This proves part (ii). O
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Proof of Theorem 4.3. We prove parts (i) and (ii) of the theorem simultaneously, by appealing to
the corresponding arguments in the proof of Theorem 4.2. First, as in the proof of Theorem 4.2,
for « € ((1+d/4)B,1), we define R,, = {x € R : f(z) > (n — 1)~ n X; and introduce the

following class of functions: for 7 > 0, let

Hp,r = {h ‘R S R: A continuous, sup
TER,

o <)

Let 7 = 7, := 2(n — 1)~*/2. We first show that fm € H,, » with high probability. For z € R,,

fm(ﬁﬂ) —a| f r l—ay § 7
[ S D @)~ F@] < 0= ) e

Now
I fm = Fllso < 1fm = Efmlloc + IEfm — Flloo- (4.44)

To bound the first term in (4.44), by Giné and Guillou (2002, Theorem 2.1), there exist C, L > 0,
such that

~ ~ _ d 2
B f — Efnllc > sm /420 < Loxp( 2L ECTUDATTY

- L0 FllwR(K) (4.45)

CIFII/2R(K)/2 4/(2(d+27)) 7 ~/(d+27)
for all s € [Hfllfj‘#lo 1/2(1E]m ), Sl RUOm .

I FIIX% Ad/2 R(K)1/2 (I[P

1)a/2m8/(d+2v)

Then, by applying the bound in (4.45) with s = s¢ := (n — , since m > mg(n —

1)4/7%2 we have that, for large n,
A ~ 1 R R B
Pl —Efloe 2 (g} = Pl — Efiloe 2 som ™/ 20}

—log(1+ C/(4L))A%(n — 1)amg/(d+2—y))
LC||fllo R(K)

< Lexp( =0(n™M),

for all M > 0. For the second term in (4.44), by a Taylor expansion and (A.5)(7), we have that,

for all n sufficiently large,

R _ _ /\A’ym—V/(d‘f‘}Y)
IE i — Flloo < AAYm=/(@+2) / 21K (2)] dz = %/ =17 IK ()] d.
Rd n 1 Rd

It follows that P(f, ¢ Hn.,) = O(n=M) for all M > 0, with 7 = 2(n — 1)~*/2.
Now, for h € H,, -, let

k() = max|[(n = 1)7], min{ [ B{h(z)(n — DI/ | (= 1)1 7]}

Let cn = SUDy 8. f(20)>kn (w0)/(n—1) 9(T0), and let

 kp(x) n—1
On,n(x) := nh— 1 cd IOgd(kh(x))'

Then there exists ng € N such that for n > ng and h € H,, -, we have R,, C {a? e R?; f(:z:) >
(5n’h(:v)} and kp, € K. We can therefore apply Theorem 4.4 (similarly to the application in the
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proof of Theorem 4.2) to conclude that for every M > 0,

R(Cp»™) — R(CPY) =B un™ /{1 + (1)} + 0(ya (k1))
+ O{Px ((0Rn)" NS™) + Px(R;)} +O(n~™),

uniformly for h € H,, ;, where B3, was defined in the proof of Theorem 4.2. The proof of both
parts (i) and (ii) is now completed by following the relevant steps in the proof of Theorem 4.2. [

4.7 Appendix: An introduction to differential geometry,

tubular neighbourhoods and integration on manifolds

The purpose of this section is to give a brief introduction to the ideas from differential geometry,
specifically tubular neighbourhoods and integration on manifolds, which play an important role in
our analysis of misclassification error rates, but which we expect are unfamiliar to many statisti-
cians. For further details and several of the proofs, we refer the reader to the many excellent texts
on these topics, e.g. Guillemin and Pollack (1974), Gray (2004).

4.7.1 Manifolds and regular values

Recall that if X is an arbitrary subset of RM, we say ¢ : X — R¥ is differentiable if for each z € X,
there exists an open subset U C RM containing = and a differentiable function F : U — RY such
that F(z) = ¢(z) for z € UNX. If Y is also a subset of RM | we say ¢ : X — ) is a diffeomorphism if
¢ is bijective and differentiable and if its inverse ¢! is also differentiable. We then say S C R? is an
m-dimensional manifold if for each x € S, there exist an open subset U, C R™, a neighbourhood
V. of z in § and a diffeomorphism ¢, : U, — V.. Such a diffeomorphism ¢, is called a local
parametrisation of S around x, and we sometimes suppress the dependence of ¢,,U, and V, on
z. It turns out that the specific choice of local parametrisation is usually not important, and
properties of the manifold are well-defined regardless of the choice made.

Let S € R? be an m-dimensional manifold and let ¢ : U — S be a local parametrisation of
S around z € S, where U is an open subset of R™. Assume that ¢(0) = = for convenience. The
tangent space T,(S) to S at x is defined to be the image of the derivative D¢y : R™ — RY of
¢ at 0. Thus T,(S) is the m-dimensional subspace of R? whose parallel translate x + T,(S) is
the best affine approximation to S through z, and (D¢g) ! is well-defined as a map from T (S)
to R™. If f : § — R is differentiable, we define the derivative Df, : T,(S) — R of f at = by
Df, := Dhgo (D)1, where h := f o ¢.

In practice, it is usually rather inefficient to define manifolds through explicit diffeomorphisms.
Instead, we can often obtain them as level sets of differentiable functions. Suppose that R C R? is
a manifold and 1 : R — R is differentiable. We say y € R is a regular value for n if image(D7n,) = R
for every x € R for which n(x) = y. If y € R is a regular value of 1, then n=1(y) is a (d — 1)-
dimensional submanifold of R (Guillemin and Pollack, 1974, p. 21).

4.7.2 Tubular neighbourhoods of level sets

For any set S C R? and € > 0, we call S+¢B;(0) the e-neighbourhood of S. In circumstances where

S is a (d—1)-dimensional manifold defined by the level set of a continuously differentiable function
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n: R? — R with non-vanishing derivative on S, the set S is often called a tubular neighbourhood,
and 7)(x)Tv = 0 for all z € S and v € T,(S). We therefore have the following useful representation

of the e-neighbourhood of S in terms of points on S and a perturbation in a normal direction.

Proposition 4.5. Let n: R — [0, 1], suppose that S := {x € R% : n(x) = 1/2} is non-empty, and
suppose further that n is continuously differentiable on S 4+ €B1(0) for some € > 0, with 7(z) # 0
forallz € S, so that S is a (d — 1)-dimensional manifold. Then

tn(zo)
ll(0) |

Proof. For any z¢ € S and [t| < €, we have zo + ¢7(x0)/||1(x0)|| € S + €B1(0). On the other hand,
suppose that © € S 4+ €B1(0). Since S is closed, there exists xg € S such that ||z — zo|| < ||z — y|

S+631(0):{x0+ :x068,|t|<6} =: S

for all y € S. Rearranging this inequality yields that, for y # x,

Yy — Xo
. TT) (4.46)
Iy — 2ol

2(x — xp)
Let U be an open subset of R~ and ¢ : U — S be a local parametrisation of S around g,
where without loss of generality we assume ¢(0) = zg. Let v € T,,(S) \ {0} be given and let
h € R¥=1\ {0} be such that D¢g(h) = v. Then for ¢ > 0 sufficiently small we have th € U, so
by (4.46),
r{0(th) — ¢(0)}
[o(th) — o(0)]
Letting t \, 0 we see that (z — z9)Tv < 0. Since v € T,,(S) \ {0} was arbitrary and —v €
Ty, (S) \ {0}, we therefore have that (z — x9)Tv = 0 for all v € T}, (S). Moreover, 7)(zg)Tv = 0 for
all v € Ty, (S), so © — zg x N(xp), which yields the result. O

2(z — o) < |lp(th) — ¢(0)]].

In fact, under a slightly stronger condition on 7, we have the following useful result:

Proposition 4.6. Let R be a d-dimensional manifold in R, suppose that n: R — [0, 1] satisfies
the condition that S := {x € R : n(x) = 1/2} is non-empty. Suppose further that there exists
€ > 0 such that n is twice continuously differentiable on S¢. Assume that n(xg) # 0 for all xg € S.
Define g : S x (—e,e) = S by

tn(zo)

[l (o) I

g(zo,t) :=x0 +

If

¢ < inf (o)l ’ (4.47)
20€S SUP,e B, (s0)nse I11(2) llop

then g is injective. In fact g is a diffeomorphism, with

Dg(ao,1) (v1,v2) = (I +tB) (111 + IZEEE;”W), (4.48)

for vy € Ty, (S) and vy € R, where

S S (G, CO AN
b= [ (z0) | (I [[7(20)]|2 )”( 0)- (4.49)

Proof.  Assume for a contradiction that there exist distinct points x1,z2 € S and t1,t2 € (—¢,¢€)
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with [t1] > |t2| such that

tin(z1) tan)(22)
T+ =22+ .
()l 7 (x2) ||
Then
2t10(x1)T (zy — 2t17(x1)T (zy —
0 < las— |2 = 2@ (@2 =31) o 2ti(en)” (22 = 2) (4.50)
7 (1)l l[7(z1) |
By Taylor’s theorem and (4.50),
(z1)" (x2 — 21)| = [n(22) — n(21) — n(21)" (22 — 1))
1 . ) eln(x1)T (va — 21|
<l s i@l P < sup i)l T ,
2 2€Ba.(z1)NS¢ 2€Bac(x1)NS* 7 (1) ||

contradicting the hypothesis (4.47).

To show that g is a diffeomorphism, let g € S be given and let ¢ : U — S be a local
parametrisation around xo with ¢(0) = . Define ® : U x (—¢€,¢) — S x (—¢,€) by ®(u,t) =
(#(u),t), and H : U x (—¢,€) = S¢ by H := g o ®. Finally, define the Gauss map n: S — R? by
n(zo) = 19(z0)/|l9(z0)||. Then, for h = (T, hy)T € R x R and s € R\ {0},

oyt ahe) 2 HOY _ [ S(5h) = H0) , Hnibloh) = (600D}

s—0 S s—0 S S

+ hgn(¢(sh1))}

= D¢o(h1) 4+ tDng, o Dpo(hy) + han(zo) = Dg(zy.t) © DP(0,4)(ha, h2),

where D, 1) : Ty (S) x R — R? is given in (4.48).
To show that Dg(,, 4 is invertible, note that for vy € T, (S) and [t < e,

ity (1= s )
— To)U
TGl ||77 w2 )1

where the final inequality follows from (4.47). Then, since v1 + Hn(oco)u (]_ n(\T;()go(ifi’)T )77(330)01 and

E1177(20) o
= @)l

[oa]l < floall,

n(xg)ve are orthogonal, it follows that Dg(,, +) is indeed invertible. The inverse function theorem
(e.g. Guillemin and Pollack, 1974, p. 13) then gives that g is a local diffeomorphism, and moreover,
by Guillemin and Pollack (1974, Exercise 5, p. 18) and the fact that g is bijective, we can conclude
that g is in fact a diffeomorphism. O

4.7.3 Forms, pullbacks and integration on manifolds

Let V be a (real) vector space of dimension m. We say T : VP — R is a p-tensor on V if it is
p-linear, and write F?(V*) for the set of p-tensors on V. If T € FP(V*) and S € FUV*), we
define their tensor product T @ S € FPT1(V*) by

TSV, Upy Upgiy ey Uppg) i=T(V1,. .., Up)S(Vpt1s-- -, Uptq)-

Let S, denote the set of permutations of {1,...,p}. If # € S, and T € FP(V*), we can define
T € FP(V*) by T™(v) := T(vr(1y, - - -, Vn(p)) for v = (v1,...,v,) € VP. We say T is alternating
if 77 = —T for all transpositions o : {1,...,p} = {1,...,p}. The set of alternating p-tensors on
V, denoted AP(V*), is a vector space of dimension (7;) The function Alt : FP(V*) — AP(V*) is
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defined by
1 .
AIY(T) = — > (—1)= T,
" mESy

where sgn(m) denotes the sign of the permutation 7. If T € AP(V*) and S € A9(V*), we define
their wedge product T NS € APT9(V*) by

TAS:=Al(T®S).

If W is another (real) vector space and A : V. — W is a linear map, we define the transpose
A*  AP(W*) — AP(V*) of A by

A"T(v1,...,vp) :=T(Av,. .., Avy).

Let S be a manifold. A p-form w on § is a function which assigns to each z € S an element
w(z) € AP(T,(S)*). If w is a p-form on S and @ is a g-form on S, we can define their wedge product
wAB by (wWAf)(x) :=w(z)Ab(x). Forj =1,...,m, let z; : R™ — R denote the coordinate function
i (Y1, -, Ym) = y;. These functions induce 1-forms dz;, given by dz;(x)(y1,...,yYm) = y; (so
dz;(x) = D(x;), in our previous notation). Letting Z := {(i1,...,4p) : 1 <141 < ... <1ip <m}, for
I=(i1,...,ip) € Z, we write

dry :=dx; N... Ndw;,.

It turns out (Guillemin and Pollack, 1974, p. 163) that any p-form on an open subset U of R™ can

be uniquely expressed as

> frda, (4.51)

Iez

where each fr is a real-valued function on U.

Recall that the set of all ordered bases of a vector space V is partitioned into two equivalence
classes, and an orientation of V is simply an assignment of a positive sign to one equivalence class
and a negative sign to the other. If V and W are oriented vector spaces in the sense that an
orientation has been specified for each of them, then an isomorphism A : V' — W always either
preserves orientation in the sense that for any ordered basis 8 of V', the ordered basis AS has the
same sign as 3, or it reverses it. We say an m-dimensional manifold X is orientable if for every
x € X, there exist an open subset U of R™, a neighbourhood V of z in & and a diffeomorphism
¢ : U — V such that D¢, : R™ — T,(X) preserves orientation for every v € U. A map like
¢ above whose derivative at every point preserves orientation is called an orientation-preserving

map.

If X and Y are manifolds, w is a p-form on ) and ¢ : X — ) is differentiable, we define the
pullback Y*w of w by ¥ to be the p-form on X given by

Prw(z) = (Dibe) w (W (x)).

If V is an p-dimensional vector space and A : V — V is linear, then A*T = (det A)T for all
T € AP(V) (Guillemin and Pollack, 1974, p. 160).

If w is an m-form on an open subset U of R™, then by (4.51), we can write w = fdxi A. .. AdZp,.

If w is an integrable form on U (i.e. f is an integrable function on U), we can define the integral
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of w over U by

/w::/f(xh...,acm)da?l...dwm,
U U

where the integral on the right-hand side is a usual Lebesgue integral. Now let S be an m-
dimensional orientable manifold that can be parametrised with a single chart, in the sense that
there exists an open subset U of R™ and an orientation-preserving diffeomorphism ¢ : U — S.
Define the support of an m-form w on S to be the closure of {x € § : w(z) # 0}. If wis
compactly supported, then its pullback ¢*w is a compactly supported m-form on U; moreover ¢*w

is integrable, and we can define the integral over S of w by

/S Wi /U . (4.52)

Alternatively, we can suppose that w is non-negative and measurable in the sense that ¢*w =
fdxy A ... ANdxy,, say, with f non-negative and measurable on U. In this case, we can also define
the integral of w over S via (4.52).

More generally, integrals of forms over more complicated manifolds can be defined via partitions
of unity. Recall (Guillemin and Pollack, 1974, p. 52) that if X is an arbitrary subset of R and
{Vo : @ € A} is a (relatively) open cover of X, then there exists a sequence of real-valued,
differentiable functions (p,,) on X, called a partition of unity with respect to {V, : « € A}, with

the following properties:
1. pp(x) €[0,1] for all n € N;

2. Each z € X has a neighbourhood on which all but finitely many functions p,, are identically

Zero;
3. Each p, is identically zero except on some closed set contained in some Vj;
4.3 i pn(z) =1forallz € X.

Now let S C R? be an m-dimensional, orientable manifold, so for each 2 € S, there exist an open
subset U, of R™, a neighbourhood V, of x in § and an orientation-preserving diffeomorphism
¢ : Uy = V. If w is a compactly supported m-form on S and (p,,) denotes a partition of unity
on S with respect to {V, : € S}, we can define the integral of w over S by

/Sw ::g/s,onw. (4.53)

In fact, writing Q for the compact support of w, we can find a neighbourhood W, of z € €,
r1,...,xy € Q and a finite subset N; of N such that {p,, : n ¢ N;} are identically zero on W,
and such that

Thus the integral can be written as a finite sum. Similarly, if w is a non-negative m-form on S,
we can again define the integral of w over S via (4.53). Finally, if w is an integrable m-form on S,
the integral can be defined by taking positive and negative parts in the usual way.

In our work, we are especially interested in integrals of a particular type of form. Given

an m-dimensional, orientable manifold S in R%, the volume form dVol™ is the unique m-form
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on S such that at each x € S, the alternating m-tensor dVol™(z) on T,(S) gives value 1/m!
to each positively oriented orthonormal basis for T, (S). For example, when & = R™, we have
dVol™ = dx1 A ... A dz,,, provided we consider the standard basis to be positively oriented.
As another example, if R C R? is a d-dimensional manifold and 1 : R — R is continuously
differentiable with S = {z € R : n(z) = 1/2} non-empty and 7(x) # 0 for z € S, then S is a
(d — 1)-dimensional, orientable manifold (Guillemin and Pollack, 1974, Exercise 18, p. 106). If
we say that an ordered, orthonormal basis ey, ...,eq—1 for T,,(S) is positively oriented whenever

det(e1,...,eq4—1,M(x0)) > 0, we have that

d
dVOldil(xo) = Z(—l)j+d 7373((;:0))” d.]?l VANPAN dl‘j_l A d.l?j.H AN dﬂ?d(xo),
0

j=1

where z; denotes the jth coordinate function. We now define an ordered, orthonormal basis
(e1,0),...,(e4-1,0),(0,1) for T,,(S) x R to be positively oriented. Further, we define a (d — 1)-

form w; and a 1-form wy on S x (—¢, €) by

W1($07t)((1]1, ’LU1), ey (Udfl,’wdfl)) = dVOldil(l‘())(’Ul, N ,Udfl)

(UQ(J?O,t)('Ud, ’U}d) = dt(t)(wd) = Wq.-
Then, with g defined as in Proposition 4.6, and under the conditions of that proposition,

g*(dzy A .. ANdxg)(zo,t)((€1,0), ..., (ea—1,0), (0,1))
=dxi AN... A dl‘d(l‘to)(Dg(wo,t) (61, 0), - 7Dg(a:o,t) (ed_l, 0), Dg(mo’t) (07 1))
1

- é det(I + tB)dVol* ™ (z0) (1, . . ., ca_1)dt(t)(1)
= det([ + tB) (w1 A LUQ)(I(), t) ((617 O), ey (6(1_17 O), (O, 1))7

s0 g*(dx1 A ... ANdxg)(xo,t) = det(I +tB) (w1 Aws)(xo,t). It follows that if h: S X (—€,¢) — R is

either compactly supported and integrable, or non-negative and measurable, then
/ hwi Awy = / h(xo,t) dt dVol ! (zo). (4.54)
Sx(—¢,€) SJ—e

Finally, we require the change of variables formula: if X and ) are orientable manifolds and are

of dimension m, and if ¢ : X — ) is an orientation-preserving diffeomorphism, then

/X Vrw = /y w (4.55)

for every compactly supported, integrable m-form on Y (Guillemin and Pollack, 1974, p. 168).

In particular, if f : ¢ — R is either compactly supported and integrable, or non-negative and
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measurable, then writing zf, := zo + %, we have from (4.54) and (4.55) that

(@) dx:/ det(I + ¢B) f(xb) (w1 A wa)(z0,1)
Se Sx(—

)
— / / ) det(I 4 tB) f(xb) dt dVol*™ (z(). (4.56)
S €
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